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Pridopidine is in clinical trials for Huntington’s disease treatment. Originally developed
as a dopamine Do receptor (DoR) ligand, pridopidine displays about 100-fold higher
affinity for the sigma-1 receptor (sigma-1R). Interestingly, pridopidine slows disease
progression and improves motor function in Huntington’s disease model mice and,
in preliminarily reports, Huntington’s disease patients. The present study examined
the anti-amnesic potential of pridopidine. Thus, memory impairment was produced in
mice by administration of phencyclidine (PCP, 10 mg/kg/day) for 10 days, followed
by 14 days’ treatment with pridopidine (6 mg/kg/day), or saline. Finally, novel object
recognition performance was assessed in the animals. Mice receiving PCP and
saline exhibited deficits in novel object recognition, as expected, while pridopidine
treatment counteracted PCP-induced memory impairment. The effect of pridopidine was
attenuated by co-administration of the sigma receptor antagonist, NE-100 (10 mg/kg).
Our results suggest that pridopidine exerts anti-amnesic and potentially neuroprotective
actions. These data provide new insights into the therapeutic potential of pridopidine as
a pro-cognitive drug.

Keywords: dopamine stabilizers, cognition, mice, sigma-1 receptor, phencyclidine

INTRODUCTION

Pridopidine (formerly ACR16), was originally developed as a fast-dissociating, micromolar affinity
dopamine D, receptor (D,R) antagonist (Pettersson et al., 2010), showing antipsychotic-like
activity in rodents with low liability to induce catalepsy (Nilsson et al., 2004; Natesan et al.,
2006; Ponten et al., 2010) and pro-social effects in MK-801-treated rats (Rung et al., 2005). Later,
pridopidine was found to possess nanomolar sigma-1 receptor (sigma-1R) affinity, displaying a
corresponding preference for sigma-1R over D,R in vivo (Sahlholm et al., 2013, 2015). While
showing promising effects on negative symptoms of schizophrenia in limited clinical studies
(Carlsson and Carlsson, 2006), pridopidine subsequently underwent phase IIb and phase III trials in
Huntington’s disease patients, where improvements in motor function were observed (de Yebenes
etal., 2011; Huntington Study Group HART Investigators, 2013). Additionally, preliminary results
showed a slower decline in total functional capacity in Huntington’s disease patients receiving
pridopidine, suggesting a possible neuroprotective effect (Reilmann et al., 2017).
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Pridopidine has also been found to increase brain-
derived neurotrophic factor (BDNF) signaling, improve
motor function and extend the lifespan of Huntington’s
disease model mice, and may exert Sigma-1R-dependent
neuroprotective effects in neurons from such mice (Squitieri
et al, 2015 Geva et al, 2016; Ryskamp et al, 2017).
However, although neurodegenerative pathologies, including
Huntington’s disease, often feature cognitive deficits and
memory impairment (Tyebji and Hannan, 2017), the putative
effects of pridopidine on memory function have not yet been
studied.

Sigma-1R agonists are known to exert anti-amnesic effects
in several models of cognitive impairment (Maurice and Su,
2009). Novel object recognition has previously been used
to demonstrate protective effects of atypical antipsychotics
and sigma-1R agonists against cognitive deficits induced by
subchronic phencyclidine (PCP) (Hashimoto et al, 2007).
The subchronic PCP model is often used to model cognitive
symptoms of schizophrenia (Rajagopal et al, 2014), but
the neurotoxic effects of the treatment (Olney et al, 1989;
Johnson et al., 1998) also makes this model relevant for
studying neuroprotective effects. The present study aimed to
investigate the ability of pridopidine to counteract novel object
recognition deficits induced by subchronic PCP treatment
in mice.

MATERIALS AND METHODS

Drugs

Pridopidine was custom-synthesized by Axon MedChem B.V.
(Groningen, The Netherlands), while PCP and NE-100 were
obtained from Tocris Bioscience (Bristol, UK).

Animals

Wild type CD-1 mice (Charles River Laboratories) weighing
25-50g were used at 2-3 months of age. The University
of Barcelona Committee on Animal Use and Care approved
the protocol. Animals were housed and tested in compliance
with the guidelines described in the Guide for the Care and
Use of Laboratory Animals (Clark et al., 1997) and following
the European Union directives (2010/63/EU), FELASA, and
ARRIVE guidelines. All efforts were made to minimize animal
suffering and the number of animals used. Animals were housed
in groups of five in standard cages with ad-libitum access to food
and water and maintained under 12 h dark/light cycle (starting
at 7:30 a.m.), 22°C temperature, and 66% humidity (standard
conditions).

Animals received subcutaneous (s.c.) injections of PCP (10
mg/kg, 4 mg/ml), or saline (2.5 ml/kg), once daily for 10
days (on days 1-5 and 8-12), followed by intraperitoneal (i.p.)
administration of either 6 mg/kg pridopidine (2 mg/ml), saline
(3 ml/kg), or pridopidine + 10 mg/kg NE-100 (the injected
solution contained both 2 mg/ml pridopidine and 3.33 mg/ml
NE-100) once daily for another 2 consecutive weeks (days 15-28;
Figure 1A).

Novel Object Recognition

After completing the drug treatment regime, animals were
habituated to the behavioral arena (a wooden box measuring 30
x 30 cm and painted non-reflective black, evenly illuminated at
110 lux) subsequently to be used for novel object recognition
testing, by letting them explore the arena for 5min on 3
consecutive days. Following the 3 days of habituation, two
virtually identical objects were placed into the arena about 20 cm
from each other, and the mice were allowed to explore the objects
for 5 min, during which exploration of the objects was scored by
the experimenter (acquisition session). Animals were considered
to be exploring an object when sniffing or touching it with its
forepaws while sniffing. Subsequently, 24 h after the acquisition
session, animals were reintroduced to the arena, where one of the
two objects from the acquisition session had been replaced with
a new object, similar in size but with a distinct shape and color
(retention session), and exploration was scored during 5 min as
on the previous day. Two different types of objects were used in
the study, and roughly half of the mice were trained on either
type. Animals which failed to explore the objects for more than
6 s were excluded from the analysis. The ratio between time spent
exploring the rightmost object (during the acquisition session),
or the novel one (during the retention session), and total time
spent exploring either object was calculated as a measure of
cognitive performance.

Statistical Analysis

Data are represented as means £ S.E.M. Comparisons among
experimental and control groups were performed by one-way
analysis of variance (ANOVA), followed by Bonferroni-corrected
post-tests. Statistical significance was accepted when P < 0.05.

RESULTS

We used the novel object recognition paradigm, considered
to test the rodent equivalent of human declarative memory
(Winters et al., 2010), to assess whether pridopidine can reverse
subchronic PCP-induced deficits. During the acquisition session,
all treatment groups showed undistinguishable preference for
exploring the right or left object [F(4 196) = 0.2691, P = 0.8973]
(Figure 1B). However, during the retention session, when one of
the identical objects from the acquisition session was replaced by
a novel object, the different treatment groups showed significant
differences [F4, 100) = 2.932, P = 0.0244]. Interestingly,
mice treated with PCP + saline showed significantly reduced
preference (P < 0.01) for the novel object compared to control
animals treated with saline + saline (Figure 1C), as previously
described (Hashimoto et al., 2007). Importantly, PCP-treated
animals that received 6 mg/kg pridopidine daily during the last 14
days showed a significantly greater preference (P < 0.05) for the
novel object compared to the PCP + saline group. Mice receiving
saline 4 pridopidine treatment did not differ significantly from
the saline + saline group (Figure 1C).

Finally, we aimed to assess the putative sigma receptor
involvement in the pridopidine-mediated reversion of PCP-
induced deficits in novel object recognition. The sigma-1R-
preferring antagonist, NE-100 (10 mg/kg), attenuated the effect
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FIGURE 1 | Effect of pridopidine on subchronic PCP-induced deficits in novel object recognition. Diagram of the drug treatment regime (A). The exploratory
preference for the rightmost of two identical objects was first assessed during the acquisition session (B). The exploratory preference for the new object was
evaluated during the retention trial (C). The number of animals used per group is indicated on each column. **P < 0.01 and *P < 0.05 by one-way ANOVA with
Bonferroni's multiple comparisons post-test. SAL, saline; PCP, phencyclidine; PRI, pridopidine; NE, NE-100; NOR, novel object recognition.

of pridopidine, such that the exploratory preference of NE-100-
treated animals was not significantly different (P = 0.255) from
that of animals receiving PCP + saline (Figure 1C).

DISCUSSION

The present investigation provided evidence that pridopidine
mediates pro-cognitive effects, counteracting subchronic PCP-
induced deficits in novel object recognition in mice. We
used 6 mg/kg pridopidine as this dose was found to confer
neuroprotection in a Huntington’s disease mouse model
(Squitieri et al., 2015). PCP is known to induce neurotoxic
histopathological changes when given acutely (Olney et al,
1989) and to cause neuronal apoptosis when administered
subchronically to rodents (Johnson et al., 1998). Thus, the ability
of pridopidine to reverse subchronic PCP-induced novel object
recognition deficits might reflect the neuroprotective effects of
this ligand described by recent studies (Squitieri et al., 2015;
Geva et al., 2016; Garcia-Miralles et al., 2017; Ryskamp et al.,
2017). Protection from PCP-induced deficits in novel object
recognition by sigma-1R agonist treatment has been suggested
to be mediated via sigma-1R-induced increased BDNF secretion,
and was abolished by simultaneous treatment with the sigma-
1R-preferring antagonist, NE-100 (Hashimoto et al, 2007).
Interestingly, pridopidine has been shown to increase BDNF
expression in vivo (Squitieri et al., 2015) and in a neuroblastoma
cell line (Geva et al., 2016); the latter effect was also blocked by
NE-100. Similarly, in the present study, NE-100 counteracted the
effect of pridopidine to reverse PCP-induced deficits in novel
object recognition.

It should be mentioned that although NE-100 is 200-fold
selective for sigma-1R over sigma-2 biding sites (Berardi et al.,
2001), engagement of sigma-2 receptors, or other “secondary”
targets of NE-100, cannot be ruled in the present context, given
the high dose of NE-100 employed. Thus, while it is tempting to
speculate that sigma-1R engagement may be responsible for the
anti-amnesic effects of pridopidine observed here, further studies
will be necessary to substantiate this notion.

Overall, the present results suggest that pridopidine exerts
anti-amnesic effects in subchronically PCP-treated mice, which
may be relevant to the therapeutic potential of this compound not
only in Huntington’s disease (e.g., slowing functional decline) but
also in other pathological conditions characterized by cognitive
impairment.

AUTHOR CONTRIBUTIONS

KS: designed and performed in vivo experiments, analyzed data,
and wrote the paper; MV-L: performed in vivo experiments; VE-
D: designed experiments and wrote the paper; FC: supervised the
project, designed experiments, and wrote the paper.

ACKNOWLEDGMENTS

This work was supported by MINECO/ISCIII (SAF2017-87349-
R and PIE14/00034), the Catalan government (2017 SGR 1604),
Fundacié la Maraté de TV3 (Grant 20152031), FWO (SBO-
140028) to FC, and Magnus Bergvalls stiftelse and Ahlénstiftelsen
to KS. KS is a recipient of postdoctoral funding from the Swedish
Society of Medicine and the Swedish Brain Foundation.

Frontiers in Pharmacology | www.frontiersin.org

3 April 2018 | Volume 9 | Article 338


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Sahlholm et al.

Pridopidine Reverses PCP-Induced Memory Impairment

REFERENCES

Berardi, F., Ferorelli, S., Colabufo, N. A., Leopoldo, M., Perrone, R., and Tortorella,
V. (2001). A multireceptorial binding reinvestigation on an extended class of
sigma ligands: N-[omega-(indan-1-yl and tetralin-1-yl)alkyl] derivatives of 3,3-
dimethylpiperidine reveal high affinities towards sigmal and EBP sites. Bioorg.
Med. Chem. 9, 1325-1335. doi: 10.1016/S0968-0896(01)00011-6

Carlsson, A., and Carlsson, M. L. (2006). A dopaminergic deficit hypothesis of
schizophrenia: the path to discovery. Dialogues Clin. Neurosci. 8, 137-142.

Clark, J. D., Gebhart, G. F., Gonder, J. C., Keeling, M. E., and Kohn, D. F. (1997).
Special Report: The 1996 guide for the care and use of laboratory animals. ILAR
J. 38, 41-48. doi: 10.1093/ilar.38.1.41

de Yebenes, J. G., Landwehrmeyer, B., Squitieri, F., Reilmann, R., Rosser,
A., Barker, R. A, et al. (2011). Pridopidine for the treatment of motor
function in patients with Huntington’s disease (MermaiHD): a phase
3, randomised, double-blind, placebo-controlled trial. Lancet Neurol. 10,
1049-1057. doi: 10.1016/S1474-4422(11)70233-2

Garcia-Miralles, M., Geva, M., Tan, J. Y., Yusof, N. A. B. M, Cha, Y.,
Kusko, R., et al. (2017). Early pridopidine treatment improves behavioral
and transcriptional deficits in YAC128 Huntington disease mice. JCI Insight
2:95665. doi: 10.1172/jci.insight.95665

Geva, M., Kusko, R., Soares, H., Fowler, K. D., Birnberg, T., Barash, S,
et al. (2016). Pridopidine activates neuroprotective pathways impaired in
Huntington Disease. Hum. Mol. Genet. 25, 3975-3987. doi: 10.1093/hmg/
ddw238

Hashimoto, K., Fujita, Y., and Iyo, M. (2007). Phencyclidine-Induced Cognitive
deficits in mice are improved by subsequent subchronic administration of
fluvoxamine: role of sigma-1 receptors. Neuropsychopharmacology 32, 514-521.
doi: 10.1038/sj.npp.1301047

Huntington Study Group HART Investigators (2013). A randomized, double-
blind, placebo-controlled trial of pridopidine in Huntington’s disease. Mov.
Disord. 28, 1407-1415. doi: 10.1002/mds.25362

Johnson, K. M., Phillips, M., Wang, C., and Kevetter, G. A. (1998). Chronic
phencyclidine induces behavioral sensitization and apoptotic cell death in the
olfactory and piriform cortex. J. Neurosci. Res. 52, 709-722. doi: 10.1002/
(SICI)1097-4547(19980615)52:6<709: AID-JNR10>3.0.CO;2-U

Maurice, T., and Su, T. P. (2009). The pharmacology of sigma-1 receptors.
Pharmacol. Ther. 124, 195-206. doi: 10.1016/j.pharmthera.2009.07.001

Natesan, S., Svensson, K. A., Reckless, G. E., Nobrega, J. N., Barlow, K.
B. L., Johansson, A. M., et al. (2006). The dopamine stabilizers (S)-(-
)-(3-Methanesulfonyl-phenyl)-1-propyl-piperidine [(-)-OSU6162] and 4-(3-
Methanesulfonylphenyl)-1-propyl-piperidine (ACR16) show high in vivo
d2 receptor occupancy, antipsychotic-like efficacy, and low potential for
motor sid. J. Pharmacol. Exp. Ther. 318, 810-818. doi: 10.1124/jpet.106.
102905

Nilsson, M., Carlsson, A., Markinhuhta, K. R., Sonesson, C., Pettersson, F.,
Gullme, M., et al. (2004). The dopaminergic stabiliser ACR16 counteracts the
behavioural primitivization induced by the NMDA receptor antagonist MK-
801 in mice: implications for cognition. Prog. Neuropsychopharmacol. Biol.
Psychiatry 28, 677-685. doi: 10.1016/j.pnpbp.2004.05.004

Olney, J. W., Labruyere, J., and Price, M. T. (1989). Pathological changes induced
in cerebrocortical neurons by phencyclidine and related drugs. Science 244,
1360-1362. doi: 10.1126/science.2660263

Pettersson, F., Pontén, H., Waters, N., Waters, S., and Sonesson, C.
(2010). Synthesis and evaluation of a Set of 4-Phenylpiperidines and

4-Phenylpiperazines as D 2 receptor ligands and the discovery of the
dopaminergic 4-[3-(Methylsulfonyl)phenyl]-1-propylpiperidine
(Huntexil, Pridopidine, ACR16). J. Med. Chem. 53, 2510-2520.
doi: 10.1021/jm901689v

Ponten, H., Kullingsjo, J., Lagerkvist, S., Martin, P., Pettersson, F., Sonesson, C.,
et al. (2010). In vivo pharmacology of the dopaminergic stabilizer pridopidine.
Eur. ]. Pharmacol. 644, 88-95. doi: 10.1016/j.¢jphar.2010.07.023

Rajagopal, L., Massey, B. W., Huang, M., Oyamada, Y., and Meltzer, H.
Y. (2014). The novel object recognition test in rodents in relation to
cognitive impairment in schizophrenia. Curr. Pharm. Des. 20, 5104-5114.
doi: 10.2174/1381612819666131216114240

Reilmann, R., McGarry, A., Landwehrmeyer, G., Kieburtz, K., Grachev, I,
Eyal, E., et al. (2017). Efficacy, safety, and tolerability of pridopidine in
Huntington’s disease (HD): results from the phase II dose-ranging study,
pride-HD [abstract]. Mov. Disord. 32(Suppl. S2):489.

Rung, J. P., Carlsson, A., Markinhuhta, K. R, and Carlsson, M. L. (2005).
The dopaminergic stabilizers (—)-OSU6162 and ACRI16 reverse (4)-MK-
801-induced social withdrawal in rats. Prog. Neuropsychopharmacol. Biol.
Psychiatry. 29, 833-839. doi: 10.1016/j.pnpbp.2005.03.003

Ryskamp, D., Wu, J., Geva, M., Kusko, R., Grossman, I., Hayden, M., et al.
(2017). The sigma-1 receptor mediates the beneficial effects of pridopidine
in a mouse model of Huntington disease. Neurobiol. Dis. 97, 46-59.
doi: 10.1016/j.nbd.2016.10.006

Sahlholm, K., Arhem, P., Fuxe, K., and Marcellino, D. (2013). The dopamine
stabilizers ACR16 and (-)-OSU6162 display nanomolar affinities at the o-1
receptor. Mol. Psychiatry 18, 12-14. doi: 10.1038/mp.2012.3

Sahlholm, K., Sijbesma, J. W. A., Maas, B., Kwizera, C., Marcellino, D.,
Ramakrishnan, N. K, et al. (2015). Pridopidine selectively occupies
sigma-1 rather than dopamine D2 receptors at behaviorally active doses.
Psychopharmacology 232, 3443-3453. doi: 10.1007/s00213-015-3997-8

Squitieri, F., Di Pardo, A., Favellato, M., Amico, E., Maglione, V., and Frati, L.
(2015). Pridopidine, a dopamine stabilizer, improves motor performance and
shows neuroprotective effects in Huntington disease R6/2 mouse model. J. Cell.
Mol. Med. 19, 2540-2548. doi: 10.1111/jcmm.12604

Tyebji, S., and Hannan, A. J. (2017). Synaptopathic mechanisms of
neurodegeneration and dementia: insights from Huntington’s disease.
Prog. Neurobiology 153, 18-45. doi: 10.1016/j.pneurobio.2017.03.008

Winters, B. D., Saksida, L. M., and Bussey, T. J. (2010). Implications of animal
object memory research for human amnesia. Neuropsychologia 48, 2251-2261.
doi: 10.1016/j.neuropsychologia.2010.01.023

stabilizer

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

The reviewer DB declared a shared affiliation, though no other collaboration, with
one of the authors KS to the handling Editor.

Copyright © 2018 Sahlholm, Valle-Leén, Ferndndez-Duefias and Ciruela. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org

April 2018 | Volume 9 | Article 338


https://doi.org/10.1016/S0968-0896(01)00011-6
https://doi.org/10.1093/ilar.38.1.41
https://doi.org/10.1016/S1474-4422(11)70233-2
https://doi.org/10.1172/jci.insight.95665
https://doi.org/10.1093/hmg/ddw238
https://doi.org/10.1038/sj.npp.1301047
https://doi.org/10.1002/mds.25362
https://doi.org/10.1002/(SICI)1097-4547(19980615)52:6<709::AID-JNR10>3.0.CO;2-U
https://doi.org/10.1016/j.pharmthera.2009.07.001
https://doi.org/10.1124/jpet.106.102905
https://doi.org/10.1016/j.pnpbp.2004.05.004
https://doi.org/10.1126/science.2660263
https://doi.org/10.1021/jm901689v
https://doi.org/10.1016/j.ejphar.2010.07.023
https://doi.org/10.2174/1381612819666131216114240
https://doi.org/10.1016/j.pnpbp.2005.03.003
https://doi.org/10.1016/j.nbd.2016.10.006
https://doi.org/10.1038/mp.2012.3
https://doi.org/10.1007/s00213-015-3997-8
https://doi.org/10.1111/jcmm.12604
https://doi.org/10.1016/j.pneurobio.2017.03.008
https://doi.org/10.1016/j.neuropsychologia.2010.01.023
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Pridopidine Reverses Phencyclidine-Induced Memory Impairment
	Introduction
	Materials and Methods
	Drugs
	Animals
	Novel Object Recognition
	Statistical Analysis

	Results
	Discussion
	Author Contributions
	Acknowledgments
	References


