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Abstract

Background—We previously found that activation of the glial cell line-derived neurotrophic factor
(GDNF) pathway in the ventral tegmental area (VTA) reduces ethanol-drinking behaviors. In this
study, we set out to assess the contribution of endogenous GDNF or its receptor GFRal to the
regulation of ethanol-related behaviors.

Methods—GDNF and GFRal heterozygote mice (HET) and their wild-type littermate controls
(WT) were used for the studies. Ethanol-induced hyperlocomotion, sensitization, and conditioned
place preference (CPP), as well as ethanol consumption before and after a period of abstinence were
evaluated. Blood ethanol concentration (BEC) was also measured.

Results—We observed no differences between the GDNF HET and WT mice in the level of
locomotor activity or in sensitization to ethanol-induced hyperlocomotion after systemic injection
of anonhypnatic dose of ethanol and in BEC. However, GDNF and GFRal mice exhibited increased
place preference to ethanol as compared with their WT littermates. The levels of voluntary ethanol
or quinine consumption were similar in the GDNF HET and WT mice, however, a small but
significant increase in saccharin intake was observed in the GDNF HET mice. No changes were
detected in voluntary ethanol, saccharin or quinine consumption of GFRal HET mice as compared
with their WT littermates. Interestingly, however, both the GDNF and GFRa1 HET mice consumed
much larger quantities of ethanol after a period of abstinence from ethanol as compared with their
WT littermates. Furthermore, the increase in ethanol consumption after abstinence was found to be
specific for ethanol as similar levels of saccharin intake were measured in the GDNF and GFRal
HET and WT mice after abstinence.

Conclusions—Our results suggest that endogenous GDNF negatively regulates the rewarding
effect of ethanol and ethanol-drinking behaviors after a period of abstinence.
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GDNF is a secreted protein that was initially identified in a glial-derived cell line (Lin et al.,
1993) and has since been shown to be highly expressed in neurons (Barroso-Chinea et al.,
2005; Pochon et al., 1997). GDNF is expressed throughout the central nervous system during
development (Choi-Lundberg and Bohn, 1995; Nosrat et al., 1996; Schaar et al., 1993;
Stromberg et al., 1993), and high levels of GDNF mRNA are still present in adult spinal cord
and specific brain areas, including the striatum (dorsal striatum and nucleus accumbens),
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thalamus, cortex and hippocampus (Barroso-Chinea et al., 2005; Choi-Lundberg and Bohn,
1995; Golden et al., 1998, 1999; Nosrat et al., 1996; Pochon et al., 1997; Springer et al.,
1994; Trupp et al., 1997). GDNF plays an important role in promoting the survival,
regeneration and maintenance of the mature phenotype of distinct central and peripheral
neuronal populations, such as midbrain dopaminergic neurons (Beck et al., 1995; Granholm
et al., 2000; Kowsky et al., 2007; Lin et al., 1993; Pascual et al., 2008; Tomac et al., 1995a).
GDNF also promotes neurite outgrowth (Kowsky et al., 2007; Toledo-Aral et al., 2003), and
contributes to some cognitive functions (Gerlai et al., 2001). GDNF acts through a
multicomponent receptor system, which includes the GDNF family receptor alpha-1 (GFRa1)
and the tyrosine kinase receptor Ret. Formation of the GDNF-GFRa1 signaling complex leads
to the autophosphorylation of Ret and the subsequent activation of downstream signaling
cascades, such as the mitogen-activated protein kinase (MAPK), phosphoinositide 3-kinase
and phospholipase Cy/protein kinase C pathway (Airaksinen and Saarma, 2002; Sariola and
Saarma, 2003). GFRal and Ret are expressed in several brain regions in the developing and
adult brain and are particularly abundant in the mesencephalic dopaminergic areas projecting
to the striatum, namely the substantia nigra pars compacta and the ventral tegmental area (VTA)
(Burazin and Gundlach, 1999; Glazner et al., 1998; Golden et al., 1998, 1999; Matsuo et al.,
2000; Trupp etal., 1997). Interestingly, GDNF is retrogradely transported to dopamine neurons
of the mesencephalic system in the adult brain (Ai et al., 2003; Barroso-Chinea et al., 2005;
Kordower et al., 2000; Lapchak et al., 1997; Tomac et al., 1995b), supporting an important
role of the endogenous growth factor in the maintenance and functionality of these neurons.

In recent years, a role for GDNF as a negative regulator of biochemical and behavioral
adaptations to drugs of abuse has been reported (Carnicella and Ron, 2009c). Specifically,
Messer et al. showed that infusion of GDNF into the VTA reversed biochemical adaptations
to long-term exposure to cocaine and morphine, and blocked cocaine-induced CPP (Messer et
al., 2000). Transplantation of cells engineered to over-express GDNF or delivery of
nanoparticles conjugated to GDNF into the striatum was shown to reduce acquisition of rat
cocaine self-administration (Green-Sadan et al., 2003, 2005), and increasing GDNF expression
in the brain reduced the sensitivity of mice to methamphetamine (Niwa et al., 2007b).

We found that systemic administration of the naturally occurring alkaloid, Ibogaine, and the
ergotamine derivative, FDA approved drug, cabergoline, to mice and rats increases the
expression of GDNF in the VTA (Carnicella et al., 2009a; He et al., 2005). We further showed
that treatment of dopaminergic-like SH-SY5Y cells with Ibogaine or cabergoline results in the
activation of the Ret/MAPK cascade via newly synthesized GDNF (Carnicella et al., 2009a;
He et al., 2005). Importantly, we found that Ibogaine and cabergoline, via up-regulation of the
GDNF pathway in the VTA, reduces rat operant self-administration of ethanol (Carnicella et
al., 2009a; He et al., 2005). We also presented data to suggest that the long-lasting reduction
of ethanol self-administration by Ibogaine may be mediated by the activation of an
autoregulatory feedback loop in which GDNF up-regulates its own expression (He and Ron,
2006). Furthermore, we reported that direct infusion of GDNF into the VTA of rats results in
a specific, rapid and sustained reduction of ethanol self-administration (Carnicella and Ron,
2009c; Carnicellaetal., 2008, 2009b). We further showed that the actions of GDNF to attenuate
the motivation to consume ethanol are mediated via the activation of the MAPK pathway
(Carnicella et al., 2008). Finally, we found that GDNF inhibits the chronic ethanol-mediated
increase in tyrosine hydroxylase immunoreactivity in the SH-SY5Y cells (He and Ron,
2008), suggesting that GDNF may also act to reduce cellular biochemical adaptations upon
prolonged exposure to ethanol.

In line with these data, various studies have suggested a role for endogenous GDNF in
mechanisms that underlie sensitivity of rodents to drugs of abuse. This possibility stems from
studies using GDNF heterozygote knockout mice (GDNF HET) (Granholm et al., 1997; Pichel
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etal., 1996), as homozygote knockout mice die at birth from renal abnormalities (Moore et al.,
1996; Pichel et al., 1996; Sanchez et al., 1996). GDNF HET mice have lower (35 to 70%)
GDNF protein levels in the striatum compared with wild-type (WT) mice (Airavaara et al.,
2004; Griffin et al., 2006; Niwa et al., 2007b; Yan et al., 2007), and show greater sensitivity
to some effects of drugs of abuse. For example, GDNF HET mice exhibit greater place
preference to morphine (Niwa et al., 2007a; but see Airavaara et al., 2007), cocaine (Messer
et al., 2000), and methamphetamine (Niwa et al., 2007b), and are more vulnerable to
psychomotor sensitization induced by morphine (Airavaara et al., 2007) and cocaine (Messer
et al., 2000; but see Airavaara et al., 2004). In addition, administration of morphine, but not
cocaine, induces a greater increase in striatal dopamine levels in GDNF HET mice than in WT
mice (Airavaara et al., 2004, 2006, 2007). Furthermore, motivation to self-administer and to
seek methamphetamine is potentiated in GDNF HET mice (Yan et al., 2007). Together, these
studies suggest an important role for the endogenous GDNF system in the regulation of
behavioral phenotypes associated with exposure to drugs of abuse. In this study, we set out to
test for the interaction between endogenous GDNF and ethanol’s actions by determining the
sensitivity of GDNF and GFRal HET mice and their WT littermates to ethanol.

MATERIALS AND METHODS

Mice

Experimental protocols were approved by the Ernest Gallo Research Center Institutional
Animal Care and Use Committee and met National Institutes of Health guidelines. GDNF HET
and GFRal HET mice were generous gifts from Drs. Barry Hoffer and Andreas Tomac
(NIDA). The generation of both transgenic mouse lines is described in Pichel and colleagues
(1996) and Tomac and colleagues (2000), respectively. GDNF HET (DBH/CD1 background),
GFRal HET (C57/CD1 background), and their respective WT littermates were bred in-house
by mating pairs of heterozygous transgenic mice. The genotype of the mice were determined
by reverse transcription-polymerase chain reaction (RT-PCR) analysis of products derived
from tail DNA. Only male mice were used for the studies and the age of the subjects ranged
from 8 to 10 weeks at the start of each experiment. The generations used for the studies were
F9 to F12 and F6 to F10 for the GDNF and GFRal mice, respectively. After weaning, mice
were randomly (with respect to the genotype) housed in groups of 5 in Plexiglas cages. Food
and water were available ad libitum. Animals were kept in conditions of constant temperature
(23°C), humidity (50%) and light—dark cycle (lights on from 7:00 aw to 7:00 ewm).

Basal Locomotor Activity

Mice were placed in 43 cm x 43 cm locomotor activity chambers (Med Associates) and the
distance traveled by the animals was recorded for 1 hour.

Acute Hyperlocomotion Induced by Ethanol

Mice were first habituated to handling and injection procedures with intraperitoneal (i.p.)
injections of saline once a day for 4 days. On the test day, mice were placed in locomotor
chambers for a 30-minute period of habituation. Mice were then injected i.p. with ethanol (1.5
or 2 g/kg, 20% vl/v in saline) or saline, and locomotor activity was measured for 20 minutes.

Sensitization

Mice were habituated to the handling and the injection procedure as described previously. Mice
were injected i.p. every other day for 13 days with a saline injection the first day and 1.5 g/kg
ethanol injection (20% v/v solution, i.p.) on days 3, 5, 7, 9, 11, and 13 (for a total of 6 ethanol
injections). On days 1, 3, 7, and 13, locomotor activity was assessed as described above.
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Ethanol-Induced Conditioned Place Preference

The place conditioning boxes (Columbus) consist of 2 distinct compartments that differ in
color and floor texture. On day 1, mice were allowed to freely explore the apparatus for 15
minutes in order to habituate them and obtain baseline measurements (preconditioning
session). Animals that spent more than 65% of the time in either one of the compartments
during the pre-conditioning baseline session were excluded from the study. This allowed us to
use an unbiased design in which the 2 compartments were equally preferred before conditioning
as indicated by the group average (unbiased apparatus) and to pseudorandomly assigned the
compartment paired with ethanol (unbiased assignment procedure) (Cunningham et al.,
2003; Tzschentke, 2007). The next day, the conditioning training started with one conditioning
trial per day during 6 days (days 2 to 7). Mice were injected i.p. with saline and confined
immediately to one of the compartment during 5 minutes (unpaired compartment). The next
day, mice were injected with saline (saline group) or ethanol (1.8 g/kg, with a 20% v/v solution;
ethanol group) and were confined to the other compartment (drug-paired compartment). This
schedule was repeated twice (i.e., 3 ethanol conditioning sessions). On day 8, animals were
allowed to explore the entire apparatus during 15 minutes (postconditioning session);
preference was scored by dividing the time spent in the drug-paired compartment to the time
spent in the unpaired compartment during this session (preference ratio; Hernandez-Rabaza et
al., 2008). The dose of ethanol and the number of conditioning sessions were chosen in order
to induce a moderate CPP in WT mice in order to avoid a possible ceiling effect in the HET
mice.

Blood Ethanol Concentration Measurements

Trunk blood was collected in heparinized capillary tubes from GDNF and GFRal HET and
WT mice 5, 30, or 120 minutes after an i.p. injection of 1.8 g/kg of ethanol. Serum was extracted
with 3.4% trichloroacetic acid followed by a 5-minute centrifugation at 420 g, and assayed for
ethanol content using the NAD-NADH enzyme spectrophotometric method (Weiss et al.,
1993; Zapata et al., 2006). BECs were determined by using a standard calibration curve.

Limited Access 2-Bottle Choice Paradigm

The limited access 2-bottle choice procedure was adapted from Rhodes and colleagues
(2005). Mice were housed individually on a reverse dark cycle (lights off from 10:00 au to
10:00 »w) and were allowed continuous access to tap water. After 1 week of acclimatization,
mice were given access to 2 bottles: one containing ethanol, saccharin, or quinine in tap water
and the other containing tap water alone. Two-bottle drinking sessions were limited to 4 hours,
5 days a week, and began 1 hour after the start of the dark cycle (i.e., from 11:00 aw to 3:00
em). During the course of the exposure period, the concentrations of ethanol (2.5, 5, 10, and
20%, v/ v), saccharin (0.03 and 0.06%, w/ v), or quinine (0.015 and 0.03 mM) were increased
gradually, with 5 days of access (Monday to Friday) at each concentration. Water and ethanol,
saccharin or quinine intake levels were recorded after each session. The intake values recorded
on Monday were highly variable as new concentrations of ethanol, saccharin, or quinine were
introduced on this day. Therefore, only the values from Tuesday to Friday were averaged for
each solution and concentration. A separate ANOVA found no genotype-specific effects on
intake on Mondays. The placement (left or right) of each solution was alternated daily to control
for side preference. A bottle containing water in a cage without mice was used to evaluate the
spillage due to the experimental manipulations during the test sessions. The spillage was always
<0.1 ml (<4% of total fluid intake during 4 hours).

Ethanol and Saccharin Consumption After a Period of Abstinence

The 2-bottle choice drinking procedures for ethanol and saccharin intake were conducted as
described above and an average of the 4 sessions of 20% ethanol or 0.06% saccharin
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consumption was recorded (pre-abstinence value). Mice were then deprived of either substance
for 1 week, and intake of 20% ethanol or 0.06% saccharin were measured after one 4-hour 2-
bottle drinking session, and compared with the pre-abstinence values. The length of the
abstinence period was determined in a pilot study in order to elicit only a weak deprivation
effect in the WT mice and therefore ensure the detection of any specific increase of
consumption in the HET mice.

Statistical Analysis

RESULTS

Experiments were conducted in either between-subjects or mixed within-subjects designs and
analyzed by 2-way ANOVA. Significant main effects or interactions were further investigated
using the Student-Newman—Keuls test or the method of contrasts (t-test was used taking into
consideration orthogonality to avoid multiple comparisons; Keppel, 1991). The levels of intake
were corrected for body weight (g / kg or ml / kg) and preference was calculated as the

percentage of ethanol, saccharin, or quinine solution consumed relative to total fluid consumed.

Haplodeficiency of the GDNF Gene Does Not Affect Locomotor Activity in Response to

Ethanol

First, we monitored the basal locomotor activity in the GDNF HET and WT mice by measuring
the distance traveled during a 1-hour session in an open field. As shown in Fig. 1A, we observed
no differences between the genotypes [main effect of time: F(11, 197) = 28.31, p < 0.001; but
no effect of genotype: F(1, 197) = 0.05, p = 0.83; and no time x genotype interaction: F(11,
193) = 1.022, p = 0.43], suggesting that the GDNF HET mice do not have any gross locomotor
deficiencies. Next, we tested the sensitivity of the mice to the rapid increase in locomotion
induced by systemic administration of nonintoxicating doses of ethanol (1.5 and 2 g/ kg). We
observed no difference in acute ethanol-mediated hyperlocomotion between the GDNF HET
and WT mice (Fig. 1B and 2C) [main effect of treatment: F(2, 49) = 13.36, p < 0.001; but no
effect of genotype: F(1, 49) = 0.02, p = 0.90; and no interaction between both factors: F(2, 49)
=0.41,p=0.67].

We also determined whether sensitization to the increase in locomotion induced by ethanol is
different in the 2 genotypes. The hyperlocomotion induced by the administration of a low dose
of ethanol (1.5 g/ kg) was significantly increased in both GDNF HET and WT mice after
multiple ethanol injections [Fig. 2A, main effect of treatment: F(3, 39) = 21.72, p < 0.001],
with an increase both in amplitude and duration of the hyperlocomotion (Fig. 2B). However,
repeated administration of ethanol resulted in a similar degree of ethanol sensitization in the
GDNF HET and WT mice [Fig. 2A and 2B; no effect of genotype: F(1, 39) = 0.04, p = 0.85;
and no interaction: F(3, 39) = 0.19, p = 0.90].

Haplodeficiency of the GDNF Gene or its Receptor (GFRal) Results in Increased Place
Preference to Ethanol

Next, we assessed the sensitivity of the GDNF HET and WT mice to the rewarding effect of
a low dose of ethanol (1.8 g / kg) by using a CPP procedure. As shown in Fig. 3A, GDNF HET
mice exhibited greater preference to the ethanol-paired compartment than their WT littermates
[a 2-way ANOVA conducted on the postconditioning values found a main effect of
conditioning: F(1, 48) = 15.63, p < 0.001; a main effect of genotype: F(1, 48) = 4.35, p < 0.05;
and a significant interaction between these 2 factors: F(1, 48) = 4.23, p < 0.05].

The GDNF-mediated signaling pathway is activated upon the binding of the growth factor to
its receptor, GFRal (Airaksinen and Saarma, 2002). We were therefore interested in
determining whether similar changes in ethanol-mediated reward are observed in mice in which

Alcohol Clin Exp Res. Author manuscript; available in PMC 2009 December 7.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Carnicella et al.

Page 6

the level of the GDNF receptor is reduced. To do so, we compared the level of ethanol place
preference of the GFRal HET mice and their WT littermates, and observed higher place
preference to ethanol in the HET mice as compared with WT mice (Fig. 3B). A 2-way ANOVA
conducted on the postconditioning values found a main effect of conditioning [F(1, 52) = 14.48,
p < 0.001], but no effect of genotype [F(1, 52) = 0.65, p = 0.42] and no interaction between
both factors [F(1, 52) = 1.78, p = 0.19]. As the interaction failed to reach significance, the post-
hoc analysis was restricted to the effect of conditioning using the method of contrasts, avoiding
multiple comparisons (Keppel, 1991). A difference was found between conditioning for saline
and ethanol for the GFRal HET mice [T(26) = 3.61, p < 0.01], but not for the WT mice [T
(26) = 0.72, p = 0.24]. In order to ensure that the phenotypic differences observed above are
not due to a change in ethanol metabolism, we measured the BEC of the GDNF and GFRal
HET and WT mice after the administration of the dose of ethanol used in the CPP experiments.
As shown in Fig. 3C and 3D, BEC and ethanol clearance are similar in the GDNF and the
GFRal HET and the WT mice [GDNF mice, main effect of time: F(2, 19) = 283.47, p <0.001;
but no effect of genotype: F(1, 19) = 0.27, p = 0.61; and no interaction: F(2, 19) =0.01, p =
0.99; GFRal mice, main effect of time: F(2, 22) = 124.61, p < 0.001; but no effect of genotype:
F(1, 22) = 0.00, p=0.98; and no interaction: F(2, 22) = 0.21, p = 0.81]. Taken together, these
data suggest that attenuation in the level of either endogenous GDNF or its receptor increases
the sensitivity of mice to the rewarding effect of ethanol.

Haplodeficiency of the GDNF Gene Does Not Significantly Affect Voluntary Ethanol Intake
or Preference, but Results in Increased Level of Ethanol Consumption After a Period of

Abstinence

As we recently showed that exogenous application of GDNF to the VTA and the activation of
the GDNF pathway reduce ethanol self-administration in rats (Carnicella et al., 2008, 2009b),
we were interested in testing the contribution of endogenous GDNF to mechanisms that control
ethanol-drinking behaviors by comparing voluntary ethanol consumption between the GDNF
HET and WT mice in a 2-bottle choice (ethanol vs. water) limited-access paradigm (4 hours
during the dark cycle; Rhodes et al., 2005). This procedure ensures high levels of ethanol intake
during a short period of time. As shown in Fig. 4A, the amount of ethanol consumed was slightly
greater for the GDNF HET mice than their WT littermates when mice were exposed to either
a 5% or 10% ethanol solution. However, although a 2-way ANOVA revealed a significant
effect of ethanol concentration [F(3, 57) = 198.81, p < 0.001], no significant effect of the
genotype [F(1, 57) = 2.76, p = 0.11] and no significant interaction between both factors [F(3,
57) = 2.12, p = 0.11] were found. In addition, the GDNF HET mice did not differ from their
WT littermates in the level of preference for ethanol (Fig. 4B) [main effect of ethanol
concentration: F(3, 57) = 3.57, p < 0.02; but no effect of genotype: F(1, 57) = 0.11, p=0.75;
and no interaction: F(3, 57) = 0.57, p = 0.64].

Ethanol intake and preference of a solution of 10% ethanol were assessed in a separate
additional experiment in order to further explore a possible difference in ethanol consumption
between the GDNF HET and their WT littermates. As shown in Fig. 4C, the GDNF HET mice
showed a marginal, but not statistically significant, increase in ethanol consumption as
compared with WT mice [T(26) = 2.15, p = 0.07], but no change in ethanol preference was
observed [Fig. 4D, T (26) = 0.03, p = 0.87] as the increase in ethanol intake was associated
with an increase in water consumption [38.7 + 3.7 ml /kg and 47.3 + 6.7 ml /kg for the GDNF
WT and HET mice, respectively, T(26) = 1.85, p = 0.14]. These data suggest the haplodeficient
GDNF mice do not exhibitasignificant change in ethanol consummatory behavior as compared
with their WT littermates.

To evaluate the taste sensitivity of GDNF HET and WT mice, we assessed the voluntary
consumption of a sweet substance, saccharin, and a bitter, aversive substance, quinine.
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Compared with the WT mice, GDNF HET mice showed a small but significant increase in the
consumption of saccharin (Fig. 4E) [main effect of saccharin concentration: F(1, 17) = 34.48,
p < 0.001; main effect of genotype: F(1, 17) = 5.95, p < 0.05; no interaction between both
factors: F(1, 17) = 0.82, p = 0.38]. However, consumption of quinine was similar in the 2
genotypes (Fig. 4F) [main effect of quinine concentration: F(1, 17) = 10.83, p < 0.01; but no
effect of genotype: F(1, 17) = 1.53, p=0.23; and no interaction: F(1, 17) = 0.74, p = 0.40].
These results suggest that GDNF HET and WT mice may differ in their sensitivity to a sweet
solution, but not to a bitter solution.

Finally, we tested whether the reduction in the level of GDNF expression alters ethanol
consumption after a period of abstinence. At the end of the course of ethanol exposure, the
limited 2-bottle choice drinking was discontinued for 1 week, followed by the assessment of
intake of 20% ethanol and water during a single 4-hour drinking session. As shown in Fig.
5A, 1 week of abstinence resulted in increased ethanol consumption in the GDNF HET, but
not in the WT mice, as compared with the level of drinking before the abstinence period. A 2-
way ANOVA showed a significant effect of abstinence [F(1, 18) = 9.47, p < 0.01], but no
significant effect of genotype [F(1, 18) = 2.71, p <0.12] and no significant interaction between
both factors [F(1, 18) = 3.04, p < 0.10]. In the absence of interaction, the post-hoc analysis was
restricted to the effect of abstinence using the method of contrasts. A difference was found
between the pre- and postperiod abstinence from ethanol intake of the GDNF HET mice [T(9)
=2.92, p<0.01], but not of the WT mice [T(9) =1.19, p = 0.13]. Interestingly, a 1-week period
of abstinence from saccharin induced a similar increase in saccharin intake in both genotypes
(Fig. 5B) [main effect of abstinence: F(1, 18) = 8.75, p < 0.01; but no effect of the genotype:
F(1, 18) = 2.72, p = 0.12; and no interaction between both factors: F(1, 18) = 0.01, p = 0.93].
Taken together, these results suggest that attenuation in the level of endogenous GDNF
specifically alters voluntary ethanol intake after a period of abstinence.

Haplodeficiency of the GFRal Gene Does Not Affect Voluntary Ethanol Intake or Preference,
but Results in Increased Level of Ethanol Consumption After a Period of Abstinence

Next, we compared the level of ethanol intake of the GFRa1 HET mice to their WT littermates
using the same limited-access 2-bottle choice paradigm described previously. As shown in Fig.
6A and 6B, the levels of ethanol consumption and preference were similar between the HET
and WT mice [consumption, main effect of ethanol concentration: F(3, 39) = 174.88, p <0.001;
but no effect of genotype: F(1, 39) = 0.00, p = 0.97; and no interaction: F(3, 39) =1.89, p =
0.15; preference, main effect of ethanol concentration: F(3, 39) = 3.52, p < 0.05; but no effect
of genotype: F(1, 39) =0.59, p =0.46; and no interaction: F(3, 39) =0.99, p = 0.41]. We further
assessed the drinking behaviors of the GFRal HET and WT mice after a period of abstinence.
Ethanol consumption was significantly increased after a 1-week period of abstinence as
compared with the level of drinking before abstinence in the GFRal HET mice, but not in their
WT littermates (Fig. 6C) [main effect of abstinence: F(1, 21) = 28, 98, p < 0.001, main effect
of genotype: F(1, 21) = 4.33, p = 0.05, and a significant interaction between both factors: F
(1,21) =4.52, p < 0.05].

Finally, we tested saccharin and quinine consumption in the GFRal HET and WT mice.
GFRal HET mice showed no change in quinine or saccharin consumption compared with their
WT littermates (Fig. 6D and 6E) [main effect of quinine concentration: F(1, 13) =4.10, p <
0.05; no effect of genotype: F(1, 13) = 0.30, p = 0.59; and no interaction: F(1, 13) = 0.02, p =
0.89; main effect of saccharin concentration: F(1, 13) =21.77, p < 0.001; no effect of genotype:
F(1, 13) = 0.02, p = 0.89; and no interaction: F(1, 13) = 0.04, p = 0.85]. These results suggest
that the palatability of the GFRal HET mice for sweet and bitter solutions is not altered.
Importantly, an abstinence period did not result in changes in the level of saccharin
consumption in the GFRal HET and WT mice (Fig. 6F) [no effect of abstinence: F(1, 16) =
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2.26, p = 0.15; no effect of genotype: F(1, 16) = 0.14, p = 0.72; no interaction: F(1, 16) = 0.20,
p = 0.66]. Taken together, these results suggest that reduction in the level of either GDNF or
its receptor GFRal increases voluntary ethanol intake after a period of abstinence.

DISCUSSION

Here we report that reduction in the level of endogenous GDNF or its receptor GFRal results
in increased sensitivity of mice to the rewarding properties of ethanol as well as in higher levels
of ethanol consumption after a period of abstinence. We further show that these changes are
not due to alteration in the metabolism of ethanol. Furthermore, the increase in intake after a
period of abstinence was specific for ethanol, as saccharin intake was not altered in the GDNF
or GFRal WT and HET mice.

We found that GDNF HET mice do not differ in their vulnerability to the psychomotor effects
of ethanol as compared with their WT littermate controls. The study of the psychomotor effects
of other drugs of abuse in GDNF HET and WT mice has lead to conflicting results. While no
changes in the locomotor response of GDNF HET mice to acute injections of morphine, cocaine
or methamphetamine have been reported (Airavaaraetal., 2004, 2007; Yanetal., 2007), GDNF
HET mice were shown to be more sensitive than WT mice to a challenge injection of morphine
after repeated morphine administration (Airavaara et al., 2007), and more sensitive to repeated
cocaine administration (Messer et al., 2000). However, using the same dose of cocaine and the
same protocol of sensitization, Airavaara et al. observed a similar level of sensitization between
the HET and the WT (Airavaara et al., 2004), and sensitization to methamphetamine was also
found to be comparable in both phenotypes (Yan et al., 2007). Taken together, these data
suggest that the role of endogenous GDNF in mechanisms that control the psychomotor
response to ethanol and drugs of abuse merits further indepth investigation.

We observed greater place preference to ethanol in the GDNF HET mice, and to a lesser extent
in the GFRal HET mice compared with their WT littermates. Greater place preference to
morphine (Niwa et al., 2007a) and psychostimulants (Messer et al., 2000; Niwa et al., 2007b)
was detected with the GDNF HET mice compared with their WT counterparts. Conversely,
infusion of GDNF into the VTA during conditioning was shown to inhibit cocaine-induced
CPP in rats (Messer et al., 2000). Taken together, these data strongly suggest that GDNF
negatively modulates the rewarding effects of drugs of abuse, including ethanol. The results
also imply that the decrease in rat ethanol self-administration upon application of GDNF in the
VTA (Carnicella and Ron, 2009c; Carnicella et al., 2008, 2009b; He et al., 2005) may be due
to a decrease in the rewarding / reinforcing properties of ethanol.

We found a small but significant increase in saccharin consumption in the GDNF HET mice,
whichis in line with previous data obtained with female GDNF HET mice in an operant sucrose
self-administration paradigm (Griffin et al., 2006). However, these results are in contrast with
the present results showing that GFRal HET mice consume similar amounts of saccharin as
their WT littermates. In addition, Yan et al. reported no change in the consumption of, and
motivation to consume food (another nondrug reward) in GDNF HET and WT mice (Yan et
al., 2007). These discrepancies could be due to the difference in background between the GDNF
and GFRa1 mice and/ or to compensatory mechanisms due to the down-regulation of the genes
throughout development and adulthood.

We found that both the GDNF and GFRal1 HET mice did not significantly differ in their ethanol
consumption and preference compared with their respective WT littermates before a period of
abstinence, although a trend towards a higher degree of ethanol intake was observed in the
GDNF (but not in GFRal) HET mice as compared with the WT mice. We previously showed
that up-regulation of the expression of endogenous GDNF in the VTA, or activation of the
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GDNF pathway by the exogenous application of the GDNF protein into the VTA, significantly
decreased rats’ ethanol self-administration (Carnicella et al., 2008, 2009a,b; He et al., 2005).
The discrepancy between the mice and rats data could be explained by the modest reduction
in MRNA GDNF levels we observed in the GDNF and GFRal HET mice compared with the
WT controls (Carnicella et al., 2009a) that could be insufficient to produce changes in ethanol
consumption, and/ or to the masking of the VTA-specific actions of GDNF to reduce ethanol
consumption, as we previously observed for another gene (Wang et al., 2007; Yaka et al.,
2003). Finally, as in all transgenic mice in which the gene level is reduced during development,
the lack of significant difference in ethanol consumption between the GDNF and GFRal HET
and WT mice could be due to unknown compensation mechanisms that negate GDNF’s actions.

Interestingly, however, the haplodeficiency of the GDNF or GFRal gene is associated with
an increase in ethanol consumption after a period of abstinence. The specific occurrence of
this effect after abstinence and the comparable quinine consummatory behavior between the
HET and the WT mice suggest that the increase in ethanol consumption is not due to a change
in the palatability of ethanol. This postabstinence phenomenon is reminiscent of the
observation that the BDNF HET male mice show a significant increase in ethanol consumption
compared with their WT littermate controls only after a period of abstinence (McGough et al.,
2004). Interestingly, we found that infusion of GDNF into the VTA was much more effective
in inhibiting reacquisition of ethanol self-administration after an extinction period, than in
reducing ethanol self-administration before the period of abstinence (Carnicella et al., 2008).
Moreover, GDNF HET mice that self-administered the same amount of methamphetamine as
the WT controls showed more seeking for the drug as compared with WT mice after several
days of extinction or prolonged withdrawal periods (Yan et al., 2007). Together, these data
strongly suggest an important regulatory role of the GDNF pathway during abstinence. No
differences in saccharin intake after a period of abstinence were observed between the GDNF
or GFRal HET and WT. In line with these results, Yan and colleagues found no difference in
the reinstatement of food-seeking between HET and WT GDNF mice (Yan et al., 2007).
Together, these data suggest that the role of GDNF during abstinence is specific to ethanol and
other drugs of abuse, but is not shared with nondrug/natural rewarding substances.

Abstinence to drugs of abuse is a critical period during which drug-seeking becomes
progressively stronger (Bossert et al., 2005; Grimm et al., 2001). GDNF expression in the
nucleus accumbens was shown to be increased 24 hours after repeated exposure to
methamphetamine and morphine (Niwa et al., 2007a,b; but see Green-Sadan et al., 2003), as
well as in the VTA after repeated phencyclidine exposure (Semba et al., 2004). Interestingly,
the increase in GDNF levels after repeated exposure to morphine was observed in the WT but
not in the GDNF HET mice (Niwa et al., 2007a). Although it is unknown whether the GDNF
level remains high during prolonged abstinence, these data and the present study suggest that
GDNF plays a protective role against the neuroadaptations that occur during abstinence.

Similar levels of dopamine synthesis, storage, metabolism or reuptake have been observed in
the GDNF HET and WT mice (Airavaaraetal., 2004; Gerlai et al., 2001). Moreover, the GDNF
HET mice do not differ from theWT mice in their number of the dopamine D1 receptor
(Airavaara et al., 2004) and number / functionality of the dopamine D2 receptors (Carnicella
et al., 2009a) receptors. However, GDNF was shown to be critical for the survival and
outgrowth of midbrain dopaminergic neurons and other neuronal populations in the adult
(Airaksinen and Saarma, 2002; Granholm et al., 2000). Thus, we cannot exclude the possibility
that the increase in ethanol consumption after a period of abstinence in the GDNF and
GFRal HET mice are a consequence of compensatory changes that result from the gene
deletion (Airavaara et al., 2004) rather than an indication of the gene’s normal function.
However, this is highly unlikely as the results are in line with the robust effect of GDNF to
reduce ethanol self-administration after a period of extinction (Carnicella et al., 2008). The
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generation of conditional knockout mice (Pascual et al., 2008) or specific knock-down of the
gene with small interference RNA, could be useful tools to address this question by providing
postnatal and brain region-specific inactivation of GDNF. However, it should be noted that the
HET mice may be an appropriate model to test for psychiatric disorders resulting from deficits
in the GDNF pathway, as a complete deletion or loss of function of GDNF or its receptor leads
to severe developmental abnormalities (Moore et al., 1996; Pichel et al., 1996; Sanchez et al.,
1996; Tomac et al., 2000). Interestingly, reductions of 30 to 40% in the expression of GDNF
were detected in blood samples of patients suffering from major depression and bipolar disorder
(Otsuki et al., 2008; Takebayashi et al., 2006). As co-morbidity between alcoholism and
depressive disorders has been documented (Brown et al., 1995; Davidson, 1995; Davidson and
Blackburn, 1998) with a significant relationship between depression and propensity to relapse
to alcohol consumption (Driessen etal., 2001; Greenfield et al., 1998), itis possible that alcohol
addiction may also be associated with a decrease in the expression of GDNF.

In conclusion, our results suggest an important role for GDNF in controlling the level of ethanol
reward and ethanol-drinking behaviors after a period of abstinence, and put forward the
potential use of agents that up-regulate the GDNF pathway as potential drugs to prevent relapse.
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GDNF HET and WT mice exhibit similar locomotor responses to an acute injection of ethanol.
(A) Basal locomotor activity of GDNF HET and WT mice. n = 10-11 per group. (B and C),
Locomotor activity following i.p. injections of ethanol (1.5 or 2 g /kg) or saline. n = 8-14 per
group. (B), Total distance traveled during the first 5 minutes following ethanol or saline
injection. **p < 0.01, ***p < 0.001 compared with saline. (C) Locomotor activity in blocks of

5 minutes for ethanol and saline. Data are presented as mean + SEM.
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GDNF HET and WT mice exhibit similar locomotor sensitization to ethanol. (A) Locomotor
activity measured as mean = SEM of the total distance traveled during 5 minutes after a saline,
a first (E1), a third (E3), or a sixth (E6) systemic injection of ethanol (1.5 g / kg). *p < 0.05
compared with saline, #p < 0.05 compared with the first injection of ethanol. (B) Distance
traveled by blocks of 1 minute for each ethanol and saline injection. n = 7-8 per group.
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Fig. 3.

GDNF and GFRal HET mice exhibit greater place preference to ethanol than their WT
littermates, however BEC is unaltered. (A and B) Mice were injected i.p. with ethanol (1.8 g/
kg) or saline during conditioning. Place preference to ethanol in the GDNF (A) and GFRal
(B) mice, expressed as the ratio + SEM of the time spent in the drug-paired and unpaired
compartment. n = 12-14 per group.*p < 0.05, **p < 0.01 compared with saline and #p < 0.05
compared with WT. (C and D) Blood ethanol concentration 5, 30, and 120 minutes after an
i.p. injection of 1.8 g / kg of ethanol in GDNF (C) and GFRal (D) mice, presented as mean +
SEM. n = 4-5 per group.
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Fig. 4.

Ethanol consumption and preference are similar between GDNF HET and WT mice. (A and
B) Voluntary ethanol intake (g / kg) and preference (percentage of ethanol solution consumed
relative to total fluid consumed) plotted as a function of ethanol concentration during 4-hour
limited-access sessions. n = 10-11 per group. (C and D) Voluntary ethanol intake and
preference during 4-hour limited-access to a 10% ethanol solution. n = 14. E-F, VVoluntary
saccharin (E) or quinine (F) intake (ml / kg) plotted as a function of saccharin or quinine
concentration during 4-hour limited-access sessions. n = 9-10 per group. Data are presented
as mean + SEM. *p < 0.05, compared with WT.
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Fig. 5.

GDNF HET mice consume more ethanol than WT mice after a period of abstinence. (A and
B) Voluntary ethanol (A) or saccharin (B) intake (g / kg) during 4-hour limited-access to a
20% ethanol or a 0.06% saccharin solution, before and after a 1-week period of abstinence.
The pre-abstinence values are the average of the 4 consecutive sessions of drinking preceding
the abstinence period. n = 10 per group. Data are presented as mean = SEM. *p < 0.05, **p <
0.01 compared with pre-abstinence values.
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GFRal HET mice consume more ethanol than WT mice after a period of abstinence. (A and
B) Voluntary ethanol intake (g / kg) and preference (percentage of ethanol solution consumed
relative to total fluid consumed) plotted as a function of ethanol concentration during 4-hour
limited-access sessions. n = 6-9 per group. (C) VVoluntary ethanol intake (g / kg) during 4-hour
limited-access to 20% ethanol, before and after a 1-week period of abstinence. The pre-
abstinence values are the average of the 4 consecutive sessions of drinking preceding the
abstinence period. n = 10-12 per group. (D and E) Voluntary quinine (D) or saccharin (E)
intake (ml / kg) plotted as a function of quinine or saccharin concentration during 4-hour
limited-access sessions. n = 6-9 per group. (F) Voluntary saccharin intake (g / kg) during 4-
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hour limited-access to a 0.06% saccharin solution, before and after a 1-week period of
abstinence. The pre-abstinence values are the average of the 4 consecutive sessions of drinking
preceding the abstinence period. n = 8-10 per group. Data are presented as mean £ SEM.
**p < 0.01 compared with pre-abstinence values.
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