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lycine Transporter-1 Blockade Leads to Persistently
educed Relapse-like Alcohol Drinking in Rats

alentina Vengeliene, Fernando Leonardi-Essmann, Wolfgang H. Sommer, Hugh M. Marston, and
ainer Spanagel

ackground: Residual dysfunction of multiple neurotransmitter systems due to chronic alcohol use is likely responsible for the occurrence
f compulsive alcohol seeking during abstinence and relapse behavior. There is increasing evidence that glycine, which activates both
lycine and N-methyl-D-aspartate receptors, contributes to excessive alcohol consumption. We therefore hypothesized that the blockade of
lycine transporter 1 might interfere with compulsive alcohol consumption and relapse behavior.

ethods: We used our animal model of alcoholism—long-term alcohol consumption with repeated deprivation phases in rats—to study the
ffects of a selective blocker of glycine transporter 1 Org25935. The abstinence-promoting drug acamprosate was used as a reference compound.
ubsequently, we examined alterations in dorsal striatal gene expression caused by chronic ethanol (EtOH) consumption, focusing on glycinergic
nd glutamatergic signaling-related genes. Gene expression profiles of Org25935-treated EtOH-drinking rats were compared with vehicle-treated
tOH-drinking versus age-matched EtOH-naive rats.

esults: We found that repeated treatment with Org25935 reduced compulsive relapse-like drinking without the development of toler-
nce. Importantly, these antirelapse properties were maintained for at least 6 weeks in a treatment-free period. This persistent effect was
aralleled by a reversal of altered expression levels of a set of glycinergic and glutamatergic signaling-related genes to the levels found in
tOH-naive control rats.

onclusions: This study shows that treatment of rats with Org25935 leads to a reduction of compulsive alcohol consumption and
elapse-like drinking behavior—an effect that persists into treatment-free periods. This long-term antirelapse effect might result from a

estoration of normal glycinergic and glutamatergic signaling function.
ey Words: Alcohol addiction, alcohol deprivation effect, gene
xpression profiling, glycine transporter 1, relapse

he World Health Organization ranks alcohol use as one of the
primary causes of the global burden of disease in industrial-
ized countries. In many cases, chronic alcohol use can lead to

ddictive behaviors. Addiction is characterized as a behavioral syn-
rome with compulsive alcohol use and chronic relapses that can
ccur even after years of abstinence. In recent years, a variety of
ew behavioral and pharmacological-based treatment strategies
ave been developed to reduce compulsive alcohol drinking and

elapse (1,2).
One new concept in the field of treatment development is to

nterfere with the glycinergic system. Activity of the dopaminergic
einforcement system is largely under the control of several neuro-
ransmitter systems that are targeted by alcohol directly, including
trychnine sensitive glycine receptors (GlyRs) and N-methyl-D-as-
artate (NMDA) receptors (NMDARs), which also have a glycine-
inding site (3–5). Thus, ethanol acts on specific residues in the

ransmembrane domains (6), as well as on the extracellular domain
f GlyRs (7). The GlyRs in the nucleus accumbens have been defined
s an access point for ethanol to the brain reward system (3) and it
as been demonstrated in alcohol-drinking rats that bilateral ac-
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cumbal glycine perfusion via a microdialysis probe produced a
significant increase in accumbal dopamine overflow and a decrease
in alcohol preference and intake (8). Conversely, bilateral infusion of
the competitive GlyR antagonist strychnine into the nucleus ac-
cumbens significantly decreased accumbal dopamine levels and
significantly increased alcohol preference and intake (8). These re-
sults suggest that the availability of extracellular glycine is crucial
for regulating alcohol consumption—an effect that seems to be
mediated via accumbal GlyRs but possibly also by NMDARs. In fact,
the blockade of the glycine binding site on NMDARs with L-701.324
showed a complete substitution for ethanol in a discrimination task
(9,10), produced a dose-dependent inhibition of alcohol with-
drawal signs (11,12), prevented the acquisition of the rewarding
properties of alcohol as measured in the conditioned place prefer-
ence procedure (13), and dose-dependently reduced ethanol-seek-
ing behavior (14) and relapse-like drinking behavior (15). These
findings led to the assumption that regulating the extracellular
glycine pool by, for example, selective transporter blockade should
affect alcohol consumption via GlyRs and NMDARs.

Two glycine transporters— glycine transporter 1 (GlyT1) and
glycide transporter 2 (GlyT2)— have been identified and character-
ized. The glial transporter GlyT1 catalyzes the removal of glycine
from the synaptic cleft, whereas GlyT2 is required for the reuptake
of glycine into nerve terminals, thereby allowing for neurotransmit-
ter reloading of synaptic vesicles (16). At glycinergic synapses,
GlyT1 shortens the duration of the postsynaptic response by lower-
ing glycine concentrations at inhibitory GlyRs, and its genetic inac-
tivation or pharmacological blockade results in glycinergic overin-
hibition due to the sustained activation of GlyRs (16). Thus, the
extracellular glycine pool is directly regulated by GlyT1 activity.
Hence, GlyT1 is a key regulator of both glycinergic inhibitory and
glutamatergic excitatory neurotransmission and blockade of this
transporter should therefore affect alcohol consumption. Indeed,

application of a selective GlyT1 inhibitor in alcohol-drinking rats
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esulted in reduced alcohol intake and preference (17). In the
forementioned study, cis-N-methyl-N-(6-methoxy-1-phenyl-1,2,3,4-
etrahydronaphthalen-2-ylmethyl)amino-methylcarboxylic acid hy-
rochloride (Org25935), a compound that has been developed for
linical purposes that easily passes the blood-brain barrier, was used.
he Org25935 exerts its main action on GlyT1 with negligible action on
lyT2 and raises extracellular glycine levels after systemic administra-

ion (18). Taking previous results (3), we hypothesized that Org25935
ight also interfere with compulsive alcohol drinking and relapse be-

avior.
To this end, we investigated the effects of the GlyT1 inhibitor

rg25935 in an animal model that is used for target definition for
utative anticraving/antirelapse compounds, namely long-term al-
ohol consumption with repeated deprivation phases (19,20). As a
ositive control treatment, we used acamprosate, known as an
bstinence-promoting drug that is widely used in the treatment of
lcohol addiction (1,2). Acamprosate reduces relapse-like drinking
ehavior in our animal model (21) and it dampens a hyperglutama-

ergic state in the alcohol dependent brain and thereby reduces the
isk of relapse (2,22). The model of long-term alcohol consumption
ith repeated deprivation phases reflects compulsive alcohol
rinking and relapse-like behavior (20). Relapse-like drinking be-
avior in animals is characterized by the alcohol deprivation effect

ADE). For example, following a period of alcohol abstinence, ani-
als considerably but temporally increase voluntary alcohol intake

ompared with basal consumption levels. Following repeated de-
rivation phases, the ADE is characterized by an increased and
ompulsive demand for alcohol that clearly dissociates from nor-
al drinking behavior (19,20). This model has good predictive va-

idity and, as such, has been repeatedly used to identify new puta-
ive antirelapse compounds (2,5).

In the course of the present study, we observed a pronounced
nd persistent antirelapse effect of Org25395 in our rat model of

ong-term alcohol consumption with repeated deprivation phases.
ence, we hypothesized that residual dysfunction of multiple neu-

otransmitter systems induced by long-term alcohol exposure
ight, in part, be reversed by Org25395 treatment. Given that a

elective glycine transporter blockade should affect alcohol con-
umption via GlyRs and NMDARs, we performed a hypothesis-
riven gene expression profiling. For this purpose, we designed a
ustom made microarray containing glutamate and glycine
ransmission-related genes. With this chip, we were able to
creen for about 200 selected genes, including sets of 1) presyn-
ptic genes (vesicles, docking, and exocytosis associated genes);
) postsynaptic genes (receptors, anchoring, signal transduc-
ion, and transcription associated genes); and 3) perisynaptic
enes (glial transporters and cofactors associated genes). This
pproach of a hypothesis-driven gene expression profiling dra-
atically reduces the number of statistical tests compared with
whole transcriptome analysis and thereby provides increased

tatistical power (23). The targeted gene expression profiling
as conducted in brain tissue derived from the dorsal striatum
f three groups of rats: an ethanol (EtOH)-naive age-matched
roup (EtOH-naive) versus two EtOH-drinking groups treated
ith either vehicle (EtOH-drinking � vehicle) or Org25935

EtOH-drinking � Org25935). The dorsal striatum plays a critical
ole in compulsive alcohol consumption (20), and in long-term
lcohol-drinking rats with repeated deprivation phases, more
ronounced changes in gene expression are seen in this brain
ite compared with other areas such as the nucleus accumbens

ore and shell and prefrontal cortex (5,24,25).

ww.sobp.org/journal
Methods and Materials

Animals
Fifty-eight 2-month-old male Wistar rats (from our own breed-

ing colony at the Central Institute of Mental Health, Mannheim,
Germany) were used for the ADE and gene expression experiments.
For further information, see Supplementary Methods and Materials
in Supplement 1.

Long-Term Alcohol Self-Administration with Repeated
Deprivation Phases

The long-term voluntary alcohol-drinking procedure excluding
all deprivation phases lasted a total of 52 weeks (see Supplemen-
tary Methods and Materials in Supplement 1 for detailed informa-
tion).

The pharmacological studies were introduced at the end of the
eighth alcohol deprivation procedure during the 53rd week of vol-
untary access to alcohol. To study the effects of Org25935 and
acamprosate, rats were divided into four groups (n � 7–15, see
Figure 1A,B legend for the exact number of rats used in each group)
in such a way that the mean baseline total alcohol intake was
approximately the same in each group (i.e., � 2.3–3.0 g/kg per day).
Baseline drinking was measured daily for 1 week. After the last day
of baseline measurement, the alcohol bottles were removed from
the cages leaving the rats with free access to food and water for 20
days. Thereafter, each animal was subjected to a total of five intra-
peritoneal injections (starting at 7:00 PM with 12-hour intervals) of
either vehicle or Org25935 (3 mg/kg and 6 mg/kg). The fourth
group of rats received acamprosate (200 mg/kg) as a reference
compound (21). Acamprosate intraperitoneal injections were given
in the same way as Org25935 injections. The alcohol bottles were
reintroduced after the second injection (at�9:00 AM on the 21st day of
alcohol deprivation) and the occurrence of an ADE was determined.
Total ethanol (grams per kilogram of body weight per day) and water
intake (milliliters per kilogram of body weight per day) were measured
daily at � 9:00 AM for a subsequent week. Each rat’s body weight was
recorded 24 hours before the first injection and 12 hours after the last
injection.

Subsequent ADE measurements were continued with three rat
groups (eight control rats, seven rats treated with 6 mg/kg of
Org25935, and seven rats treated with 200 mg/kg of acamprosate)
to test for the development of tolerance and for studying persistent
treatment effects in a drug-free period. For this purpose, all rats
were deprived from alcohol two additional times following the 56th
and 60th weeks of access to alcohol. At the end of these two subse-
quent abstinence phases, rats were subjected to repeated vehicle, 6
mg/kg of Org25935 or 200 mg/kg of acamprosate, injections. Drug
administration was performed in the same manner as described
before. One further final deprivation phase was then introduced
after the 64th week of access to alcohol. This final deprivation phase
lasted for 2 weeks and the alcohol bottles were then reintroduced
without concurrent drug application (week 65 treatment-free ADE),
to see possible long-lasting effects of drug treatment on relapse-
like drinking (see Figure 2A for the experimental design).

See Supplementary Methods and Materials in Supplement 1 for
detailed information on drugs and home cage locomotor activity
measurements by the Mouse-E-motion system (Infra-e-motion,
Henstedt-Ulzburg, Germany).

Statistics for the Behavioral Studies
For data analysis, the statistical package Statistica was used

(StatSoft, Tulsa, Oklahoma). Data obtained from ADE measure-

ments (total alcohol and fluid intake, water intake) and locomotor
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ctivity were analyzed using a two-way analysis of variance
ANOVA) with repeated measures (factors were treatment and
ime). Data analysis regarding the effects of treatment on the
hange in the rat body weight was performed using either indepen-
ent two-tailed t test or a one-way ANOVA (factor was treatment).
henever significant differences were found, post hoc student
ewman-Keul tests were performed. The chosen level of signifi-
ance was p � .05.

ene Expression Profiling
Rat Brain Collection and Dissection. Gene expression profil-

ng was performed in male Wistar rats following the 65th week of
ccess to alcohol following a long-lasting treatment-free period
which means that the last vehicle or Org25935 treatment was 7

eeks ago). On the last day of the drinking procedure, all rats were
eprived from alcohol for 48 hours (late withdrawal phase) to en-
ure that blood ethanol concentrations were zero (to avoid direct
cute alcohol effects on gene expression). For comparison, six age-
atched Wistar rats underwent the exact same handling proce-

igure 1. Total ethanol intake (g/kg/day) before and after an alcohol depri-
ation period of 3 weeks. Arrows indicate the administration of either (A)
ehicle (n � 15), 3 mg/kg of Org25935 (n � 7), and 6 mg/kg of Org25935 (n �
4); or (B) vehicle (n � 8) and 200 mg/kg (n � 8) of acamprosate. The last 3
ays measurements of ethanol intake are given as baseline drinking. Data
re presented as means � SEM. *Indicates significant differences from the
ontrol vehicle group, p � .05. B, baseline drinking.
ures for the entire time of the experiment. Between 10:00 AM and
11:00 AM, all rats were sacrificed. Brains were quickly removed,
submerged for 3 minutes in �40°C isopentane (Sigma-Aldrich Co.,
St. Louis, Missouri) and stored at �80°C. For dissection, brains were
sliced in coronal sections of 120 �m in a Leica CM3000 Cryostat
(Leica, Bensheim, Germany). The caudate putamen was punched
out and collected into vials and stored at �80°C.

See Supplementary Methods and Materials in Supplement 1 for
detailed information on total RNA isolation and quality control; chip
design, target labeling, array hybridization, scanning, and quality
control; data mining; in silico pathway analysis; and relative quan-
tification by real-time reverse transcription polymerase chain reac-
tion (qRT-PCR).

Results

Effect of the Administration of Org25935 on ADE
Measurements

Following the reintroduction of alcohol solutions after the
eighth deprivation phase, the vehicle-treated group showed a typ-
ical increase in alcohol consumption, indicating the occurrence of
an ADE (Figure 1A,B). This increase was not different from that
observed during the first seven deprivation phases (data not
shown). With respect to the pharmacological treatment, a two-way
ANOVA for repeated measures revealed significantly different alco-
hol intake after a deprivation phase in all animal groups compared
with basal drinking [factor day: F (7,231) � 75.1, p � .0001 and
F (7,98) � 50.8, p � .0001 for Org25935 and acamprosate treatment
groups, respectively] (Figure 1A,B). The Org25935 treatment dose-
dependently reduced expression of the ADE, while alcohol intake
was still increased during the first postdeprivation day (although to
a significantly lower extent than the vehicle control group); it
dropped to baseline levels starting from the second day on. Hence,
a two-way ANOVA displayed a significantly different alcohol intake
between vehicle- and Org25935-treated animal groups [factor treat-
ment group � day interaction effect: F (14,231) � 9.3, p � .0001],
showing that the treatment of rats with Org25935 decreased ADE
(Figure 1A). Similar results were obtained with acamprosate treat-
ment. The acamprosate-treated animal group still increased their
alcohol consumption; however, it was significantly lower than that
in the control animal group [factor treatment group � day interac-
tion effect: F (7,98) � 5.2, p � .0001] (Figure 1B). In contrast, water
intake during the first 5 postabstinence days was significantly
higher in both acamprosate- and Org25935-treated animal groups
compared with vehicle-treated rats [factor treatment group � day
interaction effect: F (10,165) � 2.5, p � .01 and F (5,70) � 3.0, p � .05
for Org25935 and acamprosate treatment groups, respectively],
suggesting that the effect of treatment was selective for alcohol
(Figure S1A,B in Supplement 1). Detailed statistical information on
total fluid intake during all ADE measurements is provided under
Supplementary Results in Supplement 1. It should be mentioned
that 6 mg/kg of Org25935 treatment led to a nonsignificant loss of
1% of body weight, showing that food intake or metabolism was
not considerably altered during the treatment days (p � .09). Con-
trary, treatment with acamprosate significantly reduced rats’ body
weight by 2.7% [factor treatment group: t (14) � 4.9, p � .001].

Locomotor activity data were analyzed using recordings of 12-
hour postinjection intervals that corresponded to the rats’ active
phase. Overall, there was a general reduction in home-cage activity
seen in all animal groups, which was likely caused by alcohol intox-
ication. Two-way ANOVA revealed a significant change in activity of
Org25935-treated rats when compared with the vehicle-treated
rats [factor treatment group: F (2,33) � 4.2, p � .05; treatment group

� day interaction effect: F (10,165) � 4.6, p � .0001]. Post hoc

www.sobp.org/journal
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nalysis showed that locomotor activity in the 3 mg/kg treated
nimal group was not significantly different from vehicle-treated
ats at any time point. However, the 6 mg/kg dose of Org25935
aused a significant reduction of locomotor activity when access to
lcohol was re-offered but recovered to basal levels immediately
fter treatment was stopped (Figure S2A in Supplement 1). A fur-
her detailed analysis of locomotor activity showed that a signifi-
ant effect on activity occurred only within 1 hour following drug
dministration (data not shown), suggesting only a minor impact of
educed activity on relapse-like drinking behavior. The first injec-
ion of acamprosate led to an immediate reduction of locomotor
ctivity, but this effect was not present anymore following the
econd injection [factor treatment group � day interaction ef-
ect: F (5,70) � 11.0, p � .0001], showing development of rapid
olerance to the sedative effect of this treatment (Figure S2B in
upplement 1).

Subsequent ADE measurements were performed in a subset of
ats to test for the development of tolerance and for studying
ersistent treatment effects in a drug-free period. For this purpose,

hree groups of rats that were either treated repeatedly with vehi-
le, Org25935 (6 mg/kg), or acamprosate (200 mg/kg) were studied.

easurement of weekly alcohol intake showed that alcohol con-

ww.sobp.org/journal
sumption was significantly different among the three treatment
groups over the whole time course of the experiment [factor treat-
ment group: F (2,19) � 5.1, p � .05 and treatment group � week
interaction effect: F (30,285) � 3.1, p � .0001] (Figure 2B,C). Subse-
quent post hoc analysis revealed that Org25935 treatment reduced
alcohol consumption during all 4 postabstinence weeks and subse-
quent baseline drinking tended to be lower compared with the
vehicle-treated group (Figure 2B). In contrast, acamprosate treat-
ment was effective only during the first postabstinence week (Fig-
ure 2C). Detailed statistical information for daily alcohol intake dur-
ing all ADE measurements is provided under Supplementary
Results in Supplement 1. Repeated treatment with both acampro-
sate and Org25935 increased or tended to increase water intake
during treatment days [factor treatment group � day interaction
effect: F (10,95) � 4.4, p � .0001; F (10,95) � 3.6, p � .001; F (10,95) �
1.3, p � .2 for the 53rd, 56th, and 61st weeks of re-access to alcohol,
respectively] (data not shown).

Measurements of locomotor activity during the 53rd, 56th, and
61st weeks of re-access to alcohol indicate a progressive tolerance
to the sedating effects of Org25395 treatment with repeated injec-
tions during subsequent ADE measurement (Figure S3 in Supple-

Figure 2. Experimental design is given in
(A). The first 2-week deprivation period
was introduced after 8 weeks of continu-
ous alcohol and water availability. After
this deprivation period, rats were given ac-
cess to alcohol again and six more depriva-
tion periods were introduced in a random
manner, i.e., the duration of subsequent
drinking and deprivation phases was irreg-
ular, i.e., 4 to 8 weeks and 2 to 4 weeks,
respectively. In (B), repeated alcohol depri-
vation effect measurements under either
vehicle (n � 8) or 6 mg/kg of Org25935
(n � 7) treated animal groups is given. Al-
cohol consumption (calculated in grams of
pure alcohol per kilogram of body weight
per day) was calculated as the daily aver-
age across the 7 measuring days. During
the treatment phase, each animal was sub-
jected to five intraperitoneal injections in
12-hour intervals just before and during
each subsequent postabstinence drinking
phase (weeks 53, 57, and 61). No drug
treatment was applied during the last
postabstinence drinking phase (week 65).
*Significant differences from the control
vehicle group, p � .05. In (C), repeated al-
cohol deprivation effect measurements
under either vehicle (n � 8) or 200 mg/kg
of acamprosate (n � 7) is given. Note: the
same vehicle control group is displayed in
(B) and (C). A separate display of Org25935
and acamprosate treatment has been cho-
sen for better visualization. EtOH, ethanol; W,
water (deprivation phases); W�A, water and
alcohol (voluntary drinking weeks)

.

ment 1). Thus, there was no significant interaction of the factors day
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treatment for locomotor activity observed with repeated ADE
easurements [ADE after the 53rd week of access to alcohol:

(10,95) � 11.2, p � .0001; ADE after the 56th week of access to
lcohol: F (10,95) � 1.1, p � .32; and ADE after the 61st week of
ccess to alcohol: F (10,95) � 1.8, p � .07].

xpression Profiling of Glutamate and Glycine
ransmission-Related Genes

Three age-matched groups of rats were analyzed: EtOH-naive
ersus EtOH-drinking � vehicle versus EtOH-drinking �
rg25935 treatment. Out of 202 glutamate and glycine transmis-

ion-related genes in the caudate putamen, 168 genes showed
ignificant alteration after Benjamini-Hochberg correction for mul-
iple testing in the EtOH-drinking � vehicle group versus EtOH-
aive control group (Table S3 in Supplement 1). Out of these 168
enes, 56 genes were also significantly altered and reversed to

evels seen in the EtOH-naive control group by Org25935 treatment
Figure 3). In comparison with the EtOH-naive control group and
tOH-drinking � Org25395 groups, 38 genes were downregulated

n the EtOH-drinking � vehicle group, with fold change (FC) down
o �7.8. The remaining 18 genes were upregulated in the EtOH-
rinking group when compared with EtOH-naive and EtOH-drink-

ng � Org25395 groups with FCs up to 1.9. Ten genes were chosen
or further confirmation by qRT-PCR. Two out of these 10 genes—
-methyl-D-aspartate 2D (G rin2d) and phosphatidylinositol 3-ki-
ase catalytic delta polypeptide (predicted) (Pik3c2a-predicted)—
ould not be assessed due to technical problems with the qRT-PCR.
owever, the remaining eight genes— one of them shows a signif-

cant upregulation in the EtOH-drinking group, whereas the re-
aining seven genes show a significant downregulation (Figure 4;

or p values, see Table S5 in Supplement 1)— could be confirmed
nd there were remarkable similarities between the FC values ob-
ained by qRT-PCR and microarray screening (Table S5 in Supple-

ent 1).
In the EtOH-drinking � Org25935 treated group, the altered

ene expression profile could be reversed to levels seen in the
tOH-naive age-matched control group. As presented in the heat
ap in Figure 3, the expression profiles of the 56 genes that were

ither upregulated or downregulated in the EtOH-drinking � vehi-
le treated group were reversed to the levels seen in the EtOH-naive
ge-matched control group. This overall picture was again con-
rmed by qRT-PCR. Thus, the altered expression levels of the cho-
en eight genes were completely reversed to those seen in the
tOH-naive age-matched control group (Figure 4).

iscussion

In the present study, we demonstrated that administration of
he glycine transporter GlyT1 blocker Org25935 caused a signifi-
ant dose-dependent reduction of relapse-like alcohol consump-
ion in male Wistar rats. This effect was comparable with that seen in
camprosate-treated rats. Following both acamprosate and
rg25935 treatment, water intake during ADE measurement was

ignificantly increased, indicating the selectivity of these treat-
ents toward alcohol consumption. However, the effect of the

eference compound acamprosate diminished with repeated appli-
ation. This phenomenon of tolerance development to the effects
f acamprosate has already previously been reported in two other

at models of excessive alcohol consumption (26). In contrast, re-
eated treatment of Org25935 was able to maintain reduced post-
bstinence drinking without the development of tolerance. The
ntirelapse effects of Org25935 even persisted for at least 6 weeks

nto a treatment-free period, suggesting that a subchronic treat-

ent regimen is sufficient to induce long-lasting remission with
respect to compulsive alcohol consumption. Such a persistent
treatment effect is usually not observed with other antirelapse
compounds (2) and can only be explained by long-lasting restora-
tion of molecular changes that have been induced by chronic alco-
hol consumption. In fact, assuming that the primary action of
Org25935 is on glycinergic and glutamatergic neurotransmission,

Figure 3. Heat map of microarray intensities of genes that were differen-
tially regulated by long-term alcohol consumption and that were reversed to
the levels seen in ethanol (EtOH) age-matched control rats by Org25935 treat-
ment. The EtOH-naive group consists of rats numbers 1 to 6, EtOH-drinking
� vehicle group consists of rats numbers 7 to 12, and EtOH-drinking �
Org25935 group consists of rats numbers 13 to 16. All gene expression levels
shown in the figure are statistically different when compared EtOH-naive
versus EtOH-drinking � vehicle group, and EtOH-drinking � vehicle group
versus EtOH-drinking � Org25935 group. Color scale represents level of
expression for a particular gene with green for lower levels and red for
higher levels of expression. EtOH, ethanol.
we conducted a hypothesis-driven gene expression profiling and

www.sobp.org/journal
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ere able to demonstrate that long-lasting altered expression levels of
6 genes in alcohol drinking rats were reversed by Org25935 treat-
ent to the same levels as those seen in alcohol-naive age-matched

ontrol rats. In conclusion, Org25395 has long-lasting antirelapse
roperties after subchronic application and this effect can be ex-
lained by a restoration of molecular changes induced by chronic
lcohol consumption. It should be noted that both compounds
rg25935 and acamprosate exhibited a short-lasting locomotor-re-
ucing effect that diminished with repeated drug use, suggesting only
minor unspecific influence on alcohol consumption.

In the central nervous system, glycine is cleared from the extra-
ellular space by two distinct glycine transporters, GlyT1 and GlyT2.
lycine transporter 2 is found in caudal brain regions that receive

nhibitory glycinergic innervation, such as the spinal cord, brain-
tem, and cerebellum. In contrast, GlyT1 is detected in both caudal
nd rostral regions of the brain, such as cortex, basal ganglia, hip-
ocampus, and thalamus (27). These rostral areas are known as
aving none to moderate expression of strychnine-sensitive GlyRs

28) but exhibit rich expression of NMDARs (29). Glycine and
-serine are known as obligatory co-agonists at the NMDAR, occu-
ying the strychnine-insensitive site on the NR1 subunit (30,31).
his led to the assumption that there is an association of GlyT1 with
MDAR-mediated glutamatergic neurotransmission (32). Thus, be-
avioral effects caused by the administration of GlyT1 blockers
ight be induced by increased activity of both GlyRs and NMDARs;

he antirelapse-like effects of Org25935 observed in the present
tudy are likely mediated via both receptors. Several previous stud-
es performed by Söderpalm et al. (33) and Chau et al. (34) have
uggested a significant role of GlyRs within the mesocorticolimbic
opaminergic system as crucial to the regulation of excessive alco-
ol consumption. Both mesocorticolimbic and nigrostriatal dopa-
inergic systems are under tight control of NMDAR activity (35). An

mportant role of both dopamine and NMDARs in mediating the

igure 4. Relative quantification by real-time reverse transcription poly-
erase chain reaction confirmations of some gene expression levels that
ere significantly altered by alcohol drinking and reversed by Org25935

reatment. The listed genes are adenylate cyclase 9 (predicted)
Adcy9_predicted); adenylate cyclase activating polypeptyde 1 (Ad-
yap1); guanine nucleotide binding protein, alpha o (Gnao1); metabo-
ropic glutamate receptor 6 (Grm6); oligopeptide transporter, member 1
Slc15a1); sodium-dependent inorganic phosphate cotransporter, mem-
er 6 (Slc17a6); sodium-dependent inorganic phosphate cotransporter,
ember 7 (Slc17a7); and zinc transporter, member 3 (Slc30a3). Asterisks

ndicate significant differences from both the ethanol-naive age-
atched control group and the ethanol-drinking Org25935 treated

roup. ddCT, relative difference of cycle thresholds; EtOH, ethanol.
DE has repeatedly been demonstrated as well (5,15,24).

ww.sobp.org/journal
Given that both GlyRs and NMDARs are primary targets of alco-
hol (4,6,7,36), are important in mediating excessive alcohol intake
and relapse-like behavior (5,15,33,34), and are affected by glycine
transporter blockade (16), we hypothesized dramatic alterations in
gene expression profiles related to glycinergic and glutamatergic
signaling. We were especially interested in gene expression profiles
derived from the dorsal striatum, as our previous work has indi-
cated that following long-term alcohol consumption with repeated
deprivation phases, more pronounced transcriptional changes oc-
cur in the dorsal striatum in comparison with other brain areas
(5,24,25). In addition, given that the dorsal striatum plays a critical
role in mediating compulsive behavior (37,38), this brain area has
been also suggested to mediate the compulsatory component of
excessive alcohol drinking and relapse behavior (20). Our gene
expression profiling experiment showed that among 202 genes
related to glycine and glutamatergic signaling, 168 of them were
affected by chronic alcohol consumption, and 56 of those returned
to expression levels seen in alcohol-naive rats following repeated
administration of Org25935. To further examine the relationship of
Org25935 treatment-responsive genes, an in silico analysis was
performed, which revealed a functional network pointing to a crit-
ical role of adenylase cyclase activating polypeptide 1 (Adcyap1) in
mediating the effect of Org25935 (Figure S4 in Supplement 1). The
Adcyap1 encodes a neuropeptide, also known as pituitary adenyl-
ate cyclase-activating polypeptide (PACAP), with highly pleiotro-
phic actions, including modulation of the glutamtergic system (39).
Thus, PACAP activates the adenylate cyclase and protein kinase C
signaling pathways and extracellular signal-regulated kinases 1 and
2 cascades, thereby inducing expression of many transcription fac-
tors and Homer protein homolog 1, which, in turn, interact with
various glutamate receptors (39). Furthermore, neuronal-derived
PACAP regulates glutamate turnover via expression of glial gluta-
mate transporters, including solute carrier family 1 member 2 or
glutamate transporter subtype 1 (40). Furthermore, PACAP directly
affects the signaling properties of the NMDAR, and this effect is
likely mediated through the glycine binding site, as the interaction
takes place at nearly 20 times lower concentrations of glycine than
of NMDA (41). Given these effects of PACAP on glutamatergic sig-
naling, it is not surprising that PACAP-knockout mice show in-
creased alcohol consumption (42), a finding consistent with our
data demonstrating a strong downregulation of striatal Adcyap1 in
long-term alcohol-drinking rats. Although the PACAP/glutamate
link might be just one important element in mediating the antire-
lapse properties of Org25935, our molecular findings give general
support to the hypothesis that NMDAR signaling triggered by ex-
tracellular glycine levels is altered following long-term alcohol con-
sumption and that a partial restoration of this neurotransmitter
system may underlie the antirelapse effects of Org25935.

In conclusion, our study has demonstrated long-lasting antire-
lapse properties of Org25935. Together with previous results ob-
tained in selected high-alcohol-drinking rats that showed reduced
alcohol intake and preference following Org25935 treatment (17), a
prospective, double-blind, placebo-controlled trial investigating
the efficacy and safety of Org25935 in relapse prevention in sub-
jects with alcohol dependence is justified.
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