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Abstract
Alcohol Use Disorder (AUD) is a relapsing brain disorder that involves perturbations of brain dopamine (DA) systems, 
and combined treatment with varenicline + bupropion produces additive effects on accumbal DA output and abolishes the 
alcohol deprivation effect (ADE) in rats. Also, direct and indirect glycine receptor (GlyR) agonists raise basal DA, attenu-
ate alcohol-induced DA release in the nucleus Accumbens (nAc) and reduce alcohol consumption in rats. This study in rats 
examines whether the GlyT1-inhibitor Org 24598, an indirect GlyR agonist, enhances the ADE-reducing and DA elevating 
action of the combined administration of varenicline + bupropion in lower doses than previously applied. Effects on voluntary 
alcohol consumption, the ADE and extracellular levels of glycine and DA in nAc were examined following treatment with 
Org 24598 6 and 9 mg/kg i.p., bupropion 3.75 mg/kg i.p. and varenicline 1.5 mg/kg s.c., in monotherapy or combined, using 
a two-bottle, free-choice alcohol consumption paradigm with an ADE paradigm, and in vivo microdialysis in male Wistar 
rats. Notably, all treatment regimens appeared to abolish the ADE but only the effect produced by the triple combination 
(Org24598 + varenicline + bupropion) was significant compared to vehicle. Hence, addition of Org 24598 may enhance the 
ADE-reducing action of varenicline + bupropion and appears to allow for a dose reduction of bupropion. Treatment with 
Org 24598 raised accumbal glycine levels but did not significantly alter DA output in monotherapy. Varenicline + bupropion 
produced a substantial elevation in accumbal DA output that was slightly enhanced following addition of Org 24598. Conceiv-
ably, the blockade of the ADE is achieved by the triple combination enhancing accumbal DA transmission in complementary 
ways, thereby alleviating a hypothesized hypodopaminergia and negative reinforcement to drink. Ultimately, combining an 
indirect or direct GlyR agonist with varenicline + bupropion may constitute a new pharmacological treatment principle for 
AUD, although further refinement in dosing and evaluation of other glycinergic compounds are warranted.

Keywords Dopamine · Glycine receptor · nucleus Accumbens · Ethanol consumption · In vivo microdialysis · Alcohol 
addiction

Introduction

Alcohol Use Disorder (AUD) is a chronically relapsing brain 
disorder that involves adaptations in the brain reward cir-
cuitry and is characterized by an impaired ability to control 
alcohol intake despite adverse consequences (Hasin et al. 
2013; Koob and Volkow 2016). Worldwide, 5% of all deaths 
and disability-adjusted-life-years (DALYs) are attributable 
to alcohol, also classified as a main, yet preventable, con-
tributor to the global burden of disease (Rehm et al. 2017). 
Moreover, the risk of experiencing alcohol-related harm cor-
responds to the average amount of alcohol consumed (Rehm 
et al. 2017). AUD involves high alcohol consumption and 
thus generates enormous harm for afflicted individuals and 
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the society at large (Rehm et al. 2017). Pharmacological 
interventions are important in combating AUD, but available 
medications present small effect sizes and improved phar-
macotherapies are warranted (Maisel et al. 2013; Jonas et al. 
2014). Presumably, improved treatment outcomes could be 
achieved by specifically targeting the pathophysiology of 
AUD and/or mechanisms by which alcohol interferes with 
the brain reward system.

A large body of evidence suggests that alcohol’s posi-
tively reinforcing properties entail enhanced dopamine (DA) 
activity in the nucleus Accumbens (nAc), a central compo-
nent of the mesolimbic DA system (Di Chiara and Imperato 
1988). In addition, neuroadaptations in these circuits are 
involved in the transition from recreational to compulsive 
drinking characteristic for AUD, and in the emergence of 
a hypodopaminergic state (Koob and Volkow 2016). The 
hypodopaminergic state is widely recognized to be a neu-
ronal correlate for dysphoria and a driving force for renewed 
alcohol intake by negative reinforcement (Koob and Volkow 
2016), although conflicting results on basal DA levels fol-
lowing protracted abstinence have recently been presented 
(Hansson et al. 2019). Moreover, it is still unclear exactly 
how alcohol acts on the mesolimbic DA pathway on a 
molecular and cellular level.

Interestingly, data obtained from several previous stud-
ies suggest that alcohol acts on inhibitory glycine recep-
tors (GlyR) in the nAc, that inhibit γ-aminobutyric acid 
(GABA)-ergic, medium spiny neurons (MSNs) projecting 
to the ventral tegmental area (VTA), ultimately resulting 
in enhanced DA release in the nAc (Molander and Söder-
palm 2005b; Forstera et al. 2017; Soderpalm et al. 2017). 
Moreover, perfusion of glycine into the nAc or systemic 
treatment with glycine-transporter-1(GlyT-1)-inhibitors, 
elevates DA levels, attenuates alcohol-induced DA eleva-
tion and reduces alcohol intake, with no signs of tolerance 
development, in the rat (Molander and Söderpalm 2005b; 
Molander et al. 2007; Lidö et al. 2009, 2012; Vengeliene 
et al. 2018). GlyT1 is predominantly expressed on glial 
cells, but also on postsynaptic glutamatergic neurons, 
and regulates central nervous system (CNS) glycine lev-
els together with GlyT2 (Cioffi 2021). Previous studies 
show that GlyT1-inhibitors, e.g. Org 24598 (sarcosine-
based), as compared to direct GlyR agonists, are the most 
efficient glycinergic agents available for reducing alcohol 
intake, presumably by potentiating GlyR neurotransmis-
sion (Lidö et al. 2012; Vengeliene et al. 2018; Olsson et al. 
2020, 2022; Ulenius et al. 2020). Conceivably, enhanced 
GlyR signaling targets the positive reinforcing properties 
of alcohol by attenuating the alcohol-induced DA eleva-
tion while simultaneously mitigating negative reinforce-
ment, i.e. hypodopaminergia and associated anhedonia, 
by raising basal nAc DA levels. Consequently, potentia-
tion of GlyR signaling in the CNS may constitute a new 

mechanism for interfering with the reinforcing properties 
of alcohol and ultimately a new pharmacologic treatment 
principle for AUD (Molander et al. 2005; Harvey and Yee 
2013; Forstera et al. 2017; Soderpalm et al. 2017).

Nonetheless, alcohol directly or indirectly interferes 
with several neurotransmitter systems besides glycine, 
e.g. acetylcholine (ACh) and noradrenaline signaling 
systems among others (Ericson et al. 2003; Larsson et al. 
2005; Miller and Kamens 2020; Vena et al. 2020; Loftén 
et al. 2021). It is conceivable that potentiated GlyR sign-
aling alone might not be sufficient to completely block 
the positive reinforcing properties of alcohol and/or suf-
ficiently counteract the hypodopaminergic state present 
in the addicted brain, as underlined by the lack of benefit 
for a GlyT1-inhibitor over placebo in preventing relapse 
in AUD patients (de Bejczy et al. 2014). Instead, pharma-
cotherapy directed at more than one target might prove 
advantageous and is currently examined in an ongoing 
clinical trial combining bupropion, a noradrenaline- and 
DA reuptake inhibitor, and varenicline, a partial nicotinic 
acetylcholine receptor (nAChR) agonist (cf. clinicaltri-
als.gov, NCT 04167306). Varenicline has previously 
been shown to reduce alcohol intake in rats and humans 
(Steensland et al. 2007; McKee et al. 2009; Litten et al. 
2013; de Bejczy et al. 2015). Interestingly, accumbal DA 
levels are raised following treatment with either vareni-
cline or bupropion and additive effects (a twofold increase 
in extracellular DA levels) are produced following com-
bined treatment in the rat (Söderpalm et al. 2020). Moreo-
ver, the combination treatment completely blocks the alco-
hol deprivation effect (ADE), an animal model ascribed a 
high predictive value since approved medications to treat 
AUD (i.e. acamprosate and naltrexone) also abolish this 
effect (Spanagel 2009; Maisel et al. 2013; Söderpalm et al. 
2020). The favorable outcome may be explained by that 
bupropion and varenicline interact with the mesolimbic 
reward circuit and raise extracellular accumbal DA levels 
in vivo through two separate mechanisms, i.e. by stimulat-
ing (presumably tonic) DA release and by inhibiting DA 
reuptake (Söderpalm et al. 2020).

Conceivably, adding a third agent that targets the DA 
reward system via yet another mechanism, i.e., by means 
of raising central glycine levels to enhance GlyR signaling 
using a GlyT1-inhibitor, may yield further, additive or syn-
ergistic effect in restoring accumbal DA levels and/or reduc-
ing alcohol consumption (Fig. 1). This could also allow for 
dose reductions, which may mitigate side effects recognized 
for bupropion and varenicline, e.g. insomnia, headache and 
nausea, thereby improving patient adherence (Anthenelli 
et al. 2016). Hence, the aim of this study was to examine 
the effects of combined treatment with threshold doses for 
Org 24598, bupropion and varenicline on voluntary alcohol 
intake and accumbal DA levels in rats.
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Materials and methods

Animals

A schematic overview of all experiments is provided in 
Fig.  2A. For the alcohol consumption study, 64 male 
Wistar rats weighing 160–180g upon arrival were supplied 
by Envigo (Netherlands). During the first week, rats were 
housed four to a cage under controlled environmental con-
ditions that comprised regular light–dark conditions with 
lights on at 07:00 a.m. and off at 07:00 p.m, constant room 
temperature of 20–22 °C and humidity of 50–65%. Thereaf-
ter, rats were single-housed with a reversed light–dark-cycle, 
i.e. lights off at 10:00 a.m. and lights on 10:00 p.m. For 
in vivo microdialysis, a total number of 40 male Wistar rats 
weighing 260–280g upon arrival were supplied by Envigo 
(Netherlands). Rats were housed four to a cage prior to 
surgery and single-housed after surgery under controlled 
environmental conditions with a regular light–dark-cycle 

as above. Before initiation of experimental procedures, all 
animals were allowed at least one week of acclimatization 
to the animal facility. All rats had free access to standard rat 
feed (Haklan Teklad, England) and tap water. The experi-
ments were approved by the Ethics Committee for Animal 
Experiments, Gothenburg, Sweden (ethical approval refer-
ence number 2401-19 and 3095-20).

Drugs

Org 24598 (Tocris, England) was dissolved in 0.01M phos-
phate-buffered saline (PBS) (Sigma-Aldrich, Sweden) to a 
desired threshold dose of 6 or 9 mg/kg and administered 
i.p. in a volume of 5 ml/kg, i.e. a lower dose than the pre-
viously studied dose of 12 mg/kg which reduced alcohol 
intake without tolerance development and produced higher 
accumbal glycine levels as compared to treatment with PBS 
in rats (Lidö et al. 2012). Bupropion (Sigma-Aldrich, Swe-
den) was dissolved in PBS to a desired threshold dose of 

Fig. 1  Schematic overview of hypothesized molecular and cellular 
effects of the triple combination treatment on the mesolimbic dopa-
mine reward system. The glycine transporter-1(GlyT-1)-inhibitor 
Org 24598 inhibits GlyT1, expressed on glial cells, and raises extra-
cellular levels of the endogenous glycine receptor (GlyR) agonist 
glycine in the nucleus Accumbens (nAc). Consequently, inhibitory 
GlyRs presumably located on γ-aminobutyric acid (GABA)-ergic 
spiny projection neurons and/or GABAergic or cholinergic interneu-
rons are potentiated, thereby inhibiting GABA-ergic projections to 
the ventral tegmental area (VTA). Ultimately, tegmental dopamin-
ergic firing, that involves activation of nicotinic acetylcholine recep-

tors (nAChRs), different from α4β2 nAChRs, is disinhibited whereby 
nAc dopamine (DA) levels are raised. Varenicline is instead thought 
to act on α4β2 nAChRs present on tegmental DA neurons, whereas 
bupropion raises nAc DA levels by inhibiting DA transporters (DAT) 
on DA terminals. Consequently, the triple combination treatment 
interferes with mesolimbic DA signaling in three complementary 
ways. lPAG, lateral periaqueductal gray; LDT, laterodorsal tegmental 
nucleus; PPT, pedunculopontine tegmental nucleus, § nAChRs differ-
ent from α4β2 nAChRs, *(Konar 2022). The figure was created with 
BioRender.com.
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3.75 mg/kg and administered i.p. in a volume of 5 ml/kg. 
Varenicline benzazepine tartrate, kindly provided by Pfizer 
Global Research, was dissolved in 0.9% saline to a desired 
dose of 1.5 mg/kg and administered s.c. in a volume of 2 ml/
kg. The doses for bupropion and varenicline were chosen 
based on a previous study in which bupropion 5 mg/kg, i.e. a 
higher dose than applied in the present study, and varenicline 
1.5 mg/kg blocked the ADE and produced additive effects 
on accumbal DA levels, whereas bupropion 2.5 mg/kg and 
varenicline 1.5 mg/kg did not (Söderpalm et al. 2020). Rats 
in all treatment groups, including the vehicle group that was 
treated with PBS i.p. and NaCl s.c., received equal amounts 
of fluids and total number of injections. In order to keep the 
injection volumes at a minimum, Org 24598 and bupropion 

were administered in one injection. Ethanol (95%; Kemetyl 
AB, Sweden) was diluted in tap water to a concentration of 
6 and 12% (v/v), also in line with alcohol concentrations 
chosen in the previous study for combined treatment with 
bupropion and varenicline (Söderpalm et al. 2020).

Voluntary alcohol consumption study

Throughout the experiment (Fig. 2A), all rats had free access 
to tap water and standard rat feed, were monitored daily and 
weighed each week (Fig. 3C). During the first eight weeks, 
rats were screened for alcohol intake and had intermittent (3 
sessions/week) access to alcohol, while alcohol (Fig. 3A), 
and water intake (Fig.  3B) were monitored. Rats were 

Fig. 2  Overview of experimental design and probe placement verifi-
cation. A Schematic overview of the experimental design. In a first 
set of experiments, effects on voluntary alcohol intake and the alco-
hol deprivation effect were evaluated. Next, effects on accumbal gly-
cine and dopamine levels were examined using in vivo microdialysis 
in a new group of rats. Grey arrows indicate systemic injections with 

vehicle at baseline and experimental drugs during the active treat-
ment phase. B Location of 17 representative microdialysis probes in 
the nAc. Black bars indicate the active space of the probe and targets 
the nAc core–shell borderline region. Distance from bregma is indi-
cated on the right side of the figure

A B C

Fig. 3  Screening for voluntary alcohol intake and weight gain. A 
Alcohol and B water intake remained on a stable level throughout the 
screening phase for alcohol intake. C Rats presented a stable weight 

gain throughout the entire experiment. During screening, rats had 
intermittent access to alcohol (three 24h-sessions/week). Shown are 
mean values ± SEM
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presented with an alcohol concentration of 6% (v/v) during 
the first five sessions followed by 12% (v/v) for the remain-
der of the experiment. The alcohol bottles were added con-
current with the beginning of the dark period and removed 
after 24 h. Following the initial screening phase, rats with 
an alcohol intake exceeding 1.5 g EtOH/kg/day were placed 
on a limited access paradigm that comprised access to 12% 
(v/v) alcohol for 8 h/day. During 5 days of baseline monitor-
ing, rats received preparatory vehicle injections in volumes 
equal to active treatment in order to minimize the influence 
of stress brought by the injection on alcohol consumption. 
Thereafter, 56 rats were divided into four treatment groups 
based on their average alcohol consumption and received 
either active treatment (Org 24598; bupropion and vareni-
cline; Org 24598, bupropion and varenicline) or vehicle for 
seven consecutive days. All injections were administered 
30 min prior to access to alcohol and water, in similarity 
to a previously performed study on bupropion and vareni-
cline (Söderpalm et al. 2020). Following the active treatment 
phase, rats were deprived from alcohol for 14 days, where-
after limited access to alcohol and active treatment were 
re-instated for another 2 days. Attenuation of the ADE has 
a high predictive validity for clinical effect and the model 
itself has previously been ascribed to reflect a modality of 
AUD, i.e. loss of control (Spanagel 2009).

Microdialysis study

Probe placement surgery was performed 2 days prior to 
the microdialysis experiment. The rats were anesthetized 
with 4% isoflurane (Baxter, Sweden) and mounted onto a 
stereotactic instrument (David Kopf Instruments, USA). 
In order to prevent hypothermia and dehydration and pro-
vide analgesia during surgery, rats were placed on a heat-
ing pad, received 2 ml 0.9% saline and 1 mg/kg Metacam 
(Boehringer Ingelheim, Sweden) s.c and Marcain (bupiv-
acaine, AstraZeneca, Sweden) infiltrated along the surgical 
incision. Three holes were drilled in the skull for the place-
ment of a probe and two anchoring screws. An I-shaped, 
custom-made probe with a semi-permeable membrane 
(cut-off 20 kDa) and an active space comprising 2 mm was 
gently lowered into the nAc core–shell borderline region 
(A/P: + 1.85, M/L: − 1.4, D/V: − 7.8 mm relative to bregma 
and dura), coordinates from Paxinos and Watson 2007. This 
sub-region of the nAc has previously been associated with 
alcohol-induced DA elevation (Howard et al. 2009). Harvard 
cement (Dental AB, Sweden) was used to fix the probe and 
anchoring screws to the skull.

At the day of the experiment, rats were connected to a 
microinfusion pump (U-864 Syringe Pump, AgnTho’s, Swe-
den) via a swivel, allowing the animal to move around freely. 
Prior to sampling, the probes were perfused with Ringer’s 
solution during 2 hours in order to achieve equilibrium 

between the perfusate and extracellular fluid. The infusion 
rate was set at 2 μl/min and dialysate samples (40 μl) were 
collected every 20 min. The first three consecutive DA sam-
ples constituted the baseline and was set to 100% for each 
animal. Animals with fluctuations at baseline exceeding 
10% were excluded. Following administration of designated 
treatments, dialysate samples were collected for another 140 
min. DA samples were analysed online and the remainder 
of the dialysate was preserved in sodium azide and stored 
at a cold temperature for later analyses of glycine content. 
The dialysate DA and glycine content were separated and 
quantified using a high-performance liquid chromatography 
(HPLC) system coupled to electrochemical (DA) or fluores-
cent (glycine) detection as previously described (Ulenius 
et al. 2020). External standards containing 3.25 nM of DA 
versus 500 and 1000 nM of glycine were used for identifi-
cation of peaks in the chromatogram and quantification of 
respective analyte. At the end of the experiment, rats were 
sacrificed, and brains were cut into thin slices using a vibro-
slicer (Campden Instruments Ltd., USA) for verification of 
correct probe placement using the naked eye. Rats with 
incorrect probe placement or substantial hemorrhage were 
excluded. Probe placement is illustrated in Fig. 2B.

Statistics

A Shapiro–Wilk’s-test > 0.05 and a visual inspection of 
Q–Q-plots indicated that data within groups were normally 
distributed, whereas a Brown–Forsythe’s test > 0.05 indi-
cated equal variances across groups. Alterations in alcohol 
consumption and microdialysate content over time were 
evaluated by a two-way analysis of variance (ANOVA) 
with repeated measures, whereas comparisons of area under 
the curve (AUC) data were performed using a one-way 
ANOVA, followed by Tukey’s post-hoc when applicable. 
Alcohol intake prior to and after the alcohol deprivation 
period was evaluated with a paired t-test for effects within 
a treatment group and with a one-way ANOVA for effects 
between different treatment groups. All data are presented as 
mean ± SEM. A probability value (p) < 0.05 was considered 
statistically significant. Statistical analyses were performed 
using GraphPad Prism version 9.3.1 for Mac OS (GraphPad 
Software Inc., USA).

Results

Effects of Org 24598, bupropion and varenicline 
on voluntary alcohol intake

In a first set of experiments, rats were screened for vol-
untary alcohol intake. As pictured in Fig. 3A, B alcohol 
and water intake remained relatively stable throughout the 
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screening period with the average daily alcohol intake over 
time being 3–4 g/kg/day. Animal weight was monitored 
on a weekly basis throughout the entire experiment and 
a stable weight gain was observed (Fig. 3C). Following 
eight consecutive weeks of intermittent access to alco-
hol, rats with an ethanol intake above 1.5 g/kg/day were 
put on a limited alcohol access paradigm with preced-
ing, daily vehicle injections, constituting 5 days of base-
line. This group of rats had a mean daily alcohol intake 
of 3.6 g/kg/day and are likely to present with a relative 
extracellular hypodopaminergia in the nAc (Ericson 
et al. 2020). Thereafter, the rats were divided into four 
treatment groups (Org 24598 9 mg/kg; Org 24598 9 mg/

kg + bupropion + varenicline; bupropion + varenicline; 
vehicle), that presented equal alcohol intake. On the sec-
ond day of active treatment, slight motor deficiencies com-
bined with a non-significant trend for reduction in water 
intake (Fig. 4D) were observed for animals treated with 
Org 24598, thus motivating a dose reduction from 9 to 
6 mg/kg. Treatment with Org 24598 (day 1–2: 9 mg/kg; day 
3–7: 6 mg/kg) reduced alcohol intake as compared to treat-
ment with vehicle or bupropion + varenicline (treatment 
effect F(3,47) = 4.68, p = 0.0061, time effect F(7,329) = 8.31 
p < 0.0001, interaction term F(21,329) = 2.49, p = 0.0004, 
Org 24598 9mg/kg vs vehicle p = 0.045, Org 24598 9mg/
kg vs bupropion + varenicline p = 0.01) (Fig. 4A), but did 

A

D

B C

E F

Fig. 4  Effects of Org 24598 6 and 9  mg/kg, bupropion and vareni-
cline, alone or combined, on voluntary alcohol and water intake. A 
Alcohol intake over time following 7 days of treatment with vehicle, 
bupropion + varenicline or Org 24598 alone or combined with bupro-
pion + varenicline. Rats treated with Org 24598 received a higher 
dose (9 mg/kg) during the first 2 days, whereafter it was reduced to 
6 mg/kg for the remaining 5 days of active treatment. B, C Compari-
sons of AUCs between groups for day 1–2 and day 3–7 revealed a 

reduced alcohol intake following treatment with the higher dose 
(9 mg/kg) of Org 24598 as compared to vehicle injections. Moreover, 
both doses of Org 24598 reduced alcohol intake as compared to com-
bined treatment with bupropion + varenicline. D–F Water intake was 
not significantly altered following any of the designated treatment 
regimens. During baseline and the treatment period, rats had limited 
access to alcohol (8h-sessions/day). Shown are mean values ± SEM, 
n = number of rats, *p < 0.05, **p < 0.01
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not significantly alter water intake (Fig. 4D). In order to 
differentiate the effects for the higher vs lower dose of 
Org 24598, AUCs for day 1–2 and 3–7 were analyzed 
separately. Indeed, the higher dose of Org 24598 reduced 
alcohol intake as compared to treatment with vehicle or 
bupropion + varenicline (treatment effect F(3,47) = 5.47, 
p = 0.026, Org 24598 vs vehicle p = 0.0085, Org 24598 
vs bupropion + varenicline p = 0.0227) (Fig. 4B), whereas 
the lower dose produced a significant reduction only when 
compared to rats receiving bupropion + varenicline (treat-
ment effect F(3,47) = 2.91, p = 0.0444, Org 24598 vs bupro-
pion + varenicline p = 0.0475) (Fig. 4C). Preference for 
alcohol was not significantly altered following any of the 
designated treatment regimens (Supplementary Fig. 1.) 
Moreover, neither treatment with bupropion + varenicline 
nor with Org 24598 + bupropion + varenicline produced 

any significant effect on alcohol intake as compared to 
vehicle. Water intake (Fig. 4D–F) was not significantly 
altered by any treatment regimens.

Effects of Org 24598, bupropion and varenicline 
on the alcohol deprivation effect

Following 7 days of active treatment, rats were put on 
an alcohol deprivation paradigm for 14 days. Thereafter, 
active treatment and limited access to alcohol were re-
introduced for two consecutive days and alcohol (Fig. 5A) 
and water intake (Fig. 5B) prior to (mean of three last 
values) and after the alcohol deprivation period (mean 
of two values) were compared. As depicted in Fig. 5C, 
vehicle-treated rats presented an ADE, i.e. an increased 
alcohol consumption following the alcohol deprivation 

A B

DC

Fig. 5  Effects of Org 24598 6 and 9  mg/kg, bupropion and vareni-
cline, alone or combined, on the alcohol deprivation effect (ADE). 
Time course graph depicting A alcohol intake and B water intake 
prior to and 2 days after the 2-week-long alcohol deprivation period. 
C Rats in the vehicle-treated group presented an ADE, i.e. an 
increased alcohol intake (mean of 2 days post alcohol deprivation) 
as compared to their average alcohol consumption during three con-
secutive days prior to the alcohol deprivation period. In contrast, the 
ADE was blocked in the other treatment groups (Org 24598 6 and 
9 mg/kg; bupropion + varenicline; Org 24598 6 and 9 mg/kg + bupro-

pion + varenicline). Upon comparison between groups of change in 
alcohol intake prior to and after the alcohol deprivation period, only 
the triple combinatory treatment significantly differed from treat-
ment with vehicle. D Water intake was not altered prior to and after 
the alcohol deprivation period. During the two treatment days that 
followed the alcohol deprivation period, rats had limited access to 
alcohol (8h-sessions/day). Shown are mean values ± SEM, n = num-
ber of rats, *p < 0.05, **p < 0.01, significant compared with baseline, 
#p < 0.05, significant as compared with vehicle-treated control
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period, whereas the ADE was blocked in all other treat-
ment groups (t(14) = 3.90, p = 0.0016). After a between 
groups comparison of the relative change in alcohol 
intake (Fig. 5C) prior to and after the alcohol depriva-
tion period, only the triple combinatory treatment signifi-
cantly differed from vehicle (treatment effect F(3,45) = 4.14, 
p = 0.0113, vehicle vs Org 24598 + bupropion + vareni-
cline p = 0.0114), whereas water intake was not altered 
(Fig. 5D). During the 2 days of active treatment that fol-
lowed the alcohol deprivation period, alcohol and water 
intake were stable within groups, except for rats receiving 
Org 24598 alone that further reduced their alcohol intake 
on the second day (t(11) = 4.74, p = 0.0006).

Effects of Org 24598 6 mg/kg, bupropion 
and varenicline, alone or combined, on accumbal 
glycine and dopamine levels

Finally, the lower dose of Org 24598 was evaluated in the 
microdialysis model. Treatment with Org 24598 6 mg/
kg, administered alone or combined with bupropion and 
varenicline, raised accumbal glycine levels in a progres-
sive and sustained manner when evaluating effects over 
time (treatment effect F(3,23) = 124.6, p < 0.0001, time effect 
F(6,138) = 41.0, p < 0.0001, interaction term F(18,138) = 12.8, 
Org 24598 6 mg/kg vs vehicle, p < 0.0001, Org 24598 6mg/
kg + bupropion + varenicline vs vehicle p < 0.0001, Fig. 6A) 
and upon comparison of AUCs (F(3,23) = 127.2, p < 0.0001, 
Org 24598 6mg/kg vs vehicle, p < 0.0001, Org 24598 6mg/
kg + bupropion + varenicline vs vehicle p < 0.0001, Fig. 6B). 
Accumbal DA levels were not significantly altered following 
treatment with Org 24598 6 mg/kg (Fig. 6C). Rats receiving 
the triple combination treatment with Org 24598 6 mg/kg, 
bupropion and varenicline presented a DA peak of approx. 
60% that in contrast to combined treatment with bupropion 
and varenicline alone appeared to be sustained at a slightly 
higher level throughout the length of the experiment (140 
min) (treatment effect F(3,29) = 44.33, p < 0.0001, time effect 
F(6, 174) = 1.15, p = 0.336, interaction term F(18,174) = 7.36, 
p = 0.242, vehicle vs bupropion + varenicline p < 0.0001, 
vehicle vs Org 24598 + bupropion + varenicline p < 0.0001 
(Fig. 6C). A two-way ANOVA did not reveal any significant 
differences between the two groups (Org 24598 + bupro-
pion + varenicline vs bupropion + varenicline, p = 0.072, 
Fig. 6C) but upon comparisons of AUCs, a significantly 
higher DA output was evident for rats receiving the triple 
combination treatment as compared to bupropion + vareni-
cline (treatment effect F(3,29) = 36.17, p < 0.0001, vehi-
cle vs bupropion + varenicline p < 0.0001, vehicle vs 
Org 24598 + bupropion + varenicline p < 0.0001, Org 
24598 + bupropion + varenicline vs bupropion + varenicline, 
p = 0.0404, Fig. 6D).

Discussion

Compromised dopaminergic neurotransmission, either 
resultant from innate variability in DA tone or acquired 
through chronic alcohol intake, has been associated with 
craving for, and consumption of alcohol in both rats and 
humans (Weiss et al. 1996; Heinz et al. 2004; Feltmann 
et al. 2016; Ericson et al. 2020). Accordingly, interven-
tions that raise basal accumbal DA levels, thereby allevi-
ating negative reinforcement to seek alcohol, might also 
reduce alcohol intake in rodents and in man (Koob and 
Volkow 2016; Soderpalm et al. 2017; Chau et al. 2018; 
Kranzler and Soyka 2018; Söderpalm et al. 2020). Com-
bined use of pharmacotherapies that target the mesolimbic 
DA system in slightly different, yet complementary ways, 
may constitute a new pharmacological approach to combat 
AUD. Thereby, additive effects in counteracting a hypoth-
esized mesolimbic hypodopaminergia may be achieved, 
that conceivably suppress alcohol intake while simulta-
neously enabling a reduction in drug dose and associ-
ated side effects. Indeed, a recent study in rats presented 
additive effects on accumbal DA levels and a synergistic 
ADE-abolishing action following combined administration 
of bupropion and varenicline, drugs that raise accumbal 
DA levels in two complementary ways (Söderpalm et al. 
2020). Notably, a large body of evidence suggests that 
GlyR signaling is involved both in producing a DA eleva-
tion in response to alcohol intake and in maintaining the 
basal DA tone, pivotal for the positively and negatively 
reinforcing effects of alcohol intake, respectively (Molan-
der and Soderpalm 2005a; Molander and Söderpalm 
2005b). To further tailor a pharmacological treatment that 
targets how alcohol interacts with the reward system, this 
study therefore examined the effects of interfering with 
GlyRs in addition to nAChRs and DA- and noradrenaline-
transporter proteins.

This study demonstrates that varenicline and a lower 
dose of bupropion than previously used for reducing alco-
hol intake in rats in combination with varenicline (Söder-
palm et al. 2020), significantly abolishes the ADE when 
combined with Org 24598. Indeed, within-group com-
parisons (before and after the alcohol deprivation period) 
revealed ADE-reducing actions for all treatment groups, 
but when comparing the changes to that of the control 
group, only the triple combination produced a significant 
effect. Hence, the alcohol deprivation abolishing effect of 
bupropion + varenicline appears to be facilitated by Org 
24598, which may be explained by its additive effect on 
accumbal DA levels observed in the present microdialy-
sis study. It should be noted that the present study did 
not include a treatment arm with rats receiving a higher 
dose of bupropion + varenicline, and hence it is merely 
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suggested but not ascertained that equal therapeutic effects 
can be achieved with a lower dose of bupropion combined 
with Org 24598 and varenicline. Further, in line with 
previous studies of other GlyT1-inhibitors, we show that 
also a low dose of Org 24598 raises extracellular levels of 
glycine (Lidö et al. 2009; Alberati et al. 2012; Hofmann 
et al. 2016) and that this dose appears to reduce intermit-
tent alcohol intake. DA levels were not significantly raised 
following monotherapy with Org 24598, which is probably 

related to the low dose applied and/or a high frequency of 
DA non-responders. This phenomenon has been observed 
for several glycinergic treatments and may be related to 
differences in receptor subunit constellations and/or sus-
ceptibility to desensitization, or to baseline DA levels 
(Raltschev et al. 2016; Soderpalm et al. 2017; Olsson et al. 
2020, 2022). Although not examined in the present study, 
GlyR desensitization resultant from GlyT1-treatment may 
also have mitigated the alcohol-induced DA response, as 

A

C D

B

Fig. 6  Effects of Org 24598 6 mg/kg, bupropion and varenicline, 
alone or combined, on accumbal glycine and dopamine (DA) levels. 
A, B Systemic treatment with Org 24598 6  mg/kg alone and com-
bined with bupropion + varenicline raised accumbal glycine levels, 
whereas the combination of bupropion and varenicline did not alter 
accumbal glycine. C, D Accumbal DA levels were raised following 

treatment with bupropion and varenicline with or without the addition 
of Org 24598 6  mg/kg. The triple combinatory treatment presented 
significantly higher DA output as compared to the double combina-
tory treatment, upon comparisons of AUCs. Shown are mean val-
ues ± SEM, n = number of rats, *p < 0.05, ****p < 0.0001
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shown for local treatment with glycine itself and systemic 
treatment with another sarcosine-based GlyT1-inhibitor, 
possibly contributing both to the effect on intermittent 
alcohol intake and to the superior effect in attenuating the 
ADE by the triple combination treatment (Molander et al. 
2005; Lidö et al. 2009).

Upon sufficient GlyR activation in nAc, either by positive 
allosteric modulation by alcohol or enhanced ligand pressure 
following Org 24598, accumbal DA levels are probably raised 
through GlyR-mediated disinhibition of tegmental dopamin-
ergic firing by involving activation of nAChRs different from 
α4β2 nAChRs (Lynch, 2004, Burgos et al. 2015; Soderpalm 
et al. 2017). From recent studies it can be inferred that basal DA 
levels are probably upheld by alcohol-insensitive, heteromeric 
GlyRs located intrasynaptically on accumbal MSNs, whereas 
the alcohol-induced DA response instead involves alcohol-
sensitive, homomeric alpha-1 and/or alpha2-containing GlyRs 
located extrasynaptically (Forstera et al. 2017, Soderpalm et al. 
2017, Muñoz et al. 2018, San Martin et al. 2020). Varenicline 
is instead thought to act on α4β2 nAChRs present on tegmental 
DA neurons and regulating basal (Rollema et al. 2007) but not 
alcohol-induced DA release, i.e. presumably engaging similar 
but not identical downstream signaling pathways as glycine. 
Further, bupropion raises accumbal DA levels by inhibiting DA 
transporters (DAT) on DA terminals. Consequently, the triple 
combination treatment interferes with mesolimbic DA signaling 
in three complementary ways, which may enable the observed 
effects on ADE. Interestingly, basal accumbal DA release has 
previously been reported to be potentiated following reintro-
duction of bupropion after chronic administration and a short 
period of withdrawal, in line with the current study design for 
voluntary alcohol intake (Warner and Shoaib 2005). However, 
the current microdialysis study only entailed acute administra-
tion in a separate, non-alcohol exposed batch of rats which lim-
its causal interpretations between DA response, alcohol intake 
and vice versa. Since chronic exposure to alcohol, withdrawal 
and repeated drug treatment may interfer with how the drugs 
are affecting the DA system, future studies may benefit from 
invoking monitoring of DA levels concomitantly with alcohol 
drinking behavior.

A few other shortcomings in the study should be dis-
cussed. In the alcohol consumption study, rats receiving Org 
24598 presented signs of subacute, mild motor dysfunction 
which motivated a dose reduction starting on the third treat-
ment day. It cannot be ruled out that these initial motor defi-
ciencies contributed to attenuating the ADE for the triple 
combination treatment, but appears less likely since symp-
toms were mild, completely reversible, did not significantly 
alter water consumption and equally affected rats receiving 
monotherapy or combination treatment with Org 24598. 
Notably, no adverse symptoms were observed in the micro-
dialysis studies, which may be explained by differences in 
treatment protocols (i.e. acute vs. repeated treatment) or 

that alcohol was not simultaneously on board. In another 
study in Wistar rats, repeated treatment with doses up to 
16 mg/kg did not result in side effects motivating a dose 
reduction (Lidö et al. 2012). However, several rodent stud-
ies have described motor deficiencies ranging from none 
to intermittent and mild to continuous and severe, that are 
probably related to a high density of GlyRs in the rodent spi-
nal cord and caudal brain as well as mode of inhibition and 
chemotype (e.g. sarcosine- or benzoylpiperazine-based) for 
the chosen GlyT-1 inhibitor (Le Pen et al. 2003; Kopec et al. 
2010; Pinard et al. 2018; Cioffi 2021). Moreover, besides 
being an inhibitory GlyR agonist glycine is a co-agonist at 
NMDA-Rs, possibly increasing the risk for glutamatergic 
excitotoxicity following GlyT1-inhibition (Whitehead et al. 
2004; Betz et al. 2006). When evaluating two sarcosine-
based GlyT1-inhibitors in an animal model of pain, desired 
analgesic effects ascribed potentiated glycinergic signal-
ing were delayed and preceded by paradoxical proalgesic 
effects that were abolished following pre-treatment with 
NMDA-R-inhibitors (Morita et al. 2008). Taken together, 
the propensity for rats to develop adverse effects from GlyT-
1-inhibitors appears to vary between rat strains and batches 
and to rely on pharmacokinetic properties of the glycinergic 
agent. Consequently, future studies may benefit from using 
a non-sarcosine-based and/or reversible GlyT-1-inhibitor, 
successively increasing the dose and/or co-administrating 
an NMDA-R-antagonist. Importantly, in contrast to previ-
ous experiences in rodents, no signs of motor deficiencies 
or other major adverse effects have been identified in clini-
cal trials evaluating different classes of GlyT-1-inhibitors or 
glycine itself (Harvey and Yee 2013; de Bejczy et al. 2014; 
Balu 2016; Hofmann et al. 2016). Accordingly, it is con-
ceivable that also the triple combination treatment would 
be well-tolerated in humans.

To conclude, these results suggest that addition of a low 
dose of Org 24598 to varenicline and bupropion may allow 
for a dose reduction of bupropion while still maintaining 
the desired effect on the ADE, predictive of clinical efficacy 
in man. We argue that these effects presumably are medi-
ated by enhancement of mesolimbic DA signaling through 
complementary mechanisms of action, since an additive DA 
response was observed in the present microdialysis study. 
As a next step, the triple combination treatment may be 
refined by e.g. further reducing the dose of bupropion or 
varenicline since also less pronounced alterations in basal 
DA levels may suffice to counteract hypodopaminergia and 
achieve ensuing attenuation in ADE. Moreover, exploration 
of combinatory treatments that employ reversible GlyT1-
inhibitors, or other compounds tailored to specifically inter-
fere with synaptic GlyR signaling or GlyR subunit constella-
tions preferentially expressed in supratentorial regions, are 
warranted. Ultimately, combined targeting of mesolimbic 
GlyRs, DA reuptake proteins and nAChRs, may constitute 
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a new pharmacological treatment principle for AUD that 
concomitantly interferes with the negative and positive rein-
forcing properties of alcohol.
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