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Abstract

Pleiotrophin (PTN) is a neurotrophic factor with important functions in addiction and
neurodegenerative disorders. Morphine administration induces an increase in the
expression of PTN and Midkine (MK), the only other member of this family of
cytokines, in brain areas related with the addictive effects of drug of abuse, like the
Ventral Tegmental Area or the hippocampus. In spite of previous studies showing that
PTN modulates amphetamine and ethanol rewarding effects, and that PTN is involved
in morphine-induced analgesia, it was still unknown if the rewarding effects of
morphine may be regulated by endogenous PTN. Thus, we aim to study the role of PTN
in the reward and physical dependence induced by morphine.

We used the Conditioned Place Preference (CPP) paradigm in PTN genetically deficient
(PTN-/-) and wild type (WT) mice to assess the rewarding effects of morphine in
absence of endogenous PTN. Secondly, to study if PTN may be involved in morphine
physical dependence, naloxone-precipitated withdrawal syndrome was induced in PTN-
/- and WT morphine dependent mice. Although the increase in the time spent in the
morphine-paired compartment after conditioning tended to be more pronounced in
PTN-/- mice, statistical significance was not achieved. The data suggest that PTN does
not exert an important role in morphine reward. However, our results clearly indicate
that PTN-/- mice develop a more severe withdrawal syndrome than WT mice,
characterized as a significant increase in the time standing and in the total incidences of
forepaw licking, forepaw tremors, wet dog shake and writhing. The data presented here
suggest that PTN is a novel genetic factor that plays a role in morphine withdrawal

syndrome.
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Introduction

Pleiotrophin (PTN), also known as heparin binding growth associated molecule (HB-
GAM), is a 136 amino acid cytokine [6] that shares over 50% identity in amino acid
sequence with midkine (MK), the only other member of the PTN/MK developmentally
regulated gene family [19, 29]. PTN is widely expressed in the Central Nervous System
(CNS) during early development [24], while in adult stages it appears to be restricted to
some cell types in brain cortex, hippocampus, and cerebellum and in some striatal
interneurons ([3, 41]; reviewed in [12]). In spite of this restricted expression, both PTN
and MK are known to be upregulated in several brain areas after the administration of
different drugs of abuse [8, 9, 22]. In particular, morphine administration is known to
upregulate MK in the hippocampus [8] and PTN in the Ventral Tegmental Area (VTA)
[11], brain areas involved in the reinforcing effects of addictive drugs [20].
Accordingly, these cytokines have been found to play important roles in addiction (see

for example review [18]).

Previous studies from our group have demonstrated that PTN regulates the rewarding
effects of amphetamine and ethanol [16, 26, 40]. On the other hand, the deficiency of
endogenous PTN has been demonstrated to be a key factor that increases the
vulnerability against the neurotoxic effects of the amphetamine. Interestingly,
amphetamine induces a significant decrease in the number of dopaminergic neurons in
the substantia nigra only in mice constitutively lacking PTN [17], supporting the role of
PTN in the neuroprotection of the nigrostriatal pathway after the amphetamine insult.
Furthermore, periadolescent amphetamine treatment causes transient cognitive deficits
and long-term alterations of hippocampal long-term potentiation (LTP) depending on
the endogenous expression of PTN [13], what indicates that PTN is involved in diverse

effects of drug of abuse.



With regard to opioid drugs, it was found that PTN is of critical importance for pain
processing at the spinal level and, importantly, that endogenous PTN modulates
morphine-induced analgesic effects in acute pain models in mice [14, 15]. However, it
remained unknown if PTN is modulating the main side effects associated with the
analgesic uses of morphine, the psychological and physical dependence. To fill this gap
in knowledge, we have now studied the behavior of PTN genetically deficient (PTN-/-)
mice and wild type (WT) mice in the Conditioned Place Preference (CPP) induced by
morphine, a traditional paradigm used to assess the rewarding effects of drugs in
rodents. In addition, naloxone-precipitated withdrawal was induced in morphine
dependent PTN-/- and WT mice to study if the absence of endogenous PTN modulates

morphine-induced physical dependence.



Material and methods

Animals

PTN-/- mice on a C57BL/6J background, generated by methods previously described
[2, 15] were kindly donated by Dr. Thomas F. Deuel (The Scripps Research Institute,
La Jolla, CA). All the animals used in this study were maintained in accordance with the
European Union Laboratory Animal Care Rules (86/609/ECC directive) and the

protocols were approved by the Animal Research Committee of USP-CEU.

Morphine Conditioned Place preference (CPP)

To assess the rewarding effects of morphine, CPP paradigm was used in male PTN-/-
(n=13) and WT (n=16) animals of 9—10 weeks (20-25 g). The CPP apparatus consisted
of two chambers of the same size, one with black floor and walls and the other with
black floor and white walls. The compartments were closed by a removable door during
the morphine-paired session. This procedure was previously used in our laboratory [16,
40], and consisted of a 5-day schedule with three phases: preconditioning (PreC, day 1),
conditioning (days 2-4) and testing (day 5). During preconditioning, mice were free to
explore the two compartments for a 30-min period and their time spent in each
compartment was recorded. The conditioning phase consisted of a 3-day schedule of
double conditioning sessions. In the morning session starting at 8 am, animals received
a single injection of saline i.p. (10 ml/kg) and were immediately confined to the initially
preferred compartment for 30 min. In the evening session starting at 3 pm, the animals
were injected with morphine sulphate (10 mg/kg, i.p., Alcaliber, Madrid, Spain) and
confined to the initially less-preferred compartment for 30 min. During the following
two days, the procedure used was the same but the order of the treatments

(morning/evening) was changed to avoid the influence of circadian rhythms. The testing



phase was performed on day 5 of the schedule, where mice were allowed to freely move
throughout the apparatus for 30 min, exactly as in the preconditioning phase (day 1).
The time spent in each compartment was also registered, and the percentage of time-
spent (stay) in the less-preferred (morphine-paired) compartment calculated. The
difference between the time spent in the morphine-paired compartment in the testing
phase and the time spent in the same compartment in the preconditioning was

considered as indicative of the degree of conditioning induced by morphine.
Naloxone-precipitated withdrawal syndrome in morphine dependent mice

We wondered if PTN could be also involved in the physical dependence induced by
morphine. To test this hypothesis, withdrawal syndrome was induced by naloxone
administration in WT and PTN-/- morphine dependent mice. Due to the limited
availability of the animals, and because opioid receptor antagonist-precipitated
procedures like the one presented here do not show significant differences in the
withdrawal syndrome in both genders [4, 21], 9-10 weeks old mice of either sex
weighting 20-25 g were included in these experiments (PTN-/- male n=3, female n=4;
WT male=3, female=4). Following known protocols to precipitate morphine withdrawal
syndrome in mice [34, 35], morphine dependence was induced by morphine
administration (5 mg/kg, i.p.) twice daily (8 am and 8 pm) for 5 days. On the 6™ day, 2
hours after the morphine administration of the morning session, naloxone (8 mg/kg, i.p.,
Sigma Aldrich, St. Louis, MO, USA) was injected to induce withdrawal syndrome.
Immediately after the naloxone administration, mice were placed in an observation
cylinder for a 30-min period, in which the appearance frequency of different withdrawal
signs (rearings, forepaw licking and tremors, wet dog shakes, writhings, diarrhea) was
recorded. Withdrawal Severity Score (WSS) was calculated with the addition of the

incidences of forepaw licking, forepaw tremors, wet dog shakes and writhings of each
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mouse during the 30 min of observation, and was employed to evaluate the magnitude
of the withdrawal syndrome. The time spent in a standing position was also recorded.
Mice were weighted before the naloxone administration and after the observation
period, and the percentage of weight loss induced by naloxone was calculated for each

Mmouse.

Statistical analysis

Statistical differences were analyzed using 2-way repeated measures ANOVA in the
CPP experiment considering as factors the time (Pre-C/Test) and genotype (WT/PTN-/-
). The morphine withdrawal data were analyzed by Student t-test. In the withdrawal
experiment, statistical differences between genders were lacking in each genotype, so
balanced groups of both genders were included and analyzed together. A p value less
than 0.05 was considered a statistically significant difference. All statistical analyses

were performed using Graphpad prism 5 program (La Jolla, CA, USA).



Results

Morphine conditioned place preference

ANOVA revealed a significant effect of time (F (1, 27) = 6.83; P < 0.05). The increase
in the time spent in the morphine-paired compartment in the Test day compared with
the Pre-C tended to be more pronounced in PTN-/- mice compared with WT (19% vs.
7%; Fig. 1). However, the effect of genotype or the interaction between factors were not

found to be statistically significant.

Previous studies performed as a control in the same experimental conditions showed
that saline treatment during conditioning phase does not induce a significant CPP

neither in WT nor in PTN-/- mice [16].

The absence of endogenous PTN exacerbates morphine withdrawal syndrome

To test if PTN is involved in the physical dependence induced by morphine, withdrawal
syndrome was induced by naloxone administration in WT and PTN-/- morphine
dependent mice. Intensity and time course of morphine effects are correlated to the
morphine treatment [37], so we used a low dose of morphine (5 mg/kg) to induce
moderate effects that presumably avoid the influence of possible differences regarding
the magnitude of the dependence induced by morphine in both genotypes. This protocol
of morphine administration is demonstrated to be adequate to induce dependence in
mice and has been successfully used by other to study naloxone-precipitation
withdrawal syndrome [34, 35]. Agreeing with this, although no mouse of both
genotypes did show any jumping, a widely considered withdrawal sign, unambiguous
signs of morphine withdrawal were observed (standings, fore paw tremors and licking,
wet dog shakes, writhings, diarrhea, teeth chattering, face and body grooming, ptosis,

straightening, head tossing...) in both WT and PTN-/- naloxone-treated mice,

8



confirming the effective induction of a morphine withdrawal syndrome. As an
additional withdrawal sign, the percentage of weight loss induced by naloxone was
calculated subtracting the weight of each mouse before the naloxone administration and
after the observation period. We found ~1-1.5% body weight decrease, similar in both

genotypes (Fig. 2A).

When the main withdrawal signs were evaluated, we found that naloxone-induced
rearing frequency was slightly higher in the PTN-/- genotype compared with WT
morphine dependent mice (Fig. 2B; P=0.11). When the total time that each mouse spent
standing was compared, we found that PTN-/- mice spent a significantly higher
percentage of time standing than WT mice (Fig. 2C; P=0.01). Most of the WT mice
spent less than 5% of the time on their hind paws (which corresponds to the sum of the
time of each standing, without remaining more time in that position), while only one
PTN-/- mouse showed a similar low value. In fact, most of the PTN-/- mice remained
~10% - 60% of the time on their hind paws, what was considered as an indicative of the
severity of the withdrawal induced by naloxone in PTN-/- morphine dependent mice
(Fig. 2C). This fact can mask differences between the frequencies of rearings, so the
consideration of both parameters is crucial to better understand the severity of the

morphine-induced withdrawal in these mice.

Due to the individual variability of the naloxone-induced withdrawal syndrome, other
withdrawal signs registered were summarized in the Withdrawal Severity Score (WSS)
[34, 35], calculated with the incidences of forepaw licking, forepaw tremors, wet dog
shakes and writhings during the 30 min of observation. The frequencies of these
individual withdrawal symptoms are summarized in Table 1. We found that the WSS of
PTN-/- mice was significantly increased compared with WT mice (Fig. 2D; P=0.04),

what indicates, along with the increased time standing, that naloxone-precipitated
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withdrawal is more severe in PTN-/- morphine-dependent mice and that the physical

dependence induced by morphine is enhanced when endogenous PTN is lacking.
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Discussion

In the present work, we have used the CPP paradigm to test the rewarding effects of
morphine in PTN-/- and WT mice. In this protocol, mice are conditioned to associate
the initially less-preferred compartment with the rewarding effects of the drug. The
increase in the time of stay in the morphine paired compartment in the Test day
compared with the Pre-C tended to be higher in PTN-/- mice compared with WT mice,
however statistical differences were not achieved. It is important to note that PTN-/-
mice have been previously shown to exert similar locomotor or exploratory activities to
those in the WT [2], what is essential to understand these results. On the other hand,
even though 10 mg/kg morphine (i. p.) has been frequently used to induce an effective
CPP in mice, some other reports failed to obtain an efficient CPP with this dose
(reviewed in [38]), leading us to select it to potentially dissect the differences between
genotypes in the vulnerability to develop morphine-induced CPP. These apparent
discrepancies between previous reports using the same dose of morphine to induce CPP
seem to depend on the experimental procedure used and on the individual variability.
For instance, morphine-induced CPP is more likely to be relevant after longer
conditioning phases or using different paradigms, including the three chambers-CPP [1,
36], whereas individual differences in the aggressiveness of the mice seem to determine
the capacity of morphine to induce CPP [39]. In our experimental procedure, PTN-/-
mice showed a 19% increase in the time of stay in the morphine-paired compartment in
the Test day compared with Pre-C whereas WT mice increased their time of stay ~7%.
The data could point to an increased vulnerability of PTN-/- mice to morphine
rewarding effects. However, since statistical differences were not achieved, further
studies, particularly additional experimental paradigms, i.e. autoadministration, are

needed to demonstrate a possible role of PTN in morphine reward.
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With the aim to study if endogenous PTN is implicated in the physical dependence
induced by opioids, withdrawal syndrome was precipitated by naloxone administration
in PTN-/- and WT mice. Morphine withdrawal symptoms intensity depends on the dose
of morphine used [37], so moderate effects were expected with the protocol used here.
In fact, all the mice from both genotypes presented as main sign of withdrawal rearings
instead of jumpings. Although jumpings frequency is the most widely used withdrawal
sign, it is interesting to note that significant differences in the jumping frequency were
found when naloxone-precipitated withdrawal was induced in different mouse strains.
Specifically, C57BL/6J substrain showed lower jumping scores than other C57-derived
substrains such as C57L/) or C57BR/cd) [28]. The lack of jumpings, though
uncommon, does not indicate the lack of withdrawal, clearly demonstrated by the
presence of other unequivocal withdrawal symptoms after the naloxone administration,
such as standings, fore paw tremors and licking, wet dog shakes, writhings, diarrhea,
teeth chattering, ptosis, etc. Based on the inevitable variability of each withdrawal
syndrome, global scores as the WSS used here are considered to be more useful for
comparing the severity of the withdrawal [34, 35]. Our results show a significantly
augmented WSS in PTN-/- mice, which correlates with the fact that most PTN-/- mice
remain in standing position for minutes, an unnatural position for a rodent. These data
demonstrate that the lack of endogenous PTN enhances the severity of the morphine

withdrawal.

Although further studies are needed, the data presented here support that PTN may
modulate some of the clinical adverse effects of morphine and, thus, suggest the
modulation of the PTN signaling pathway to counterbalance morphine withdrawal.
Pleiotrophin inactivates the Receptor Protein Tyrosine Phosphatase (RPTP)B/C [10, 27]

through its binding to the receptor’s D1 active domain. As a result of the blockade of
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the phosphatase activity, PTN increases the tyrosine phosphorylation levels of the
different substrates of RPTPP/C, such as B-catenin [27], Fyn[31], p-adducin[32, 33], etc.
Interestingly, morphine treatment has been shown to activate Wnt/B-catenin signaling in
cell cultures [30], and more specifically, p-catenin is one of the factors that are induced
by morphine withdrawal in the rat [7]. Based on the fact that PTN activates p-catenin
via RPTPB/C [27] and the implication of endogenous PTN in naloxone-induced
morphine withdrawal demonstrated here, it is reasonable to propose that PTN may
function during morphine withdrawal through the activation of p-catenin. On the other
hand, several studies have proposed the relationship between the activation of ERK
pathway in different brain areas implicated in drug addiction and naloxone precipitated
withdrawal [5, 23]. Fyn kinase, one of the substrates of RPTPP/(, activates ERK1/2
signaling pathway by increasing the phosphorylation levels of ERK1/2 [25]. Previous
studies from our group showed that PTN protection against amphetamine-induced
toxicity in vivo and in vitro is possibly mediated by the increased phosphorylation of
Fyn and the consequent ERK activation [16, 17], and now we propose that this
signaling pathway may be also mediating the involvement of PTN in naloxone induced
morphine withdrawal. Anyway, studies directed to enlighten the possible contribution
of each of these substrates to the PTN modulation of morphine withdrawal may

contribute to the discovery of new drug targets in the future.

Conclusions

In summary, the data presented here demonstrate that PTN is a novel genetic factor that

plays a role in the morphine withdrawal syndrome, and suggests the possibility of
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pharmacological modulation of the PTN signaling pathway to presumably minimize

some side effects associated to the clinical uses of morphine.
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Table legend

Table 1. Incidences of naloxone-induced morphine withdrawal symptoms in PTN-
/- and WT mice. Results are presented as the mean + S.E.M. of the individual

frequencies of each symptom included in the Withdrawal Severity Score (WSS).

Figure legends

Figure 1. Morphine Conditioned Place Preference in PTN-/- mice. Results are
presented as the mean + S.E.M. of the percentage of the time spent by WT and PTN-/-
mice in the morphine (10 mg/kg)-paired, least-preferred compartment during
preconditioning (PreC, day 1) and testing phases (Test, day 5) of the CPP procedure.

Figure 2. Naloxone induces more severe acute morphine withdrawal syndrome in
PTN-/- mice. Withdrawal syndrome was induced in morphine dependent PTN-/- and
WT mice by naloxone (8 mg/kg) injection, and immediately, each mouse was observed
during 30 min. The mean + S.E.M. of the percentage of weight loss induced by
naloxone (A), the rearing frequency, expressed as mean of number of standings
observed in 30 minutes = S.E.M (B) and the mean + S.E.M. of the percentage of the
time that mice spent on their hind paws (C) are represented for both genotypes. Other
signs of withdrawal (forepaw licking, forepaw tremors, wet dog shake and writhing)
were also recorded, and the mean + S.E.M. of the addition of their incidences is
summarized in the Withdrawal Severity Score (WSS) (D). * P<0.05 vs. WT.

18



