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Background: Cabergoline is an ergotamine derivative that increases the expression of glial cell line-derived neurotrophic factor (GDNF) in
vitro. We recently showed that GDNF in the ventral tegmental area (VTA) reduces the motivation to consume alcohol. We therefore set out
to determine whether cabergoline administration decreases alcohol-drinking and -seeking behaviors via GDNF,

Methods: Reverse transcription polymerase chain reaction (RT-PCR) and Enzyme-Linked ImmuncoSorbent Assay (ELISA) were used to
measure GDNF levels. Western blot analysis was used for phosphorylation experiments. Operant self-administration in rats and a two-bottle
choice procedure in mice were used to assess alcohol-drinking behaviors, Instrumental performance tested during extinction was used to
measure alcohol-seeking behavior. The [**SIGTPyS binding assay was used to assess the expression and function of the dopamine D2
receptor (D2R).

Results: We found that treatment of the dopaminergic-like cell line SH-SY5Y with cabergoline and systemic administration of cabergoline
in rats resulted in an increase in GDNF level and in the activation of the GDNF pathway. Cabergoline treatment decreased alcohol-drinking
and -seeking behaviors including relapse, and its action to reduce alcohal consumption was localized to the VTA, Finally, the increase in
GDNF expression and the decrease in alcohol consumption by cabergoline were abolished in GDNF heterozygous knockout mice.

Conclusions: Together, these findings suggest that cabergoline-mediated upregulation of the GDNF pathway attenuates alcohok-drinking
behaviors and relapse. Alcohol abuse and addiction are devastating and costly problemis worldwide. This study puts forward the possibility
that cabergoline might be an effective treatment for these disorders.
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detrimental health problems wotldwide (1), pharmace-

therapies for alcohol-related phenotypes such as exces-
sive drinking, craving, and relapse have been limited. Currently,
only three approved medications are available to treat alcohol
craving {disulfiram, acamprosate, and naltrexone), for which
results are varied (2), largely due to high degrees of noncompli-
ance and detrimental side-effects (3-5). Hence, the development
of novel pharmacotherapeutic approaches to treat this psychiat-
ric disorder remains critical.

Cabergoline (Dostinex, Cabaser) is a dopamine D2 recep-
tor (D2R)-like agonist, which is also reported to act as an
agonist at the dopamine D1, and serotonin receptors aml to
inhibit a2-adrenoceptors (6-8). In addition, incubation of
cultured astrocytes with cabergoline increases the level of glial
cell line-derived neurotrophic factor (GDNF) (9,10), GDNF is
an essential growth factor for the development of the kidneys,
and it exerts a wide range of effects on both developing and
adult peripheral and central neurens (11). GDNF is also a
potent trophic factor for midbrain dopaminergic neurons
(12,13 and has an important neurcrestorative role after

! lthough alcohol abuse and addiction are some of the most
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lesions of the nigrostriatal system (14). As such, its potential as
a therapeutic agent for the treatment of Parkinson’s disease, a
condition characterized by the degradation of dopaminergic
neurons in the midbrain, has been extensively explored. The
GDNF receptors GFRal and Ret are highly expressed in the
ventral tegmental area (VTA) (15,16), a brain region that is a
critical component of the neural circuitry underlying drug- and
alcohol-seeking behavior (17,18), We previously found that
the upregulation of the GDNF pathway in the VTA is the
mechanism by which the alkaloid Ibogaine reduces rat alcohol
(ethanol)-drinking behaviors (19). Recently, we reported that
intra-VTA application of GDNF preduces a rapid and sus-
tained reduction of rat operant self-administration of ethanol
but not sucrose, an effect mediated by the activation of the
mitogen-activated protein kinase (MAPK) signaling pathway
(20). Importantly, we found that GDNF in the VTA blocks
ethanol self-administration in a procedure that models relapse
(20). Therefore, we postulated that drugs that increase GDNF
expression in the VTA will also reduce ethanol consumption
and, most importantly, relapse. To start addressing this possi-
bility, we tested whether cabergoline treatment leads to the
upregulation of GDNF expression and subsequent activation
of GDNF pathway and whether cabergoline, via its actions on
GDNF, might act as an inhibitor of ethanol-drinking and
-secking behaviors.

Methods and Materials

See Supplement 1 for details regarding materials, animals, cell
culture, reverse transcription polymerase chain reaction (RT-
PCR), Western blot analysis, Enzyme-Linked ImmunoSorbent As-
say (ELISA), Quinpirole-stimulated D2R-like [**SIGTPyS binding
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assay, mice’s Hmited-access two-bottle choice drinking proce-
dure, rats” operant ethanol and sucrose self-administration pro-
cedures, histology, and statistical analyses,

Cabergoline Preparation and Treatment for In Vivo Studies

Doses for the in vivo siudies were chosen according to
previous studies (9,10,21,22). The 3-hour pretreatment time-
point was based on the time needed for the upregulation of the
GDNF pathway in vitro (Figures 1 and 2).

Systemic Intraperitoneal Injections. Cabergoline was sus-
pended in a saline solution containing .25% methylcellulose
and 3% tween 80 for rats or .25% methylcellulose and .6%
tween 80 for mice. Systemic injections were given in a volume
of 2 mL/kg for rats and 10 mL/kg for mice. Mice and rats were
injected with cabergoline (.12, .25, .5, or 1 mg/kg) or vehicle
3 hours before the beginning of the behavioral session. For the
RT-PCR, rats and mice were injected with cabergoline (1
mg/kg) or vehicle 1,5 hours before the dissection of the
midbrain.

Microinjections into the VTA or the Substantia Nigra
Compacta. Cabergoline was dissolved in phosphate buffered
saline containing 5% dimethyl sulfoxide. Cabergoline (.3 pL/side;
30, 60, or 120 pmol/L) or vehicle was microinjected 3 hours
before the beginning of the behavioral session.

Operant Self-Administration Test in Extinction

Cabergoline’s effects on ethanol-seeking were tested as fol-
low: after 2 months of training as described in Supplement 1, rats
experienced a single 1-hour session of extinction/week in which
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Figure 1. Cabergoline increases GONF messenger RNA (mRNA) levels in rats’
midbrain in vivo and in SH-5Y5Y cells. (A) The GDNF expression in rat VTA
and the substantia nigra (SN} 1.5 hours after an IP injection of cabergoline (1
mg/kg), n = 4-5, (B) GDNF expression upon 1.5 hours of exposure of SH-
SYSY cells to vehicle or cabergoline (60 wmol/L), n = 5. The GDNF, glycerol-3-
phosphate dehydrogenase (GPDH), and RACKT mRNA expression were
analyzed by RT-PCR. Results were expressed as mean ratios of GDNF/
GPDH or GDNF/RACKT = SEM. *p < .05, **p < 01, **p < .001.
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responses on the ethanol lever were counted but no pro-
grammed events occurred. Cabergoline (.25, .3, or 1 mg/kg) or
vehicle was injected IP 3 hours before the beginning of the
session.

Reacquisition of Ethanol Self-Administration

After 2 months of training, rats underwent daily 60-min
extinction sessions (no reward after active lever responses). After
17 days of extinction, rats were injected IP with cabergoline (1
mg/kg) or vehicle 3 hours before the reacquisition test session.
To trigger memory retrieval of the operant responding for
ethanol, a prime (2 mL of 10% ethanol) was delivered at the
beginning of the test session, into the reward portt, noncontin-
gent to the lever press (20). Subsequently, three lever presses on
the active lever resulied in the delivery of .1 mL of the reinforcer,
as during the self-administration procedure. Afier 1 week of
teacquisition of ethanol self-administration followed by 10 fut-
ther extinction sessions, a second reacquisition test session was
conducted with the drug treatment reversed.

Operant Responding During Extinction After Abstinence in
Rats with a History of High Voluntary Ethanol Consumption

High voluatary ethanol consumption was induced as de-
scribed in previous studies (20,23,249). A stable level of ethanol
consumption of 5.5 = .4 g/kg in 24 hours was obtained after 6
weeks (21 sessions). Rats were then trained to selffadminister a
20% ethanol solution in operant chambers, and the lengih of the
sessions was 30 min. After 3 months of training, rats experienced
a withdrawal period of 10 days. The motivation to seek ethanol
after a period of abstinence was assessed in the operant self-
administration chamber during a 15-min extinction session, 3
hours after an TP injection of cabergoline (1 mg/kg) or vehicle.
After this test, animals had 1 week of access to ethanol in the
self-administration chambers followed by 10 days of withdrawal.
A second session of extinction was then conducied with the drug
treatment reversed.

Surgery and Microinjection

Rats were anesthetized continuously with isoflurane. Bilateral
guide cannulae (C235G-2.0, 26 ga, Plastics One, Roanoke, Vir-
ginia) were aimed dorsal to the VTA (5.6 mm posterior to
bregma, 1.0 mm medijolateral, 8.0 mm ventral to the skull
sutface) or the substantia nigra compacta (SN¢) (5.4 mm poste-
tior to bregma, 2.6 mm mediolateral, 6,8 mm ventral to the skull
surface), according to Paxinos and Watson, 1998 (25). The
coordinates were identical to those used in a previous study (20)
and allowed us to target mainly the posterior part of the VTA,
which is preferentially involved in rewarding processes and
mediation of the reinforcing effects of ethanol (26,27). One week
after recovery, subjects returned to self-administration training,
and microinjections began when the responding was stable.
Three hours before the heginning of the session, cabergoline or
vehicle was infused over 2 min to gently restrained rats via
injection cannulae extending .5 mm beyond the guide cannula
tip. Injection cannulae were left in place for an additional 2 min,
All subjecis received each treatment in a counterbalanced man-
ner, with one injection/week, allowing the lever responding for
ethanol to return to baseline between treatments.

Results

Cabergoline Increases GDNF Levels and Activates the GDNF
Pathway In Vitro and In Vivo

We first tested whether systemic treatment of rats with
cabergoline results in increased GDNF expression in the mid-
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Figure 2, Cabergoline incraases GDNF protein levels in $H-
SY5Y cellsand induces the activation of the GDNF pathway in

vitro and in vivo. (A} GDNF protein levels upon 3 hours of

exposura of SH-SY5Y cells to vehicle or cabergoline {60 pmol/

L). The GDNF protein levels were detected by ELISA and ex-
pressed as percentage of control of the ratio GDNF/total
protein = SEM, n = 3. (B and C} Activation of the GDNF

signaling pathway after 2 hours of treatment of 5H-SY5Y calls

with vehicle or cabergaline (60 p.mol/L}, GDNF (50 ng/mL, 15

min incubation) was used as a positive control. Data are

shown as percentage of control of the ratios phospho-Ret/

Ret and phospho-extracellular signal-regulated kinase
* {ERK)2/ERK2 = SEM, n = 5. [D} ERK2 phosphorylation In rat
midbrain 3 hours after an IP injection of vehicle or cabergo-
line (1 mg/kg). Data are shown as percentage of control of the
ratio phospho-ERK2/ERKZ, n = 6. %p < .05, *%¥p < 001,
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brain. Cabergoline was systemically administered to rats, and
GDNF expression in the VTA and the substantia nigra was
measured 1.5 hours after injection. As shown in Figure 1A,
treatment of rats with cabergoline significantly increased GDNF
messenger RNA (mRNA) in both regions of the midbrain.

To test whether the increase in GDNF expression by caber-
goline leads to a subsequent increase in protein level of GDNF,
we used the dopaminergic-like SH-8Y5Y cell line as a model
system. After differentiation, SH-S5YSY cells develop a neuron-
like morphology and express high level of the GDNF receptors.
We found that treatment of SH-SYSY cells with cabergoline
resulted in a significant increase in GDNF mRNA levels (Figure
1B), which correlated with a significant increase in the level of
the protein (Figure 2A). Next, we tested whether the upregula-
tion in GDNF levels by cabergoline corresponded with the
activation of the GDNF pathway. To do so, we measured the
phosphorylation and thus activation level of the GDNF receptor
tyrosine kinase, Ret. As shown in Figure 2B (upper panel} and
Figure 2C (left panel), reatment of SH-SY5Y cells with cabergo-
line resulted in a significant increase in the phosphorylation level
of Ret. Activation of Ret leads to the activation of downstream
signaling cascades such as the MAPK pathway (11), which
mediates the effect of GDNF on ethancl-drinking behaviors (20).
As shown in Figure 2B (second panel from bottom) and Figure
2G (right panel), the phosphorylation and thus activaticn of the
MAPK, extracellular signal-regulated kinase (ERK)1/2, was also
increased upon exposure of cefls to cabergoline. Importantly,
systemic administration of cabergoline resulted in the activation
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of the MAPK pathway in the midbrain (Figure 2D). Taken
together, these results suggest that cabergoline treatment results
in the upregulation of GDNF levels and in the activation of the
GDNF pathway in the VTA.

Cabergoline Decreases Ethanol Self-Administration and
Ethanol-Seeking in Rats

Next, we evaluated the effects of cabergoline on ethanol
consumption by using a rat ethanol operant self-administration
procedure. Self-administration of ethanol was measured 3 hours
after systemic injection of cabergoline. As shown in Figure 34,
cabergoline dose-dependently reduced self-administration for
ethanol [F(4,28) = 487, p < .01]. Importantly, cabergoline
administration did not significantly alter operant responding
for sucrose [F(4,32) = 1.40, p = .26] (Figure 3B). Hence, these
resulis suggest that the decrease in ethanol self-administration
induced by cabergoline was not due to a general attenuation
of motivation or a change in locomotor activity. Next, we
tested the motivation of rats to seek ethanol upon cabergoline
administration. To do so, instrumental performance was tested
in extinction (ethanol was not delivered during the test). As
shown in Figure 3C, cabergoline administration resulted in a
significant decrease in the number of lever presses on the
ethanol lever [#(3,21) = 15.60, p < .001]. Taken together,
these data suggest that cabergoline reduces ethanol-drinking
and -seeking behaviors in rats.
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Figure 3. Cabergoline decreases aperant ethanol self-administration-re-
lated behaviors in rats. Vehidle or cabergoline {.12, .25, .5, or 1 mg/kg) was
injected IP 3 hours before the heginning of the test sessions. (A} Cabergoline
decreased the number of ethanol deliveries, n = 8. [B) Cabergoline did not
decrease self-administration for sucrose, n = 9. (€} Cabergoline decreased
the number of presses on the ethanol lever during an extinction session, n =
8. (D) Cabergoline reduced reacquisition of operant ethanol seif-adminis-
tration after a period of extinction. Baseline represents the mean lever
presses for the last 4 days of self-administration training, and extinction
represents the mean lever presses during the final extinction session, n = 8.
(E) Cabergoline decreased the number of presses on the ethanol lever
during an extinction session of 15 min that followed 10 days of abstinence
from ethanol, in rats with a history of high veluntary ethanol consumption,
n = 8, Data are shown as mean * SEM. *p < .05, **p < .01, and ***p < .001
compared with vehicie and *p < .05 and "™p < .001 compared with extinc-
tion.

Cabergoline Reduces Reacquisition of Ethanol
Self-Administration and Ethanol-Seeking After a Period of
Abstinence

We also tested whether cabergoline reduces relapse to etha-
nol consumption. First, we assessed the effect of a systemic
administration of cabergoline (1 mg/kg) or its vehicle on reac-
quisition of ethanol self-administration. Reacquisition, a rapid
return of responding when the outcome is made available again
after a period of extinction, is especially relevant for therapies
that seek to extinguish drug-related behaviors (28), and reacqui-
sition of ethanol self-administration is reduced by GDNF (20), As
shown in Figure 3D, a rapid albeit partial reacquisition of ethanol
self-administration was observed in the control vehicle-injected
rats. However, the reacquisition of operant responding for
ethanol was markedly reduced in rats treated with cabergoline
[Figure 3D, F(3,21) = 20.40, p < .001]. Second, we examined the
effect of cabergoline on instrumental performance during an
extinction session after 10 days of withdrawal from ethanol, in
rats with a history of high levels of voluntary ethanol consump-
tion. This procedure allowed us to evaluate the motivation of rats
to seek ethanol after a period of abstinence (29,30). In control
vehicle-injected rats, re-exposure to the self-administration
chambers after a period of abstinence resulted in a high rate of
responding within a short time period (15 min) (Figure 3E). The
increase was selective for the lever associated with ethanol,
whereas the responding on the inactive lever remained ex-
tremely low (3.13 * .72, data not shown). Importantly, cabergo-
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line administration resulted in a significant decrease in the
nurnber of presses on the ethanol lever [R7) = 3.66 , p < 011
Together, these results suggest that cabergoline reduced the
motivation to consume and to seek ethanol in models of relapse.

Microinjection of Cabergoline into the VTA Decreases Ethanol
Operant Self-Administration in Rats

Because systemic administration of cabergoline increases
GDNE expression in the VTA (Figure 14), a structure in which
GDNEF infusion decreases ethanol self-administration (20), we set
out to determine whether cabergoline would act directly within
the VTA (Figure 4A) to reduce ethanol self-administration. As
shown in Figure 4B, intra-VTA infusion of cabergoline dose-
dependently decreased operant responding for ethanol [F(3,27) =
12,61, p < .001]. To determine the site specificity of GDNF's
action, we infused cabergoline into the neighboring midbrain
dopaminergic region, the SNc. As shown in Figure 4C, only the
highest concentration of cabergeline infused into the SNc (120
pmol/L) altered lever-press responding for ethanol [F(2,16) =
6.35, p << .01]. Therefore, the main site of action of cabergoline to
reduce ethanol-drinking behavior is likely to be the VTA.

Cabergoline Decreases Fthanol Consumption in Mice

Next, we tested the effect of systemic injection of cabergoline
on voluntary ethanol intake in mice, with a limited ethanol access
two-hottle choice procedure. This paradigm ensures a high-level
of voluntary ethanol-drinking (6—7 g/kg) during a short time
period (Figure 5A). As shown in Figures 5A and 5B, systemic
administration of cabergoline decreased ethanol but not water
intake [F(3,33) = 11.43, p << .001 and F(3,33) = .85, p = .48; for
ethanol and water intake, respectively]. Importantly, cabergoline
did not alter the intake of a bitter solution of quinine (7(3,33) =
.18, p = .91] (Figure 5C). Cabergoline did not significantly change
the consumption of saccharin [F(3,33) = 1.38, p = .26, although
a trend toward a reduction of saccharin intake was observed
(Figure 5D). Taken together, these results suggest that the
decrease in ethanol infake induced by cabergoline at the con-
centrations used in this study is not due to locomotor impair-
ments or a change in taste palatability.

Cabergoline Fails to Increase Midbrain GDNF Expression and
to Decrease Ethanol Consumption in GDNF Heterozygous
Knockout Mice

As described in the preceding text, we found that cabergoline
increased GDNF expression and decreased ethanol-drinking
behaviors. Therefore, we hypothesized that cabergoline reduces
ethanol consumption by GDNF. Consequently, we tested
whether cabergoline administration would result in an increase
in GDNF expression and a decrease in ethanol intake in GDNF
heterozygous knock-out mice (GDNF*/7), in which GDNF
levels are significantly reduced compared with wild-type
(GDNF /%) mice (Figure 6A, white bars). Systemic administra-
tion of cabergoline increased GONFmERNA in the midbrain of the
GDNF™* but not of the GDNF*'~ littermate mice [Genotype,
F(1,32) = 21.83, p < .001; Treaiment, /{1,32) = 2.28, p = .14;
Genotype X Treatment interaction, M(1,32) = 5.50, p << .09]
(Figure 6A). Importantly, as shown in Figure 6B, systemic
administration of cabergoline decreased ethanol intake in
GDNF**mice, which was not observed in the GDNEF™/ " litter-
mate mice. In the absence of interaction [Genotype, F(1,27) =
18.67, p < .001; Treatment, F(1,27) = 8.26, p <. .01; Interaction:
F(1,27) = 1.03, p = 32, the data were analyzed by the method of
contrasts that showed a significant difference between the vehicle
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Figure 4. intra-VTA injections of cabergoline decreases oper-
ant ethanol self-administration in rats, Vehicle or caberagoline
(30, 60, or 120 wmoi/L) was infused into the VTA or the SNe 3
hours before the test sessions. {A) Schematic representation
of the injection cannulae placements in coronal sections {25),
The location of the injector tips is represented by gray circles,
and black triangles show the WTA and SNe¢ microinjection
sites. Numbers indicate the distance anterior to bregma in
millimeters. (B) Cabergoline infused into the VTA decreased
ethanol self-administration, n = 10.{€} High concentration of
cabergoline decreased ethanol seif-administration when in-
fused into the SNc, n = 9, Data are shown as mean + SEM.
#p < 01, #**p < 001 compared with vehicle,
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and the cabergoline treatment for the GDNFY™* [(13) = 4.28, p <
.001] but not for the GDNF*~ mice [K13) = 1.01, p = .33
Cabergoline is a D2R-like agonist, and D2R agonists were
shown to modulate ethanol-drinking behaviors (31). There-
fore, changes in the expression or function of the D2R in the
GDNF™/~ mice might account for the attenuated effect of
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Figure 5. Cabergoline decreases ethanol consumption in mice, Vehicle or
cabergoline (.25, .5, or 1 mg/kg) was injected IP 3 hours before test session.
{A-D) Cabergoline dose-dependently decreased voluntary ethanol intake
during a 4-hour access period (A) but not water (B}, quinine (), or saccharin
intake (D). Foreach experiment, n »= 12, Data are shown as mean % SEM, **p
< 01, ***p < 007 compared with vehicle,
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cabergoline on ethanol consumption. We therefore measured
the level of [**SIGTP+$ binding to the D2R-like in midbrain
and striatal membrane homogenates treated with the dopa-
mine D2R-like agonist, quinpirole. As shown in Figures 6C
and 6D, the dose-dependent increase in [**S]GTP+S binding to
the receptor upen D2R-like agonist treatment was similar in
the GDNF'Y'~ and GDNF™*mice {for midbrain: Treatment,
F(6,122) = 1253, p < 001 Genotype, F(6,122) = 2.24, p =
.14; Treatment X Genotype interaction, F(6,122) = 18, p =
.98; and for striatum: Treatment, F(6,123) = 59.37, p < .001),
Genotype, F(1,123) = .62, p = .16), Interaction, F(6,123) =
2.10, p = .33], suggesting that reduction of the GDNF level in
the GDNF"""mice does not lead to alterations in the level or
activity of the D2R-like. Hence, the effects of cabergoline on
ethanol-drinking and -seeking behavicrs are very likely to be
mediated by GDNF,

Discussion

Here we show that cabergoline treatment results in an in-
crease in GDNF level and in the subsequent activation of the
GDNF pathway. Furthermore, we found that cabergoline selec-
tively decreased ethanol-drinking and -seeking behaviors in
rodents, including relapse. These actions of cabergoline are
likely to be mediated by the midbrain, specifically by the VTA,
because microinjection of cabergoline into this brain area was
highly effective in reducing operant ethanol self-administration
in rats. Finally, cabergoline failed to increase GDNF levels and to
reduce ethanol consumption in GDNF heterozygous knockout
mice. Together, these results suggest that cabergoline decreases
ethanol-drinking and -seeking behaviors and that these effects
are mediated via upregulation of the GDNF pathway in the
mesolimbic system.

Previous studies showed that cabergoline treatment increases
GDNFlevels and secretion of GDNF in cultured astrocytes (9,10),
and we found that cabergoline upregulates GDNF mRNA and
protein levels in the dopaminergic-like SH-S5Y5Y neuroblastoma
cell line. Moreover, the increase in GDNF expression was fol-
lowed by the activation of the GDNF pathway, as shown by an
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GDNF*'* put not in the GDNF™™ mice, n = 14, (C and D} Quinpirole-
stimulated dopamine D2 receptor (D2R}-like [**S]GTPvS binding measured
in midbrain (€) and striatal {D) membranes homogenates prepared from
GDNF** and GDNF*/~ mice. The Emax and ECg, values were similar for
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respectively), n = 3, Data are shown as mean £ SEM. *p < 05, ***p < .001
compared with vehicle,

increase in Ret and ERK1/2 phosphorylation. Importantly, the
increase in GDNF expression and ERK1/2 phosphorylation in-
duced by cabergoline was also observed in vivo. The source of
GDNF induced by cabergoline trearment is yet to be determined
and could be neurons and/or astrocytes, because GDNF is
expressed in both types of cells (11). The mechanism by which
cabergoline increases GDNF synthesis is also unknown. How-
ever, cabergoline is a dopaminergic receptors agonist (7), and in
vitro studies showed that blockade of the D2Rs partially inhibited
the increase in GDNF levels induced by cabergoline (9). In
addition, activation of dopaminergic receptors by the nonselec-
tive agonist apomorphine or selective D3R agonists was found to
stimulate GDNF synthesis in mesencephalic neuronal cultures
(32,33). Therefore, aciivation of the dopaminergic receptors
might contribute to the upregulation of GDNF levels by caber-
goline.

Cabergoline did not significantly alter the self-administration
of sucrose, a natural reward, in rats. These data suggest that
cabergoline acts on processes induced by exposure to ethanol
rather than on general rewarding and/or motivational mecha-
nisms. Similarly, we previously reported that systemic injection
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of Thogaine reduced ethanol but not sucrose consumption in rats
(19, and intra-VTA infusion of GDNF did not affect sucrose
self-administration (20). This relative selectivity-of cabergoline’s
action is in contrast to the approved drugs for alcohol craving,
acamprosate and naltrexone, which have been shown to reduce
water and sucrose consumption in rodents (34,35). This lack of
selectivity in naltrexone’s and acamprosate’s actions suggests a
general effect on motivation that could be related, for example,
to the dysphoria induced by naltrexone (36,37) and the problem
of compliance for both medications (4,5). Furthermore, we found
that cabergoline also decreased leverresponding during an
extinction period when ethanol was not available, suggesting
that cabergoline reduces the motivation to seek ethanol. Impor-
tantly, cabergoline was effective in two procedures that model
relapse (28-30). Specifically, we found that cabergoline admin-
istration reduced reacquisition of ethanol self-administration
after a period of extinction and the motivation to seek ethanol
after a period of abstinence. Similarly, we found that Tbogaine
and GDNF decreased ethanol self-administration in models of
relapse (19,20). Thus, cabergoline seems to have an improved
selectivity for ethanol compared with the current medications
available for the treatment of alcohol dependence and relapse.

Our results suggest that the VTA is a primary site of action for
cabergoline. However, a high concentration of cabergoline also
decreased ethano! self-administration when the drug was micro-
injected in the SNc, however, diffusion of the drug from the SNc
to the VIA could account for this effect. The possibility that the
SNc is not a primary site of cabergoline-mediated modulation of
ethanol-drinking behaviors is also supported by our recent
finding showing that GDNF infused in the SNc does not alter
ethanol self-administration (20), However, we cannot exclude
the possible contribution of the SNc to cabergoline’s actions,
because SNc neurons project to the dorsal striatum, a structure
involved in the self-administration of drugs of abuse and alcohol
(38-40) and is thought to also be implicated in addictive
behaviors (41,42).

Cabergoline is an agonist of the dopaminergic adrenergic and
serotoninergic receptors (6—8), which were shown to decrease
ethanol consumption in rodents {31,43). We show here that the
effect of cabergoline on ethanol consumption was detected in
the GDNF"*mice but was abolished in GDNF**™ mice in which
cabergoline was also unable to increase GONF expression in the
midbrain, Moreover, the GDNF*/~ mice do not differ from the
wild-type mice in theit number of D1R-like (44) and in number
or functionality of D2R-like (present study), suggesting that the
change we observed is specific for GDNF and not due to
compensatory mechanisms resulting in a differential dopaminer-
gic response between the GDNFY™ and the GDNF''~ mice to
cabergoline. Hence, although the pharmacological action of
cabergoline on other systems might contribute to the inhibitory
effect of this drug on cthanclrelaied behaviors, the present
results suggest that GDNF is a crucial component in the action of
cabergoline to reduce ethanol-drinking and -seeking.

Our findings are in agreement with a growing body of
evidence suggesting a modulatory role for GDNF in addiction
(45). For example, VTA dopaminergic neurcns are selectively
vulnerable to neuroadaptations induced by repeated long-term
exposure to drugs of abuse and ethanol (46,47), and administra-
tion of GDNF into the VTA blocks these biochemical adaptations
to cocaine and morphine exposure (48), In addition, we recently
reported that GDNF reverses the alteration of tyrosine hydroxy-
lase immunoreactivity induced by prolonged ethanol exposure
(4%). Furthermore, GDNF '~ mice exhibit an increased sensitiv-
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ity to morphine and psychostimulants as assessed by psychomo-
tor sensitization, place conditioning, and self-administration pro-
cedures (45,48). Conversely, inira-VTA infusion of GDNF
reduces cocaine place conditioning (48), and sustained admin-
istration of GDNF into the striatum impedes the acquisition of
cocaine self-administration (43). We previously found that the
upregulation of the GDNF pathway in the VIA by lbogaine
reduces rat ethanol-drinking behaviors (19). Similarly, Niwa et al.
(49) reported that increasing endogenous GDNF expression in
the brain blocks methamphetamine place conditioning and
psychomotor sensitization. Finally, we showed that direct infu-
sion of GDNF into the VTA results in a rapid and sustained
reduction of ethanol self~administration (20). Importantly, GDNF
blocks the ability of an ethanol prime to induce reacquisition of
ethanol self-administration after an extinction period (20), sug-
gesting that GDNF inhibits relapse to ethanol consumption.
These studies and the present findings support the idea that
upregulation of the GDNF pathway in the mesolimbic system by
agents such as cabergoline might be a valuable strategy to
combat alcoholism and other forms of addiction.

Cabergoline is approved for marketing in several countries
including the US. for the treatment of hyperprolactinemia
(50,51 and has also been used as adjunctive or monotherapy for
Parkinson’s disease (52,53). In Parkinsonian patients, cabergo-
line is used at very high doses (2—-6 mg/day) that were reported
to increase the risk of cardiac valvulopathy (reviewed in [54]).
However, in hyperprolactinemia, in which cabergoline is used at
much lower doses (25 to 3.5 mg/week) (51,55), six recent
cross-sectional studies of patients treated for several years with
the drug (45-79 months) found an association between moderate
valvular regurgitation only at the highest cumulative doses of
cabergoline (54,56,57). We found that systemic administration of
a low dose of cabergoline (.25-.5 mg/kg) (21,58) was sufficient
to significantly reduce ethanol-consumption and -seeking in
rodents. Furthermore, a pilot study conducted on cocaine addicts
reported that cabergoline significantly reduced cocaine use, as
evaluated by analysis of cocaine metabolite levels in urine
samples and self-report of substance use, with a weekly dose of
only .5 mg (59). Therefore, these data suggest that low doses of
cabergoline that circumvent the increasing prevalence of cardiac
valvulopathy might be effective in reducing drug and alcohol
abuse.

In conclusion, we found that cabergoline selectively reduces
ethanol-drinking and -seeking behaviors. Moreover, we identi-
fied GDNF as the mechanism that mediates cabergoline’s actions
to reduce ethanol-drinking behaviors, supporiing the idea that
upregulation of the GDNF pathway might be a valuable strategy
for the treatment of addiction. Importantly, although in-depth
clinical investigations are needed, our data suggest that cabergo-
line might be used as a selective medication for the treatment of
alcohol addiction.
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