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ABSTRACT

Midkine (MK) is a cytokine with important functions in dopaminergic neurons that is
found upregulated in the prefrontal cortex of alcoholics. We have studied the
behavioural effects of ethanol in MK genetically deficient (MK-/-) and wild type
(MK+/+) mice. A low dose of ethanol (1.0 g/kg), unable to cause conditioned place
preference (CPP) in MK+/+ mice, induced a significant CPP in MK-/- mice, suggesting
that MK prevents the rewarding effects of low doses of ethanol. However, this
difference between genotypes is lost when a higher, rewarding, dose of ethanol (2.0
o/kg) is used. Accordingly, the anxiolytic effects of 1.0 mg/kg diazepam, other
GABA(A) acting drug, were significantly enhanced in MK-/- mice compared to MK+/+
mice; however, 2.0 mg/kg diazepam caused increased anxiolytic effects in MK+/+ mice.
In addition, MK-/- mice showed a significant delayed recovery from ethanol (2.0 g/kg)-
induced ataxia whereas the sedative effects induced by ethanol (3.6 g/kg), tested in a
loss of righting reflex paradigm, were found to be similar in MK-/- and MK+/+ mice.
The data indicate that MK differentially regulates the behavioural responses to ethanol.
The results suggest that differences in the sensitivity of GABA(A) receptors to
GABA(A) acting drugs caused by genetic inactivation of MK could underlie the
different behavioural responses to ethanol in MK-/- mice. Overall, these results suggest
that MK may be a novel genetic factor of importance in alcohol use disorders, and that
potentiation of MK signalling pathway may be a promising therapeutic strategy in the

treatment of these disorders.
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1. Introduction

Alcoholism is a devastating condition with serious health and social
consequences. Evidence suggests a strong genetic component for predisposition to
alcoholism [1]. Ethanol is known to exert many of its biochemical and behavioural
effects through an interaction with the gamma-aminobutyric acid (GABA) receptor
system [2]. Although several genes including GABA(A) receptor subunits have been
demonstrated to be involved in ethanol dependence and behavioural responses to
ethanol [3, 4], the genetics of ethanol dependence is poorly understood and likely
involves many genes. Two genetic factors that are regulated in different brain areas
after administrations of different drugs of abuse are pleiotrophin (PTN) and midkine
(MK) [5]. PTN and MK share important neurotrophic effects on dopaminergic neurons
[6, 7]. It has been previously shown that PTN knockout (PTN-/-) and MK knockout
(MK-/-) mice are more vulnerable to amphetamine and cocaine conditioning effects
respectively [8-10], suggesting that regulation of expression of PTN and/or MK in the
brain after administration of drugs of abuse is involved in the regulation of drug-
induced rewarding effects [11]. In addition, it has been shown that PTN and MK
counteract amphetamine and cocaine neurotoxic effects [12-16].

We have recently shown that PTN, a cytokine highly redundant in function with
MK [6, 7], counteracts the rewarding and sedative effects of ethanol [17]. Interestingly,
MK gene expression is known to be upregulated in the prefrontal cortex (PFC) of long-
term alcoholic subjects [18]. Since alcoholism is associated with reduction in the
number of neurons and dendritic arbors in the PFC which correlate with cognitive
defects in alcoholics and MK is known to be a survival factor for neurons, upregulation

of MK expression has been suggested to occur in order to counteract ethanol-induced



cell damage and apoptotic processes in this brain area [19]. However, a possible
regulation of ethanol rewarding effects by this neurotrophic factor should not be
discarded because PFC is also known to play a pivotal role in the mesocorticolimbic
dopaminergic system [20]. To test the possibility that MK is involved in the modulation
of the behavioural responses to ethanol we have tested the effects induced by ethanol in

MK-/- and wild type (MK+/+) mice.



2. Methods
2.1. Animals

MK-/- mice were kindly provided by Dr. Thomas F. Deuel (The Scripps
Research Institute, La Jolla, CA). MK-/- mice were generated as previously described
by using a basic vector to target a part of exon 1, intron 1 and a part of exon 2 of MK
[21]. Male MK-/- and MK+/+ mice on a C57BL/6J background were used at 8-10
weeks of age (20-25 g). Animals were carefully distributed so the average of the
animal’s age was similar in every experimental group. The genotypes of the MK-/- mice
were confirmed with the polymerase chain reaction using as primers 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 to generate from genomic DNA extracted from tails of MK-/- and
MK+/+ mice a cDNA of ~0.7 kb.

All the animals used in this study were maintained in accordance with European
Union Laboratory Animal Care Rules (86/609/ECC directive) and the protocols were

approved by the Animal Research Committee of USP-CEU.

2.2.  Conditioned Place Preference (CPP)

A biased apparatus was used and consisted of two Plexiglas square
compartments of the same size (20 cm long x 14 cm high x 27 cm wide). One
compartment had black plexiglas floor and walls, and the other had black plexiglas floor
and white walls. 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).
During preconditioning, mice were free to explore the two compartments for a 15-min

period; their behaviour was monitored by a videotracking system (San Diego, California,



USA) to calculate the time spent in each compartment. We previously used this “biased"
apparatus and subject assignment, i.e., mice were paired with the drug in the non-
preferred compartment, to study genotype differences in amphetamine- and cocaine-
induced CPP [8, 9]. Confirming those studies, the compartment with white walls in the
present work was the non-preferred compartment by all mouse genotypes (~ 30 % stay
of total time in the preconditioning phase).

We performed a 3-day conditioning phase with double conditioning sessions.
The first one involved a morning session starting at 8 am, in which all 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 starting at 3 pm, the animals
were injected (i.p.) with 1.0 g/kg ethanol (n = 21-22/group) or 2.0 g/kg ethanol (n = 17-
18/group), or 10 ml/kg saline (n = 6-7/group) as a conditioning control, and
immediately confined to the initially non-preferred compartment for 5 min. On 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 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 (drug-paired) compartment was
calculated in all cases and the difference between the time spent in this compartment in
this phase (day 5, CPP) and the time spent in the same compartment in the
preconditioning (day 1, Pre-C) was considered as indicative of the degree of

conditioning induced by ethanol.

2.3. Rotarod test
We used a rotarod apparatus (Panlab, Barcelona, Spain) to assess the effects of

ethanol administration on motor coordination and balance in MK+/+ (n = 8) and MK-/-



(n =11) mice. Mice were trained in 2 sessions in 2 consecutive days by placing them on
the rotarod rotating drum (rod), and allowing them to run/climb under continuous
acceleration (2-18 r.p.m) for at least 30 sec. The next day, animals were injected with
2.0 g/kg ethanol and then placed on the rotarod. The time to fall was recorded and mice
were placed back on the rotarod every 10 minutes until 100 min after ethanol

administration.

2.4.  Loss of the Righting Reflex (LORR)

MK+/+ (n = 8) and MK-/- (n = 9) mice were injected i.p. with 3.6 g/kg ethanol.
After injection each mouse was placed on its back and tested for the ability to right
itself. The mouse was determined to have lost the righting reflex if it could not right
itself 3 times within 30 sec. and regained the righting reflex if it could fully right itself 3
times within 30 sec. The duration of LORR was determined as the difference between

the time when the reflex was lost and when it was regained.

2.5.  Elevated plus maze

The apparatus consists of a black Plexiglas apparatus with four arms (16 cm
long x 5 cm wide) set in cross from a neutral central square (5 cm x 5 cm). Two
opposite arms are delimited by vertical walls (closed arms), while the two other
opposite arms have unprotected edges (open arms). The maze is elevated 60 cm above
the ground. 30 min before the observation session, MK+/+ and MK-/- mice received a
single administration of saline (10 ml/kg, i.p.), 1.0 mg/kg diazepam (n = 8-10/group) or
2.0 mg/kg diazepam (n = 12-13/group). At the beginning of the 5 min observation

session, each mouse was placed in the central neutral zone, facing one of the open arms.



The total numbers of visits to the closed and open arms, and the time spent in the closed

and open arms, were then recorded.

2.6.  Statistical analysis

CPP data were analysed by 2-way ANOVA with repeated measures followed by
Bonferroni’s post-hoc tests, considering experimental phase and genotype as variables.
Rotarod data were analysed by 2-way ANOVA with repeated measures followed by
Bonferroni’s post-hoc test, considering genotype and time as variables. LORR data
were analysed by student’s t test. In the elevated plus maze, the number of entries to the
open arms and the time spent in the open arms by every experimental group were
compared by 2-way ANOVA followed by Bonferroni’s post-hoc tests, considering
treatment and genotype as factors. 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).



3. Results

We first used a low dose of ethanol (1.0 g/kg, i.p.) which has been reported to be
unable to induce CPP in mice or to produce moderate conditioning effects [22].
Accordingly, we found that 1.0 g/kg ethanol did not cause a significant CPP in MK+/+
mice (Fig. 1A). In contrast, 1.0 g/kg ethanol caused a significant CPP in MK-/- mice
(Fig. 1A) suggesting an important role of MK in the modulation of ethanol conditioning
effects. However, a higher dose of ethanol (2.0 g/kg) that has been consistently shown
to induce CPP in mice [22] tended to induce CPP more efficiently in MK+/+ mice
compared to MK-/- mice (Fig. 1B). Saline conditioning did not show significant
changes on place preference compared to preconditioning values of both genotypes (Fig.
1C). The data confirm an important role of MK in the regulation of the rewarding
effects of ethanol at low doses.

To test the possibility that MK could modulate other acute behavioural
responses to ethanol we performed experiments to assay the ataxic and sedative effects
of ethanol in both genotypes. The motor incoordinating effects of ethanol were
measured using the rotarod test. Acute administration of 2.0 g/kg ethanol produced
motor ataxia in both genotypes of mice illustrated by a significant reduction in time
spent on the rotarod (Fig. 2). In agreement with studies reported by others [23],
performance improved over time in MK+/+ mice (Fig. 2). However, MK-/- mice
showed a significant delayed recovery from ethanol-induced ataxia (Fig. 2). In addition,
we examined MK-/- and MK+/+ mice for their behavioural response to ethanol in a
LORR test using a sedating dose of ethanol (3.6 g/kg). The data show that the amount
of time needed for MK-/- and MK+/+ mice to recover the righting reflex after ethanol
injection was effectively similar (P = 0.1630; Fig. 3). These data indicate that

endogenous MK is not key for the sedative effects of ethanol.



To examine the possibility that differences in the sensitivity of GABA(A)
receptors to GABA(A) acting drugs could underlie the different behavioural responses
to ethanol in MK-/- mice, we studied the effects of another GABA(A) receptor agonist,
diazepam, in both genotypes. Doses of 1.0 and 2.0 mg/kg diazepam which exert acute
anxiolytic but no sedative effects [24] were used in the elevated plus maze test. 1.0
mg/kg diazepam increased the time spent in the open arms by mice from both genotypes
(Fig. 4A); however, this increase was significantly higher in MK-/- mice compared to
MK+/+ mice (Fig. 4A). As expected, 2.0 mg/kg diazepam significantly increased the
time spent in open arms by MK+/+ mice compared to 1.0 mg/kg (Fig. 4B vs. 4A). In
contrast, the time spent in open arms by MK-/- mice treated with 2.0 mg/kg diazepam
was significantly reduced compared with MK+/+ mice (Fig. 4B) and with MK-/- mice
treated with the lower dose (1.0 mg/kg) of diazepam. We did not find significant
differences between genotypes in the number of entries in open arms (data not shown).
The total number of entries in all arms was also similar between genotypes indicating

similar locomotor activity.



4. Discussion

Genetic predisposition, as well as adaptive changes in expression of drug-
sensitive genes, is thought to contribute to alcohol dependence [25]. One of the genes
significantly upregulated in the PFC of patients after chronic alcohol intake is MK [18,
19]. MK is also found upregulated after administration of other drugs of abuse [5].
Interestingly, MK-/- mice show increased vulnerability to the neurotoxic effects of
amphetamine and cocaine [13, 14, 16] and deficits in the extinction of cocaine-induced
CPP [8]. Therefore, we hypothesized that upregulation of MK after administration of
drugs of abuse constitutes a protective mechanism against drug-induced neurotoxic and
neuroadaptative effects [26]. Whether or not this is the case of other drugs known to
increase the expression of MK in the brain, such as ethanol, remained to be studied.

In the present work, the conditioning effects of ethanol have been tested in CPP
assays in which previous cues acquire secondary reinforcing properties when paired
with a primary reinforce. The CPP paradigm is being increasingly used to study
neuroadaptations and to identify novel genetic factors possibly underlying drug seeking
behaviours, particularly in genetically modified mouse models [22]. We now
demonstrate that genetic deletion of MK is key for ethanol to induce CPP at a low dose
in mice. However, this difference between genotypes is lost when a higher, rewarding,
dose of ethanol (2.0 g/kg) is used. It has to be noted that we used in our experiments a
CPP biased design and that mice from both genotypes started the CPP procedure with a
similar degree of initial preference to the compartment with black walls. The use of a
biased design is feasible in place conditioning studies and the outcome can be
interpreted in terms of rewarding drug effects, as long as an absolute preference for the

drug-paired compartment is produced with a well-established rewarding dose of ethanol



(2.0 g/kg) in the control (MK+/+) subjects [22]. Thus, although we cannot discount the
possibility of a conditioned reduction in aversion to the non-preferred compartment due
to the known anxiolytic effects of alcohol, the data presented here more likely reflect
the rewarding effects of ethanol in our CPP paradigm.

Interestingly, we found a similar pattern with another GABA(A) receptor
agonist. The anxiolytic effects of diazepam were significantly enhanced in MK-/- mice
treated with the lower dose of the drug; however, these effects were significantly
increased in MK+/+ mice treated with the higher dose of diazepam compared with MK-
/- mice in which the anxiolytic effects of 2.0 mg/kg diazepam were almost absent. The
data suggest that MK-/- mice might be more sensitive to the effects of GABA(A) acting
drugs and behave as high responders to low doses of these drugs, but this difference can
only be seen in the low dose and is then lost because of ceiling effects.

It is important to note that the modulatory role of MK on the rewarding effects
of ethanol cannot be generalized to all types of behavioural responses to ethanol. The
data obtained in the rotarod test clearly indicate that genetic inactivation of MK in mice
causes a significantly prolonged delay in recovery from the ataxic effects induced by
ethanol. However, the data collected in the LORR test suggest that the sedative effects
induced by ethanol are not modulated by MK.

The development of alcohol dependence is accompanied by changes in the
expression of genes involved in the regulation of the innate immune response [27].
Induction of innate immune genes has been proposed to contribute to neuroplastic
adaptations in the brain and negative affective states that promote behavioural changes
leading to addiction [28]. It has been established that immune signalling contributes
significantly to changes in the rewarding pathways of the brain induced by drugs of

abuse [28], suggesting that endogenous modulators of immune response could be



considered as novel pharmacological targets in addictive disorders. Very interestingly,
MK is a known regulator of innate immune response [29]. MK is known to modulate
expression of proinflammatory cytokines and the expansion of regulatory T-cells [30].
Accordingly, in different animal models of autoinmune diseases, it has been shown that
CD4+ T-cells from MK-/- mice express lower amounts of IFN-y among other cytokines
that are critically involved in the immune response [30]. It has to be noted that specific
changes in the signal transduction of IFN-y underlie some of the previously described
changes in immune function associated with chronic alcohol abuse [27]. Our data
strongly support the need of additional studies to define the possible connection of the
regulation of immune response by MK and the changes in the behavioural responses to
ethanol in MK-/- mice.

The role of MK in the regulation of the behavioural responses to ethanol might
be related to its mechanism of action. MK binds the Receptor Protein Tyrosine
Phosphatase (RPTP) B/C [31]. After ligand receptor interactions of RPTPB/C with MK
[6], tyrosine phosphorylation is increased in signalling molecules such as Anaplastic
Lymphoma Kinase (ALK) [32] and Fyn kinase [33] which are molecules known to play
important roles in behavioural responses to ethanol. It has been shown that increased
ALK expression in the brain negatively correlates with ethanol consumption in mice
[34]. On the other hand, Fyn kinase is part of a signalling pathway that is specifically
activated during alcohol exposure and contributes to the molecular mechanisms
underlying the maintenance of alcohol self-administration [35]. Also, it has to be noted
that phosphorylation of GABA(A) receptors is an important mechanism for dynamically
modulating inhibitory synaptic function in the mammalian brain. Phosphorylation of
residues within GABA(A) receptors has been shown to play an essential role in the

assembly, trafficking, and cell surface stability of these receptors [36] which can



influence the pharmacological effects of GABA(A) acting drugs. Interestingly, Fyn
kinase contributes to tyrosine phosphorylation of the GABA(A) receptor [37],
suggesting the possibility that an impaired MK-RPTPB/(-Fyn axis in MK-/- mice could
underlie the different behavioural responses of MK-/- mice to pharmacological
activation of GABA(A) receptors by affecting the phosphorylation status of these
receptors. In any case, additional studies are needed to dissect the possible contribution
of ALK and/or Fyn kinase to the mechanisms triggered by MK in the modulation of the

behavioural responses to ethanol and other GABA(A) acting drugs.

5. Conclusion

The data demonstrate a differential regulation of specific behavioural responses
to ethanol by MK. The results suggest that differences in the sensitivity of GABA(A)
receptors to GABA(A) acting drugs caused by genetic inactivation of MK could
underlie the different behavioural responses to ethanol in MK-/- mice. The data suggest
that MK may be a novel genetic factor of importance in alcohol use disorders and
support potentiation of the MK signalling pathway as a promising therapeutic strategy

in the treatment of alcohol use disorders.
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Figure Legends

Fig 1. Ethanol-induced place preference. (A) Results are presented as the mean +
SEM of the percentage of the time spent by MK+/+ (n = 22) and MK-/- (n = 21) in the
ethanol (1.0 g/kg)-paired (least-preferred) compartment during preconditioning (Pre-C,
day 1) and testing phases (CPP, day 5). 2-way repeated measures ANOVA showed a
significant effect of phase (F(1,41) = 15.16, P < 0.001). (B) Results represent the
percentage of the time spent by MK+/+ (n = 18) and MK-/- (n = 17) mice in the ethanol
(2.0 g/kg)-paired compartment during preconditioning (Pre-C, day 1) and testing phases
(CPP, day 5). 2-way repeated measures ANOVA revealed a significant effect of
genotype (F(1,33) = 4.904, P < 0.05) and phase (F(1,33) = 34.47, P < 0.001). (C)
Results from control experiments in which MK+/+ (n = 6) and MK-/- (n = 7) mice were
only treated with saline during conditioning. *** P < 0.001 vs. Pre-C. ** P < 0.01 vs.

Pre-C.

Fig 2. Ethanol (2.0 g/kg)-induced ataxia. Time (mean + SEM) spent on a rotarod
following injection of 2.0 g/kg ethanol in MK-/- and MK+/+ mice. At time point 0 min,
basal values of time spent on the rotarod by mice from both genotypes are represented.
2-way repeated measures ANOVA revealed a significant effect of time (F(10,170) =
32.73, P < 0.001), of genotype (F(1,170) = 6.324, P < 0.05) and a significant interaction

genotype x time, F (10,170) = 2.422, P < 0.05).

Fig 3. Ethanol (3.6 g/kg)-induced sedation. Loss of righting reflex (LORR) test in
MK-/- and MK+/+ mice at 3.6 g/kg ethanol. Results are presented as the mean + SEM

of the time to recovery from sedation.



Figure 4: Behavioural performance of diazepam-treated MK+/+ and MK-/- mice
in the Elevated Plus Maze. (A) Figure shows mean + SEM of time spent in the open
arms by MK+/+ and MK-/- mice treated with diazepam (1.0 mg/kg; n = 8-10/genotype)
or saline (n = 8-9/genotype). 2-way ANOVA revealed a significant effect of treatment
(F(1,31) = 29.73, P < 0.001) and of genotype (F(1,31) = 4.757, P < 0.05). (B) Figure
shows mean + SEM of time spent in the open arms by MK+/+ and MK-/- mice treated
with diazepam (2.0 mg/kg; n = 12-13/genotype) or saline (n = 12-16/genotype). 2-way
ANOVA revealed a significant effect of treatment (F(1,49) = 10.84, P < 0.01) and a
significant interaction treatment x genotype (F(1,49) = 4.083, P < 0.05). *** P < 0.001

vs. saline. ** P < 0.01 vs. saline. * P < 0.05 vs. saline. # P < 0.05 vs. MK+/+.



