Genetic inactivation of midkine, not pleiotrophin, facilitates extinction of
alcohol-induced conditioned place preference
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Pleiotrophin (PTN) and midkine (MK) are growth factors that modulate alcohol consumption and reward. Since both PTN and MK limit
the rewarding effects of alcohol, pharmacological potentiation of the PTN and MK signaling pathways has been proposed for the
treatment of alcohol use disorders (AUD). Although the use of this therapy in the prevention of alcohol relapse is important, the potential
role of these cytokines in extinguishing alcohol-induced seeking behavior is a key question that remains unanswered. To fill this gap,
we have now studied the extinction of the conditioned place preference (CPP) induced by different doses of alcohol in Ptn knockout
(Ptn~ /") and Mk knockout (Mk ™/~ ) mice. The data confirm a higher sensitivity of Ptn™ /~ mice to the conditioning effects of a low dose (1
¢/kg) and a rewarding dose (2 g/kg) of alcohol, while Mk~ /™ mice are only more susceptible to the conditioning effects of the low dose of
this drug. More importantly, the percentage of Mk~ /~ mice, not Ptn~ /~ mice, that efficiently extinguished alcohol-induced CPP was
significantly higher than that of Wt mice. Taken together, the data presented here confirm that Ptn and Mk are genetic factors that
determine the conditioning effects of alcohol in mice and that Mk is a novel factor that plays an important role in the extinction of alcohol-
induced CPP.
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1. Introduction

According to the world health organization (WHO), the harmful use of alcohol causes approximately 3 million deaths
every year. In young adults (20-39 years), around 13.5% of the total deaths are attributed to alcohol. These staggering and
unacceptable numbers have led the WHO to develop a global strategy to reduce the harmful use of alcohol as a public health
priority during the next decade. This includes the devel-opment of new therapeutics and biomarkers to treat more
effectively alcohol use disorder (AUD).

As with other substance use disorders, the risk of developing AUD is strongly influenced by environmental and genetic
factors. Among the latter, neurotrophic factors have attracted increasing attention over the past two decades [1]. Several
neurotrophic factors, such as brain- derived neurotrophic factor (BDNF), have been found to be upregu-lated in the
brain following alcohol administration [2,3], and, it was initially hypothesized that they may play a role in the
homeostatic, neuroprotective response to the harmful effects of alcohol in the brain.

In addition, they have been shown to also be key factors in the regulation of alcohol consumption and the rewarding effects
of this drug [1], opening unexpected avenues for the development of new biomarkers and therapeutics in AUD. Recent
neurotrophic factors discovered to play an important role in alcohol consumption and reward include pleio-trophin
(PTN) and midkine (MK).

Pleiotrophin and MK are cytokines that are upregulated in different brain areas after administration of different drugs
such as cannabis, opioids, nicotine and amphetamine [4]. Midkine is also found upregu-lated in the frontal cortex of human
alcoholics [5,6] and PTN is upre-gulated in rodents after a single administration of alcohol [7]. Midkine knockout mice
(Mk™ /7 ) are more susceptible to the conditioning effects of a low dose of alcohol (1 g/kg) [8] and they consume higher
amounts of this drug in the “drinking in the dark” paradigm (DID) [9]. Accord-ingly, specific genetic inactivation of Mk in
the mouse ventral tegmental area (VTA) resulted in increased alcohol consumption [9]. On the other hand, the conditioning
and sedative effects of alcohol are enhanced in pleiotrophin knockout (Ptn™ /=) mice [7,10]. Taken together, these
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results suggest the pharmacological potentiation of PTN and MK
signaling pathways for the treatment of AUD.

Midkine and PTN signal through different receptors, including Re-
ceptor Protein Tyrosine Phosphatase (RPTP) p/¢ [11,12], syndecan-3
[13], and anaplastic lymphoma kinase (ALK) [14]. RPTPB/¢ (a.k.a.
RPTPB, PTPRZ and PTP{) is highly expressed in the Central Nervous
System (CNS) [15,16], where it is thought to be one of the main medi-
ators of PTN and MK actions [17]. Pleiotrophin and MK inactivate the
phosphatase activity of RPTPB/(, increasing the phosphorylation levels
of its substrates [12,18]. Some of these RPTPf/( substrates such as ALK
[19], alsoa proposed receptor for PTN and MK [14], and Fyn kinase [20]
are known to be important regulators of alcohol behavioral effects
[1,21]. Importantly, small-molecule blood-brain barrier (BBB)-perme-
able inhibitors of RPTPB/{ [22] have recently been shown to reduce
alcohol-induced conditioned place preference (CPP) and alcohol con-
sumption in mice [10,23], and to reduce alcohol consumption in an
operant self-administration paradigm in rats [24]. These findings
therefore support the hypothesis of potentiating PTN and MK signaling
pathways for the treatment of AUD.

Despite all the existing evidence pointing to significant roles of PTN
and MK in modulating alcohol-induced behavioral effects, the possible
role of these cytokines in extinguishing alcohol-induced seeking
behavior has not yet been investigated. This is crucial because memories
of the learned association between cues and the rewarding properties of
drugs are difficult to extinguish and contribute substantially to drug
relapse [25]. To address this gap in our knowledge, we have now
examined the extinction of conditioned place preference induced by
alcohol in Ptn~ /~ and Mk~ /~ mice.

2. Methods
2.1. Animals

Mk~ and Ptn~/~ mice on a C57BL/6J background were generated
using previously described methods [26,27]. Briefly, the Ptn gene has
five exons encoding an 18-kDa protein with a 32 amino acid signal
peptide. The replacement targeting vector generated a PTN null allele
(PTN 2-4neo) by deleting exons 2 to 4. Ptn ™/~ mouse genotypes were
confirmed by polymerase chain reaction (PCR) using 5'-GAT TGA ACA
AGA TGG ATT GC-3' forward and 5'-CAT TTA GGC AAA CAG GAA GGA
CG-3' reverse as primers to generate a cDNA of ~ 0.7 kb, which was
detected in agarose gels of genomic DNA extracted from tails of Ptn ™/~
and Wild type (Wt) mice. Mk ™/~ mice were generated by using a basic
vector to target a part of exon 1, intron 1, and part of exon 2 of the Mk
gene. Genotypes of Mk~ mice were confirmed by PCR using 5'-ATC
GGT TCC AAG TCC TCC CTC CGT C-3' forward and 5'-CAC CTT CCT
CAG TTG ACA AAG ACA AGC-3' reverse as primers to generate cDNA of
~ 0.7 kb from genomic DNA extracted from tails of Mk~ and Wt mice.

We used male Ptn™/~, Mk~ and Wt animals of 9-10 weeks of age
(20-25 g). Mice were housed under controlled environmental conditions
(22 +1 Cand a12-hlight/12-h dark cycle) with free access to food and
water.

All the animals used in this study were maintained in accordance
with the European Union Laboratory Animal Care Rules (2010/63/EU
directive) and protocols were approved by the Animal Research Com-
mittee of Universidad San Pablo-CEU.

2.2. Conditioned place preference (CPP)

2.2.1. Apparatus

A biased apparatus was used, consisting of two equally sized square
Plexiglas compartments (20 cm long x 14 cm high x 27 cm wide). One
compartment had a black Plexiglas floor and walls and the other had a
black Plexiglas floor and white walls.

2.2.2. Subjects and alcohol doses

We performed different sets of experiments. In the first set, mice
were only tested for induction of CPP with 1 g/kg alcohol i.p. (Wt, n =
24; Ptn™/", n = 12; Mk™/~, n = 13) or with 2 g/kg alcohol (Wt, n = 6;
Ptn‘/_, n=09; Mk_/_, n = 5). The higher dose of alcohol (2 g/kg) was
chosen because it is proved to be effective in the induction of CPP in
similar studies [28,29]. Despite the capacity of the lower dose of alcohol
(1 g/kg) to induce CPP in mice is very limited [29], we used it in case
genotypic differences could be masked by the robust rewarding effects of
the higher dose of alcohol (2 g/kg) used. The results obtained led us to
design a second set of experiments to test for genotypic differences in
alcohol CPP extinction. Given the limited capacity of 1 g/kg alcohol to
induce CPP in mice, in this second set of experiments, mice were tested
for induction and extinction of CPP with 2 g/kg alcohol (Wt, n = 11;
Ptn~",n=9 Mk, n=13).

2.2.3. Induction of CPP

The procedure consisted of a 5-day schedule with three phases:
preconditioning (Pre-C, day 1), conditioning (days 2-4) and testing
(CPP, day 5) (Fig. 1). During preconditioning, mice were free to explore
the two compartments for 15 min; their behaviour was monitored using
a video tracking system (San Diego, California, USA) to calculate the
time spent in each compartment. We have previously used this “biased”
apparatus and subject assignment, i.e., mice were paired with alcohol in
the non-preferred compartment, to study genotype differences in CPP
studies with different drugs such as amphetamine, cocaine and alcohol
[7,8,30]. As in these previous studies, the compartment with white walls
was the non-preferred compartment, where mice of the three genotypes
spent a similar amount of time on day 1 (~30 % stay of total time in the
preconditioning phase).

We performed a 3-day conditioning phase routinely used by our
group [31], consisting of two conditioning sessions. The first included a
morning session, starting at 8 am, in which the animals received a single
injection of saline i.p. (10 ml/kg) and were immediately confined to the
initially preferred compartment for 5 min. In the evening session, which
began at 3 pm, animals were injected (i.p.) with 1 g/kg or 2 g/kg alcohol
(20% v/v in isotonic saline) and confined to the initially non-preferred
compartment for 5 min. The same procedure was used on the
following two days, but the order of treatments (morning/evening) was
changed to avoid the influence of circadian variability.

In the testing phase on day 5, mice received a drug-free, 15-min
preference test. The percentage of time-spent (stay) in the non-
preferred (alcohol-paired) compartment was calculated in all cases.
The increase in the percentage of time-spent in this compartment during
this phase (day 5, CPP) compared with the time spent in the same
compartment during the preconditioning (day 1, Pre-C) was considered
indicative of the degree of conditioning induced by alcohol.

2.2.4. Extinction of CPP

The extinction procedure of this study consisted of several sessions as
outlined in Fig. 1. Following the acquisition of CPP (day 5) extinction
sessions began. Mice that showed less than 15% increase in the per-
centage of stay in the alcohol-paired compartment, in day 5 compared to
day 1 were considered unable to acquire CPP and were excluded from
the extinction sessions. After the testing phase (day 5), mice that had
acquired CPP according to this criterion were returned to their cages and
were neither injected nor re-exposed to the CPP apparatus until the
extinction trials, which began on day 7 (Fig. 1). As in the pre-
conditioning (day 1) and testing phases (day 5), the mice performed a
drug-free, 15-min preference test in each of the 9 extinction sessions.
Mice remained in their cages and were not exposed to the CPP apparatus
during the days between the first 8 extinction sessions and during the 3
days between extinction sessions 8 and 9. Mice that returned to basal
(Pre-C) levels in each extinction session (+10%) were considered to
have extinguished the initial CPP response and left the study. The
criteria for assuming that a mouse has acquired or extinguished CPP and
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Fig. 1. Timeline of the study.

the extinction paradigm used here follow successful protocols previously
used with other drugs, with some modifications [32].

2.3. Statistics

Data, presented as mean + SEM of the increase in the percentage of
stay in the alcohol-paired compartment before and after the condition-
ing sessions were analysed by 1-way ANOVA, followed by Tukey’s post-
hoc tests, considering genotype as a variable. Data, presented as mean +
SEM of the percentage of stay in the alcohol-paired compartment in the
testing phase (CPP, day 5) and in each extinction session were analysed
by 2-way ANOVA followed by Tukey’s post-hoc tests.

Contingency tables were built for the analysis of data where the
outcome of the experiment was categorical variables (animals from each
genotype that were efficiently conditioned or not, and that did or did not
extinguish CPP). In these cases, data were analysed using chi-square test.

A p value of less than 0.05 was considered a statistically significant
difference. All statistical analyses were performed using Graphpad prism
8 program (La Jolla, CA, USA).

A) Alcohol (1 g/kg)-

B) Alcohol (2 g/kg)-

3. Results

To test for genotypic differences in the acquisition of alcohol CPP, we
jointly analyzed data from the different sets of experiments described in
the Methods. As mentioned before, mice from the three genotypes spent
a similar amount of time (~30 % stay of total time in the pre-
conditioning phase) in the less-preferred (drug-paired) compartment on
day 1. A significant effect of genotype was observed in the acquisition of
CPP after conditioning with 1 g/kg alcohol (Fig. 2A) (F (2, 65) = 5.076;
p = 0.009). Conditioning with the lowest dose of alcohol (1 g/kg)
resulted in significantly greater increases in the percentage of time-spent
in the alcohol-paired compartment in Ptn ™/~ and Mk~ mice compared
to Wt mice during the testing phase (day 5, CPP) (Fig. 2A). The per-
centage of mice that were efficiently conditioned by 1 g/kg alcohol
(mice that showed a 10% or greater increase in the percentage of stay in
the drug-paired compartment at day 5 compared with day 1) differed
between genotypes (Fig. 2A, Table). Induction of CPP by 1 g/kg alcohol
was observed in more Ptn™/~ mice (65 % of the animals that started in
the Pre-C phase) and more MKk~ mice (57,1%) than in Wt mice (18,9%)
(Fig. 2A). As expected, the use of the lower dose of alcohol in the
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conditioning phase facilitated the observation of genotypic differences.
The data confirmed the higher sensitivity of Ptn~ /~ mice and, to a lesser
extent, Mk~ /~ mice to the conditioning effects of a low dose of alcohol
[7,8]. However, at the higher dose of alcohol tested (2 g/kg), we
observed genotypic differences in a different manner (Fig. 2B) (F (2, 50)
= 7.75; p = 0.001). Conditioning with the rewarding dose of alcohol (2
mg/kg) resulted in a significantly higher increase in the percentage of
time-spent in the alcohol-paired compartment in Ptn ™/~ mice compared
to Mk~ and Wt mice during the testing phase (day 5, CPP) (Fig. 2B).
Interestingly, the percentage of mice that acquired alcohol (2 g/kg)-
induced CPP was significantly higher in Ptn™/~ mice than in Mk~
mice, whereas Wt mice were intermediate (Fig. 2B, Table). Overall, the
data demonstrate a higher vulnerability of Ptn™~ mice to the condi-
tioning effects of alcohol at low and rewarding doses, whereas Mk ™/~
mice are more susceptible to the conditioning effects of alcohol only at
lower doses.

In the second set of experiments, we tested the possible effect of
genotype in extinguishing alcohol CPP with the rewarding dose of
alcohol (2 mg/kg). In this study, 8 of the 11 wt mice, 8 of the 9 Ptn™/~
mice, and 10 of the 13 Mk~ mice acquired CPP. Very interestingly, the
percentage of Mk~ mice that did not extinguish alcohol (2 g/kg) CPP
at the end of the experiment, 3 of 10 (30%), was significantly lower than
the percentage of Wt mice (87.5%) and the percentage of Ptn~/~ mice
(75%) that did not extinguish alcohol (2 g/kg) CPP (Fig. 3A, C). Mice of
all genotypes that extinguished alcohol CPP in each extinction session
abandoned the experiment, but we were also interested in the evolution
of the time that mice that maintained alcohol CPP across extinction
sessions spent in the alcohol (2 g/kg)-paired compartment (Fig. 3B).
ANOVA showed a significant effect of genotype (F (2, 164) = 44.44; p <
0.0001). Ptn~/~ mice, that began the extinction session on day 5 (CPP)
with a significantly higher percentage of time-spent in the alcohol-
paired compartment (Fig. 3B) maintained this strong preference
(70-80% of the time in the drug-paired compartment) across all
extinction sessions (Fig. 3B). Mk~ mice and Wt mice that did not
extinguish alcohol CPP also maintained the alcohol preference with
which they began the extinction sessions (40-60% of the time in the
drug-paired compartment). Overall, the data suggest that genetic dele-
tion of Mk facilitates extinction of the conditioning effects of alcohol.
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4. Discussion

Compulsive drug-seeking behavior is related to an individual’s as-
sociation of environmental stimuli with the effects of the drug [33,34].
The motivational properties of the drug-associated stimuli play an
important role in this process and are related to the risk of relapse and
the ability of the substance to generate addiction. Therefore, discovering
the factors that determine an individuals ability to extinguish these
appetitive memories is important for uncovering biomarkers for with-
drawal treatments and to develop new treatments for addictive disor-
ders. Previously, the growth factor PTN was shown to facilitate the
extinction of amphetamine seeking behavior [30] while MK facilitated
the extinction of the conditioning effects of cocaine [32]. Importantly,
PTN and MK are known to modulate the conditioning effects of alcohol
[7,8]. Whether these genetic factors also determine the extinction of
alcohol-seeking behaviors remained to be studied.

In this work, we first used a low dose of alcohol (1 g/kg) which has
been reported to be unable to induce CPP in mice or to produce mod-
erate conditioning effects [29]. In our hands, this was confirmed as the
increase in time spent in the alcohol-paired compartment by Wt mice
was very small and only 18.9% of the tested subjects acquired CPP. In
contrast, the increase in time spent in the alcohol-paired compartment
was significantly higher in Ptn~/~ and Mk~ mice than in Wt mice.
Furthermore, we found that 65% of Ptn™~ mice and 57.1% of Mk~
mice tested were efficiently conditioned with alcohol (1 g/kg), which
tripled the percentage of Wt mice that acquired CPP. When a higher,
rewarding, dose of alcohol was used (2 g/kg), we found that the increase
in time spent by Ptn~/~ mice in the alcohol-paired compartment was
significantly higher than that of Wt and Mk™/~ mice. The time spent by
Wt mice in the alcohol (2 g/kg)-paired compartment was higher than
that caused by conditioning with 1 g/kg alcohol in Wt mice. Surpris-
ingly, this was not observed in Mk~ mice that remained similarly long
after conditioning with both doses of alcohol, suggesting a ceiling effect
of alcohol only in mice lacking Mk. Accordingly, the percentage of Mk~
" mice that acquired CPP induced by alcohol (2 g/kg) was the lowest of
the three genotypes, whereas nearly 90% of Ptn~/~ mice acquired CPP.
It is important to note that Ptn~/~ and Mk~ mice do not show gross
changes in locomotor activity [7,8]. In addition, Ptn ™/~ mice did not
show differences in working memory compared to Wt mice in the Y-
maze, which is relevant to the extinction procedures discussed below
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[32]. Also, it is important to note that 4-week-old Mk~ /~ mice showed
a transient deficit in working memory in the Y-maze [27]. However, 8-
week-old Mk~ /~ mice, similar to the ones used in our studies, do not
show significant changes in working memory compared to Wt mice [27].
The data support that PTN limits the rewarding effects of alcohol at low
and rewarding doses and that MK can limit the rewarding effects of
alcohol only at low doses of the drug [7,8].

To study the extinction of the conditioning effects of alcohol in in-
dividuals who had efficiently acquired CPP, preference for the alcohol-
paired compartment was assessed after repeated exposure to cues pre-
viously paired with the drug in the absence of alcohol [28,34,35].
Extinction was pursued through repeated exposures to the CPP appa-
ratus. This is a low demanding protocol by which we pretended to
dissect genotypic differences in extinction that could be masked in more
demanding protocols by repeated pairing of animals with saline injec-
tion into the previously drug-paired compartment [32]. Accordingly, we
observed that only one Wt mouse extinguished alcohol (2 g/kg)-induced
CPP after all extinction sessions of this protocol. The most important
finding of the present study is that the percentage of Mk~ /~ mice (70%)
that efficiently extinguished alcohol (2 g/kg)-induced CPP was signifi-
cantly higher than that of Wt mice. Itshould be noted that Wtand Mk~ /~
mice that began the extinction sessions had a similar amount of time
spent in the alcohol (2 g/kg)-paired compartment at day 5, suggesting
that genotypic differences in extinction sessions are unlikely to be
influenced by differences in the acquisition of alcohol-induced CPP. As
mentioned previously, adult Wt and Mk~ /~ mice show similar perfor-
mance on working memory tasks [27], suggesting that genotypic dif-
ferences in extinction of alcohol-induced CPP are not related to an
enhanced working memory of Mk~ /~ mice. The data demonstrate that
endogenous MK, not PTN, plays a role in the extinction of alcohol-
induced CPP. Although PTN and MK are cytokines that highly overlap
in structure and functions [36], the data presented here on the induction
and extinction of alcohol CPP demonstrate that the modulation of the
conditioning effects of alcohol by PTN and MK are distinct and suggest
that these cytokines may use different receptors and signaling cascades
to exert their modulatory actions on alcohol behavioral effects [4].
Moreover, in contrast to the data presented here, genetic inactivation of
Mk has been shown to prevent the extinction of cocaine-induced CPP
[32]. Alcohol and cocaine differ in their molecular actions, suggesting
different mechanisms triggered by MK to modulate the extinction of the
rewarding effects depending on the drug. Importantly, Fyn kinase and
TrkA are two substrates of the MK receptor RPTPf/{ which are known to
regulate alcohol and cocaine seeking behaviors [23,37-39]. As
mentioned before, MK is an endogenous inhibitor of the tyrosine phos-
phatase activity of RPTPf/C. Therefore, it is possible that MK regulates
the kinase activity of Fyn and TrkA by increasing the phosphorylation of
key tyrosine residues in these proteins, which could be different from
those regulated by PTN. In addition, phosphorylation of GABA, re-
ceptors plays an essential role in the assembly, trafficking and cell sur-
face stability of these receptors [40], which may influence the
pharmacological effects of GABAx-active drugs such as alcohol. Inter-
estingly, Fyn is a kinase that contributes to phosphorylation of tyrosine
residues in the GABA, receptor [41], suggesting the possibility that an
impaired MK-RPTPpB/¢-Fyn axis in Mk~ /~ mice may underlie the dif-
ferential behavioral responses of Mk~ /~ mice to alcohol activation of
GABA, receptors by affecting the phosphorylation of these receptors.
Additional studies are needed to dissect the possible contribution of
TrkA and/or Fyn kinase to the mechanisms triggered by MK in the
modulation of the behavioral responses to alcohol and to explain the
different roles of MK in alcohol and cocaine-seeking behaviors.

Pharmacological strategies that reduce the behavioral impact of
drug-paired cues by enhancing and maintaining extinction of these cues
could potentially reduce the possibility of relapse [42,43]. Thus, the
data presented here suggest that inactivation of MK may facilitate
extinction of alcohol seeking behaviors. However, a limitation of the
present study is that we did not perform extinction/reinstatement

procedures and/or models more associated to the motivational proper-
ties of alcohol, such as self-administration. Therefore, based on the data
presented here, we cannot conclude whether inactivation of MK in-
fluences the risk of relapse. Pharmacological modulation of the effects of
MK for the treatment of AUD appears to be more complex, as genetic
inactivation of MK leads to enhanced conditioning effects of low doses of
alcohol. This dual role of MK may require different approaches for po-
tential clinical treatments of AUD. As we have already mentioned, MK is
an endogenous inhibitor of RPTPB/¢. Accordingly, small-molecule in-
hibitors of RPTPB/¢ mimic the actions of MK and reduce alcohol (2 g/kg)
CPP in mice [7,23] and reduce alcohol intake in mice and rats [9,23,24].
Thus, pharmacological potentiation of MK actions could be a novel
therapy for excessive alcohol consumption. However, the opposite, i.e.,
inhibition of MK actions, might also be required to maintain abstinence
and prevent relapse in alcoholics. It is important to note that small in-
hibitors of MK and blocking monoclonal antibodies against MK are being
developed for other indications, mainly related to cardiovascular and
autoimmune diseases and malignancies [4].

5. Conclusion

The data confirm that Ptn and Mk are genetic factors that determine
the conditioning effects of alcohol in mice. The data demonstrate that
Mk is a novel genetic factor that plays a role in the extinction of alcohol-
induced CPP.

Author contributions

GH and CP-G, conceptualization. MVR and EG, investigation. GH,
MVR and CP-G, data curation and formal analysis. GH, writing - original
draft. MVR, CP-G and EG, writing - review & editing. GH, funding
acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

We thank our colleagues in the Animal facility in the Universidad San
Pablo-CEU.

Funding sources

This work was supported by National Plan on Drug Abuse, Ministerio
de Sanidad of Spain (MSSSI, grant PNSD20191015).

Reference

[1] M. Liran, N. Rahamim, D. Ron, S. Barak, Growth factors and alcohol use disorder,
Cold Spring Harb. Perspect. Med. 10 (2020) a039271, https://doi.org/10.1101/
cshperspect.a039271.

[2] S.Barak, S. Ahmadiantehrani, M.L. Logrip, D. Ron, GDNF and alcohol use disorder,
Addict. Biol. 24 (2019) 335-343, https://doi.org/10.1111/adb.12628.

[3] M.L. Logrip, S. Barak, V. Warnault, D. Ron, Corticostriatal BDNF and alcohol
addiction, Brain Res. 1628 (2015) 60-67, https://doi.org/10.1016/j.
brainres.2015.03.025.

[4] G. Herradon, M.P. Ramos-Alvarez, E. Gramage, Connecting metainflammation and
neuroinflammation through the PTN-MK-RPTPp/{ axis: relevance in therapeutic
development, Front. Pharmacol. 10 (2019) 377, https://doi.org/10.3389/
fphar.2019.00377.

[5] T. Flatscher-Bader, P.A. Wilce, Impact of alcohol abuse on protein expression of
midkine and excitatory amino acid transporter 1 in the human prefrontal cortex,
Alcohol. Clin. Exp. Res. 32 (2008) 1849-1858, https://doi.org/10.1111/j.1530-
0277.2008.00754.x.

[6] T. Flatscher-Bader, M. Van Der Brug, J.W. Hwang, P.A. Gochee, I. Matsumoto, S.
I. Niwa, P.A. Wilce, Alcohol-responsive genes in the frontal cortex and nucleus


https://doi.org/10.1101/cshperspect.a039271
https://doi.org/10.1101/cshperspect.a039271
https://doi.org/10.1111/adb.12628
https://doi.org/10.1016/j.brainres.2015.03.025
https://doi.org/10.1016/j.brainres.2015.03.025
https://doi.org/10.3389/fphar.2019.00377
https://doi.org/10.3389/fphar.2019.00377
https://doi.org/10.1111/j.1530-0277.2008.00754.x
https://doi.org/10.1111/j.1530-0277.2008.00754.x

[7

—

[8

—

91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

accumbens of human alcoholics, J. Neurochem. 93 (2005) 359-370, https://doi.
org/10.1111/j.1471-4159.2004.03021.x.

M. Vicente-Rodriguez, C. Pérez-Garcia, M. Ferrer-Alcon, M. Uribarri, M.G. Sanchez-
Alonso, M.P. Ramos, G. Herradén, Pleiotrophin differentially regulates the
rewarding and sedative effects of ethanol, J. Neurochem. 131 (2014) 688-695,
https://doi.org/10.1111/jnc.12841.

M. Vicente-Rodriguez, C. Pérez-Garcia, M. Haro, M.P. Ramos, G. Herradén, Genetic
inactivation of midkine modulates behavioural responses to ethanol possibly by
enhancing GABA(A) receptor sensitivity to GABA(A) acting drugs, Behav. Brain
Res. 274 (2014) 258-263, https://doi.org/10.1016/j.bbr.2014.08.023.

H. Chen, D. He, A.W. Lasek, Midkine in the mouse ventral tegmental area limits
ethanol intake and Ccl2 gene expression, Genes Brain Behav. 16 (2017) 699-708,
https://doi.org/10.1111/gbb.12384.

R. Fernandez-Calle, E. Gramage, J.M. Zapico, B. de Pascual-Teresa, A. Ramos,

G. Herradén, Inhibition of RPTPB/C blocks ethanol-induced conditioned place
preference in pleiotrophin knockout mice, Behav. Brain Res. 369 (2019) 111933,
https://doi.org/10.1016/j.bbr.2019.111933.

N. Maeda, T. Nishiwaki, T. Shintani, H. Hamanaka, M. Noda, 6B4 proteoglycan/
phosphacan, an extracellular variant of receptor-like protein-tyrosine phosphatase
¢/RPTPB, binds pleiotrophin/heparin-binding growth-associated molecule (HB-
GAM), J. Biol. Chem. 271 (1996) 21446-21452, https://doi.org/10.1074/
jbc.271.35.21446.

N. Maeda, K. Ichihara-Tanaka, T. Kimura, K. Kadomatsu, T. Muramatsu, M. Noda,
A receptor-like protein-tyrosine phosphatase PTP{/RPTPf binds a heparin-binding
growth factor midkine: Involvement of arginine 78 of midkine in the high affinity
binding to PTP(, J. Biol. Chem. 274 (1999) 12474-12479, https://doi.org/
10.1074/jbc.274.18.12474.

H. Rauvala, H.J. Huttunen, C. Fages, M. Kaksonen, T. Kinnunen, S. Imai, E. Raulo,
1. Kilpeldinen, Heparin-binding proteins HB-GAM (pleiotrophin) and amphoterin in
the regulation of cell motility, Matrix Biol. 19 (2000) 377-387, https://doi.org/
10.1016/S0945-053X(00)00084-6.

G.E. Stoica, A. Kuo, A. Aigner, I. Sunitha, B. Souttou, C. Malerczyk, D.J. Caughey,
D. Wen, A. Karavanov, A.T. Riegel, A. Wellstein, Identification of anaplastic
lymphoma kinase as a receptor for the growth factor pleiotrophin, J. Biol. Chem.
276 (2001) 16772-16779, https://doi.org/10.1074/jbc.M010660200.

N.X. Krueger, H. Saito, A human transmembrane protein-tyrosine-phosphatase,
PTPC, is expressed in brain and has an N-terminal receptor domain homologous to
carbonic anhydrases, Proc. Natl. Acad. Sci. U. S. A. 89 (1992) 7417-7421, https://
doi.org/10.1073/pnas.89.16.7417.

N. Maeda, H. Hamanaka, T. Shintani, T. Nishiwaki, M. Noda, Multiple receptor-like
protein tyrosine phosphatases in the form of chondroitin sulfate proteoglycan,
FEBS Lett. 354 (1994) 67-70, https://doi.org/10.1016/0014-5793(94)01093-5.
G. Herradén, C. Pérez-Garcia, Targeting midkine and pleiotrophin signalling
pathways in addiction and neurodegenerative disorders: recent progress and
perspectives, Br. J. Pharmacol. 171 (2014) 837-848, https://doi.org/10.1111/
bph.12312.

K. Meng, A. Rodriguez-Pena, T. Dimitrov, W. Chen, M. Yamin, M. Noda, T.F. Deuel,
Pleiotrophin signals increased tyrosine phosphorylation of p-catenin through
inactivation of the intrinsic catalytic activity of the receptor-type protein tyrosine
phosphatase p/¢, Proc. Natl. Acad. Sci. U. S. A. 97 (2000) 2603-2608, https://doi.
org/10.1073/pnas.020487997.

P. Perez-Pinera, W. Zhang, Y. Chang, J.A. Vega, T.F. Deuel, Anaplastic lymphoma
kinase is activated through the pleiotrophin/receptor protein-tyrosine phosphatase
B/¢ signaling pathway: An alternative mechanism of receptor tyrosine kinase
activation, J. Biol. Chem. 282 (2007) 28683-28690, https://doi.org/10.1074/jbc.
M704505200.

H. Pariser, L. Ezquerra, G. Herradon, P. Perez-Pinera, T.F. Deuel, Fyn is a
downstream target of the pleiotrophin/receptor protein tyrosine phosphatase
B/¢-signaling pathway: Regulation of tyrosine phosphorylation of Fyn by
pleiotrophin, Biochem. Biophys. Res. Commun. 332 (2005) 664-669, https://doi.
org/10.1016/j.bbrc.2005.05.007.

K. Hamada, A.W. Lasek, Receptor tyrosine kinases as therapeutic targets for
alcohol use disorder, Neurotherapeutics. 17 (1) (2020) 4-16, https://doi.org/
10.1007/s13311-019-00795-4.

M. Pastor, R. Fernandez-Calle, B. Di Geronimo, M. Vicente-Rodriguez, J.M. Zapico,
E. Gramage, C. Coderch, C. Pérez-Garcia, A.W. Lasek, L. Puchades-Carrasco,

A. Pineda-Lucena, B. de Pascual-Teresa, G. Herradén, A. Ramos, Development of
inhibitors of receptor protein tyrosine phosphatase /¢ (PTPRZ1) as candidates for
CNS disorders, Eur. J. Med. Chem. 144 (2018) 318-329, https://doi.org/10.1016/
j.ejmech.2017.11.080.

R. Fernandez-Calle, M. Vicente-Rodriguez, M. Pastor, E. Gramage, B. Di Geronimo,
J.M. Zapico, C. Coderch, C. Pérez-Garcia, A.W. Lasek, B. de Pascual-Teresa,

A. Ramos, G. Herradon, Pharmacological inhibition of receptor protein tyrosine
phosphatase p/¢ (PTPRZ1) modulates behavioral responses to ethanol,
Neuropharmacology. 137 (2018) 86-95, https://doi.org/10.1016/j.
neuropharm.2018.04.027.

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

J. Calleja-Conde, R. Fernandez-Calle, J.M. Zapico, A. Ramos, B. Pascual-Teresa, K.-
M. Biihler, V. Echeverry-Alzate, E. Giné, F. Rodriguez de Fonseca, J.A. Lopez-
Moreno, G. Herraddn, Inhibition of receptor protein tyrosine phosphatase p/¢
reduces alcohol intake in rats, Alcohol. Clin. Exp. Res. 44 (2020) 1037-1045,
https://doi.org/10.1111/acer.14321.

C.P. O’Brien, A.R. Childress, R. Ehrman, S.J. Robbins, Conditioning factors in drug
abuse: Can they explain compulsion? J. Psychopharmacol. 12 (1998) 15-22,
https://doi.org/10.1177/026988119801200103.

L.E.A. Amet, S.E. Lauri, A. Hienola, S.D. Croll, Y. Lu, J.M. Levorse, B. Prabhakaran,
T. Taira, H. Rauvala, T.F. Vogt, Enhanced hippocampal long-term potentiation in
mice lacking heparin-binding growth-associated molecule, Mol. Cell. Neurosci. 17
(2001) 1014-1024, https://doi.org/10.1006/mcne.2001.0998.

E. Nakamura, K. Kadomatsu, S. Yuasa, H. Muramatsu, T. Mamiya, T. Nabeshima,
Q.-W. Fan, K. Ishiguro, T. Igakura, S. Matsubara, T. Kaname, M. Horiba, H. Saito,
T. Muramatsu, Disruption of the midkine gene (Mdk) resulted in altered expression
of a calcium binding protein in the hippocampus of infant mice and their abnormal
behaviour, Genes to Cells 3 (1998) 811-812, https://doi.org/10.1046/j.1365-
2443.1998.00231.x.

C.L. Cunningham, N.K. Ferree, M.A. Howard, Apparatus bias and place
conditioning with ethanol in mice, Psychopharmacology (Berl) 170 (2003)
409-422, https://doi.org/10.1007/s00213-003-1559-y.

T.M. Tzschentke, Measuring reward with the conditioned place preference (CPP)
paradigm: Update of the last decade, Addict. Biol. 12 (2007) 227-462, https://doi.
org/10.1111/j.1369-1600.2007.00070.x.

E. Gramage, A. Putelli, M.J. Polanco, C. Gonzélez-Martin, L. Ezquerra, L.

F. Alguacil, P. Pérez-Pinera, T.F. Deuel, G. Herrad6n, The neurotrophic factor
pleiotrophin modulates amphetamine-seeking behaviour and amphetamine-
induced neurotoxic effects: Evidence from pleiotrophin knockout mice, Addict.
Biol. 15 (2010) 403-412, https://doi.org/10.1111/j.1369-1600.2009.00202.x.

L. Morales, C. Perez-Garcia, G. Herradon, L.F. Alguacil, Place conditioning in a
two- or three-conditioning compartment apparatus: A comparative study with
morphine and U-50,488, Addict. Biol. 12 (2007) 482-484, https://doi.org/
10.1111/j.1369-1600.2007.00071.x.

E. Gramage, C. Pérez-Garcia, M. Vicente-Rodriguez, S. Bollen, L. Rojo,

G. Herradon, Regulation of extinction of cocaine-induced place preference by
midkine is related to a differential phosphorylation of peroxiredoxin 6 in dorsal
striatum, Behav. Brain Res. 253 (2013) 223-231, https://doi.org/10.1016/j.
bbr.2013.07.026.

D.M. Buffalari, R.E. See, Amygdala mechanisms of pavlovian psychostimulant
conditioning and relapse, Curr. Top. Behav. Neurosci. 3 (2010) 73-99, https://doi.
org/10.1007/7854_2009_18.

J.M. Bossert, N.J. Marchant, D.J. Calu, Y. Shaham, The reinstatement model of
drug relapse: Recent neurobiological findings, emerging research topics, and
translational research, Psychopharmacology (Berl) 229 (2013) 453-476, https://
doi.org/10.1007/s00213-013-3120-y.

Y. Shaham, U. Shalev, L. Lu, H. de Wit, J. Stewart, The reinstatement model of drug
relapse: History, methodology and major findings, Psychopharmacology (Berl) 168
(2003) 3-20, https://doi.org/10.1007/500213-002-1224-x.

G. Herradon, L. Ezquerra, T. Nguyen, 1. Silos-Santiago, T.F. Deuel, Midkine
regulates pleiotrophin organ-specific gene expression: Evidence for transcriptional
regulation and functional redundancy within the pleiotrophin/midkine
developmental gene family, Biochem. Biophys. Res. Commun. 333 (2005)
714-721, https://doi.org/10.1016/j.bbrc.2005.05.160.

W.-Y. Tzeng, J.-Y. Chuang, L.-C. Lin, C.G. Cherng, K.-Y. Lin, L.-H. Chen, C.-C. Su,
L. Yu, Companions reverse stressor-induced decreases in neurogenesis and cocaine
conditioning possibly by restoring BDNF and NGF levels in dentate gyrus,
Psychoneuroendocrinology 38 (2013) 425-437, https://doi.org/10.1016/j.
psyneuen.2012.07.002.

A. Belin-Rauscent, J. Lacoste, O. Hermine, A. Moussy, B.J. Everitt, D. Belin,
Decrease of cocaine, but not heroin, self-administration and relapse by the tyrosine
kinase inhibitor masitinib in male Sprague Dawley rats, Psychopharmacology
(Berl) 235 (2018) 1545-1556, https://doi.org/10.1007/s00213-018-4865-0.

N. Morisot, A.L. Berger, K. Phamluong, A. Cross, D. Ron, The Fyn kinase inhibitor,
AZDO0530, suppresses mouse alcohol self-administration and seeking, Addict. Biol.
24 (2019) 1227-1234, https://doi.org/10.1111/ADB.12699.

E. Comenencia-Ortiz, S.J. Moss, P.A. Davies, Phosphorylation of GABA A receptors
influences receptor trafficking and neurosteroid actions, Psychopharmacology 231
(2014) 3453-3465, https://doi.org/10.1007/s00213-014-3617-z.

R. Jurd, V. Tretter, J. Walker, N.J. Brandon, S.J. Moss, Fyn kinase contributes to
tyrosine phosphorylation of the GABAA receptor y2 subunit, Mol. Cell. Neurosci.
44 (2010) 129-134, https://doi.org/10.1016/j.mcn.2010.03.002.

G.J. Quirk, D. Mueller, Neural mechanisms of extinction learning and retrieval,
Neuropsychopharmacology. 33 (2008) 56-72, https://doi.org/10.1038/sj.
npp.1301555.

M.M. Torregrossa, J.R. Taylor, Learning to forget: Manipulating extinction and
reconsolidation processes to treat addiction, Psychopharmacology (Berl) 226
(2013) 659-672, https://doi.org/10.1007/s00213-012-2750-9.


https://doi.org/10.1111/j.1471-4159.2004.03021.x
https://doi.org/10.1111/j.1471-4159.2004.03021.x
https://doi.org/10.1111/jnc.12841
https://doi.org/10.1016/j.bbr.2014.08.023
https://doi.org/10.1111/gbb.12384
https://doi.org/10.1016/j.bbr.2019.111933
https://doi.org/10.1074/jbc.271.35.21446
https://doi.org/10.1074/jbc.271.35.21446
https://doi.org/10.1074/jbc.274.18.12474
https://doi.org/10.1074/jbc.274.18.12474
https://doi.org/10.1016/S0945-053X(00)00084-6
https://doi.org/10.1016/S0945-053X(00)00084-6
https://doi.org/10.1074/jbc.M010660200
https://doi.org/10.1073/pnas.89.16.7417
https://doi.org/10.1073/pnas.89.16.7417
https://doi.org/10.1016/0014-5793(94)01093-5
https://doi.org/10.1111/bph.12312
https://doi.org/10.1111/bph.12312
https://doi.org/10.1073/pnas.020487997
https://doi.org/10.1073/pnas.020487997
https://doi.org/10.1074/jbc.M704505200
https://doi.org/10.1074/jbc.M704505200
https://doi.org/10.1016/j.bbrc.2005.05.007
https://doi.org/10.1016/j.bbrc.2005.05.007
https://doi.org/10.1007/s13311-019-00795-4
https://doi.org/10.1007/s13311-019-00795-4
https://doi.org/10.1016/j.ejmech.2017.11.080
https://doi.org/10.1016/j.ejmech.2017.11.080
https://doi.org/10.1016/j.neuropharm.2018.04.027
https://doi.org/10.1016/j.neuropharm.2018.04.027
https://doi.org/10.1111/acer.14321
https://doi.org/10.1177/026988119801200103
https://doi.org/10.1006/mcne.2001.0998
https://doi.org/10.1046/j.1365-2443.1998.00231.x
https://doi.org/10.1046/j.1365-2443.1998.00231.x
https://doi.org/10.1007/s00213-003-1559-y
https://doi.org/10.1111/j.1369-1600.2007.00070.x
https://doi.org/10.1111/j.1369-1600.2007.00070.x
https://doi.org/10.1111/j.1369-1600.2009.00202.x
https://doi.org/10.1111/j.1369-1600.2007.00071.x
https://doi.org/10.1111/j.1369-1600.2007.00071.x
https://doi.org/10.1016/j.bbr.2013.07.026
https://doi.org/10.1016/j.bbr.2013.07.026
https://doi.org/10.1007/7854_2009_18
https://doi.org/10.1007/7854_2009_18
https://doi.org/10.1007/s00213-013-3120-y
https://doi.org/10.1007/s00213-013-3120-y
https://doi.org/10.1007/s00213-002-1224-x
https://doi.org/10.1016/j.bbrc.2005.05.160
https://doi.org/10.1016/j.psyneuen.2012.07.002
https://doi.org/10.1016/j.psyneuen.2012.07.002
https://doi.org/10.1007/s00213-018-4865-0
https://doi.org/10.1111/ADB.12699
https://doi.org/10.1007/s00213-014-3617-z
https://doi.org/10.1016/j.mcn.2010.03.002
https://doi.org/10.1038/sj.npp.1301555
https://doi.org/10.1038/sj.npp.1301555
https://doi.org/10.1007/s00213-012-2750-9

	Genetic inactivation of midkine, not pleiotrophin, facilitates extinction of alcohol-induced conditioned place preference
	1 Introduction
	2 Methods
	2.1 Animals
	2.2 Conditioned place preference (CPP)
	2.2.1 Apparatus
	2.2.2 Subjects and alcohol doses
	2.2.3 Induction of CPP
	2.2.4 Extinction of CPP

	2.3 Statistics

	3 Results
	4 Discussion
	5 Conclusion
	Author contributions
	Declaration of Competing Interest
	Acknowledgements
	Funding sources
	Reference




