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Ethanol-induced dopamine release in the nucleus accumbens (nAc) is associated with reward and 
reinforcement, and for ethanol to elevate nAc dopamine levels, a simultaneous increase in endogenous 
taurine is required within the same brain region. By employing in vivo microdialysis in male Wistar rats 
combined with pharmacological, chemogenetic and metabolic approaches, our aim with this study 
was to identify mechanisms underlying ethanol-induced taurine release. Our results demonstrate 
that the taurine elevation, elicited by either systemic or local ethanol administration, occurs both 
in presence and absence of action potential firing or NMDA receptor blockade. Inhibition of volume 
regulated anion channels did not alter the ethanol-induced taurine levels, while inhibition of the 
taurine transporter occluded the ethanol-induced taurine increase, putatively due to a ceiling effect. 
Selective manipulation of nAc astrocytes using Gq-coupled designer receptors exclusively activated by 
designer drugs (DREADDs) did not affect ethanol-induced taurine release. However, activation of Gi-
coupled DREADDs, or metabolic inhibition using fluorocitrate, rather enhanced than depressed taurine 
elevation. Finally, ethanol-induced taurine increase was fully blocked in rats pre-treated with the 
L-type Ca2+-channel blocker nicardipine, suggesting that the release is Ca2+ dependent. In conclusion, 
while astrocytes appear to be important regulators of basal taurine levels in the nAc, they do not 
appear to be the main cells underlying ethanol-induced taurine release.

The endogenous amino acid taurine has a number of physiological functions throughout the body1. In the brain, 
taurine can be found in both neurons and glial cells, and the concentration appears to depend on the brain region 
studied2–5. One of the most studied properties of taurine is its involvement in osmoregulation6. When glia cells 
and neurons swell in response to changes in osmotic pressure, or due to other factors, they release inorganic ions 
and organic solutes such as taurine, glycine and glutamate as part of re-equilibration of the osmotic imbalance, 
a cell-intrinsic process known as regulatory volume decrease (RVD)7–11. A major contributor to the osmotically 
driven taurine efflux is the volume regulated anion channels (VRACs), which can be found on most neuronal 
cells in comparable levels1,11–14. It is not until recently that the molecular identity of VRACs has been recognized 
as heterohexameres belonging to the leucine-rich repeat-containing 8 (LRRC8) protein family15,16, and in rat 
astrocytes, the LLRC8A-containing VRACs have been linked to swelling activated release of taurine17. Volume 
regulation following osmotic swelling appears to be controlled by Ca2+ fluxes18,19. However, the dependency of 
Ca2+ is found to be highly variable depending on the cell type studied19 and in astrocytes, RVD is reported both 
as Ca2+ dependent and Ca2+ independent17,18.

The mesolimbic dopamine system is a major site of action for the stimulatory effects of ethanol in the 
brain20,21. Ethanol exposure results in elevated dopamine levels in the nucleus accumbens (nAc), which is the 
brain area suggested to contribute to the rewarding and reinforcing properties of ethanol and other addictive 
drugs20–22. Besides increased dopamine levels in the nAc, an increase in extracellular taurine has also been 
shown in the same brain region after ethanol administration23–26. This increase in taurine levels has further 
been demonstrated to be necessary for ethanol’s ability to elevate dopamine levels25. The release of taurine in 
response to ethanol appears to be a robust phenomenon, which is not altered following taurine depletion or 
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supplementation25,27. Furthermore, as taurine analogs (e.g. acamprosate (Campral®), used for relapse prevention 
in alcohol use disorder) also influence dopaminergic output in the nAc28 and reduce ethanol intake29–31, it is 
of importance to understand the mechanisms by which ethanol induces taurine efflux in the nAc. Since it has 
been shown that ethanol alters the extracellular environment and induces swelling of astrocytes32–34, and that 
taurine is one of the primary osmolytes in astrocytes35,36, it is conceivable that astrocytes may release taurine for 
osmoregulatory purposes as a part of the RVD following ethanol exposure. We thus hypothesize that taurine is 
released from astrocytes following ethanol exposure in order to re-equilibrate the osmotic imbalance induced 
by ethanol and that VRACs could be responsible for the ethanol-induced efflux of taurine, as these channels 
are important in osmotically-dependent release of taurine in cell volume regulation13,37. Although LRRC8 
proteins also are expressed in neurons, we hypothesize that the ethanol-mediated taurine elevation derives from 
astrocytes since these cells are more reactive to changes in the extracellular milieu. Thus, the overall aim of this 
study was to further outline the mechanisms underlying ethanol-induced taurine elevation in the nAc.

Methods and materials
Research outline
In the present study, we more specifically aimed to determine whether;1 the ethanol-induced elevation of 
extracellular taurine in the nAc requires action potential-mediated neurotransmission;2 the ethanol induced 
taurine release is mediated via VRACs as a part of the RVD following ethanol exposure;3 chemogenetic or 
metabolic manipulations of astrocytes can influence the ethanol-induced increase in extracellular levels of 
taurine, and4 the ethanol-induced increase of accumbal taurine derives from other cell types and/or is dependent 
on Ca2+. Studies were based on in vivo microdialysis conducted in drug naïve and freely moving male Wistar 
rats and was complemented with immunofluorescence to verify viral transfection. A detailed description of 
methods and materials are outlined in supplementary information.

Animals
Male Wistar rats (n = 347) were group housed at regular 12-hour light/dark cycle, from arrival until surgery with 
food and water ad libitum. The experiments were approved by the Ethics Committee for Animal Experiments 
in Gothenburg, Sweden (2401/19; 3095/20), followed the Swedish National Committee for Animal Research 
guidelines and is reported in accordance with ARRIVE guidelines.

Viral microinjection of DREADDs targeting astrocytes
Rats (n = 101, 190–210  g) were unilaterally injected with 0.8  µl of the viral vector (pssAAV-2-hGFAP-HA_
hM3D(Gq)-IRES-mCitrine-WPRE-hGHp(A), pssAAV-5/2-hGFAP-hM4D(Gi)_mCherry-WPRE-hGHp(A), 
or pssAAV-2-hGFAP-EGFP-WPRE-hGHp(A)) into the nAc core/shell borderline region (AP: +1.5 mm, ML: 
-1.4 mm relative to bregma and DV: -7.8 mm relative to the scull38) three weeks before any further procedure.

In vivo microdialysis
Two days prior to the in vivo microdialysis experiment, rats (280–360 g) were anesthetized by isoflurane and 
mounted onto a stereotaxic instrument. A dialysis probe was lowered into the nAc (AP: +1.85 mm, ML: -1.4 mm 
relative to bregma and DV: -7.8 mm relative to dura mater38) and fixed to the skull using anchoring screws and 
dental cement. Animals were single-housed during the 48-hour surgical recovery. On the experimental day, 
the microdialysis probe was connected to a microperfusion pump and the probe was perfused with Ringer’s 
solution, for two hours, prior to baseline sampling. Dialysate samples (40 µl) were collected every 20 min. Drug 
administration was initiated when four stable baseline samples (± 10%) were obtained. After the experiment, 
brains were removed, fixed, and stored (4 °C) for 4–7 days until probe placement verification (Fig. S1).

Biochemical assays
High performance liquid chromatography with fluorescence detection was used for separation and detection 
of taurine. External standards were used for identification and quantification of the taurine concentration. The 
chromatogram was analyzed using Thermo Scientific Chromeleon Chromatography Data System software 
(CHROMELEON7).

Immunofluorescence
Brains were post fixed, cryoprotected and snap-frozen on dry ice. Coronal slices (40 μm) were sectioned using 
a cryostat and placed in cryoprotective medium (-20 °C). Brain sections were washed, blocked and incubated 
with primary antibody overnight (4 °C). Sections were washed and incubated with secondary antibody for one 
hour (room temperature; RT). Sections were washed, mounted onto microscope slides, coverslipped and dried 
overnight (RT). Images were obtained with a Zeiss LSM 700 inverted confocal microscope.

Statistics
Data were analyzed using GraphPad Prism, version 10 for Windows. Statistical significance was evaluated using 
two-way analysis of variance (ANOVA) over the relevant time period followed by Tukey’s post hoc analysis, one-
way ANOVA over the relevant time period followed by Tukey’s post hoc analysis or unpaired t-test. The relevant 
time period was based on when the drug used for pre-treatment yielded stable taurine levels, which then was 
decisive for when ethanol was to be administered. All data are presented as mean ± standard error of the mean 
(SEM) and a probability value (p) less than 0.05 was considered statistically significant.

Scientific Reports |        (2024) 14:24166 2| https://doi.org/10.1038/s41598-024-74449-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Results
Ethanol increases nAc taurine levels following different routes of administration
Compared to vehicle-treated control, administration of ethanol (EtOH) significantly increased the extracellular 
levels of taurine after both local perfusion (300 mM, nAc; two-way ANOVAt=0–140 min: group effect F(1, 16) = 21.64, 
p < 0.001, time effect: F(4.14, 66.22) = 8.09, p < 0.001, interaction between the treatment groups over time: 
F(8, 128) = 8.09, p < 0.001; Fig. 1A) and systemic administration (2.5 g/kg, 15 ml/kg, i.p.; two-way ANOVAt=0–140 min: 
group effect: F(1, 17) = 16.50, p < 0.001, time effect: F(3.78, 64.33) = 9.35, p < 0.001, interaction between the groups 
over time: F(8, 136) = 5.33, p < 0.001; Fig. 1B).

Tetrodotoxin administration does not prevent ethanol-induced elevation of taurine levels
To examine whether the ethanol-induced elevation of taurine requires action potential firing, the Na+-channel 
blocker tetrodotoxin (TTX; 1 µM) was perfused in the nAc followed by a systemic injection of ethanol (2.5 g/kg, 
i.p.). Administration of TTX alone elevated taurine levels compared to vehicle treatment (t-test of AUCt=0–120 min: 
t14 = 3.30, p = 0.005; Fig.  2A-B). Furthermore, while ethanol increased extracellular levels of taurine both 
in the presence and absence of TTX, the relative increase was significantly greater following TTX (t-test of 
AUCt=120–240 min: t14 = 3.41, p = 0.004; Fig. 2A, C), suggesting that action potential firing both acts to reduce basal 
taurine levels under normal baseline conditions, as well as suppresses ethanol-induced taurine elevation.

NMDA receptor blockade using memantine does not inhibit ethanol-induced taurine release
NMDA receptor agonists have previously been shown to evoke taurine release39, and inhibition of the NMDA 
receptor using MK801 prevents ethanol-induced taurine efflux in the hippocampus40. Since the NMDA receptor 
antagonist memantine has been demonstrated to attenuate relapse-like drinking behavior in the rat in the 
alcohol deprivation model41, memantine was perfused alone and in combination with ethanol within the nAc. 
Local administration of memantine (Mem; 100 µM) elevated accumbal taurine levels compared to vehicle-
treated animals (t-test of AUCt=0–60 min: t39 = 4.01, p < 0.001; Fig.  3A-C). Ethanol (300 mM) perfusion in the 
nAc increased accumbal taurine levels in naïve- (one-way ANOVA of AUCt=60–180 min: F(3, 37) = 16.19, p < 0.001, 
post hoc analysis: Veh + EtOH vs. Veh + Veh p = 0.005; Fig. 3A, D) and memantine-pretreated rats compared to 
vehicle and memantine treatment alone, respectively (post hoc analysis: Mem + EtOH vs. Mem + Veh p < 0.001, 
Veh + Veh vs. Mem + Veh p = 0.395, Mem + EtOH vs. Veh + EtOH p = 0.066; Fig. 3B, D).

Blockade of the taurine transporter increases nAc taurine levels with no further elevation 
mediated by ethanol
Taurine is actively transported from the extracellular space into cells, both into neurons and astrocytes, via the 
taurine transporter1. To investigate if blockade of the influx of taurine into cells would affect ethanol-mediated 
taurine release, we used the taurine transporter blocker guanidinoethyl sulfonate (GES)6. Accumbal perfusion 
of GES (5 mM) substantially increased the taurine levels compared to vehicle treatment (t-test of AUCt=0–80 min: 
t34 = 17.27, p < 0.001; Fig.  4A-C). Addition of ethanol (300 mM) locally in the nAc to GES-pretreated rats 
produced no further increase in accumbal taurine levels compared to GES treatment alone (one-way ANOVA 
of AUCt=80–180 min: F(3, 32) = 101.1, p < 0.001, post hoc analysis: GES + EtOH vs. GES + Veh p = 0.972; Fig. 4B, D). 
The large taurine output found in the nAc after GES-pretreatment resulted in a significant difference between 

Fig. 1.  Local and systemic administration of ethanol increase taurine levels in the nAc. Time-course graphs 
of extracellular levels of taurine in the nAc after A local administration of ethanol (300 mM, reversed 
microdialysis) or vehicle (Ringer’s solution) and B systemic administration of ethanol (2.5 g/kg, i.p.) or 
vehicle (0.9% NaCl, i.p.). The extracellular taurine levels were significantly elevated following both routes of 
ethanol administration compared to vehicle-treated controls. The cut in the y-axis is present to improve the 
visual effect of the result. All data are presented as mean ± SEM. ***p < 0.001. EtOH = ethanol, nAc = nucleus 
accumbens, Veh = vehicle.
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pretreated and naïve rats perfused with ethanol (post hoc analysis: GES + EtOH vs. Veh + EtOH p < 0.001, 
Veh + Veh vs. GES + Veh p < 0.001; Fig. 4A-B, D), and was most likely the reason for why no significant difference 
was found between the two groups of naïve rats (post hoc analysis: Veh + EtOH vs. Veh + Veh p = 0.772; Fig. 4A, 
D).

Antagonism of VRACs partly attenuate ethanol-induced elevation of nAc taurine
Taurine may also be released through VRACs in a way to induce RVD, thus the VRAC antagonist DCPIB was 
used to evaluate the role of these channels in ethanol-induced elevation of taurine. Accumbal perfusion of 
DCPIB (100 µM) had no significant impact on extracellular levels of taurine compared to vehicle treatment 
(vehicle containing 0.4% DMSO; t-test of AUCt=0–60 min: t38 = 1.09, p = 0.283; Fig. 5A-C). When ethanol (300 
mM) was co-perfused, the accumbal taurine levels of DCPIB-pretreated animals were not significantly altered 
compared to the vehicle-treated controls (one-way ANOVA of AUCt=60–180 min: F(3, 36) = 3.20, p = 0.035; post hoc 

Fig. 3.  Local administration of memantine increases taurine levels. Time-course graphs of extracellular levels 
of A taurine in the nAc after administration of ethanol (300 mM) or vehicle (Ringer’s solution) within the nAc 
using reversed microdialysis. Extracellular levels of B taurine in the nAc following local administration of the 
NMDA receptor antagonist memantine (100 µM) alone or together with ethanol. Area under the curve of C 
taurine levels during local perfusion with vehicle or memantine during 0–60 min demonstrates memantine 
to elevate extracellular taurine levels compared to Ringer-treated controls. Area under the curve of D taurine 
levels during local perfusion with vehicle, ethanol or memantine alone or together with ethanol in the nAc 
during time point 60–180 min shows that ethanol increases extracellular taurine levels compared to Ringer-
treated controls and that memantine combined with ethanol increase extracellular taurine levels compared to 
memantine alone. All data are presented as mean ± SEM. **p < 0.01, ***p < 0.001. AUC = area under the curve, 
EtOH = ethanol, Mem = memantine, nAc = nucleus accumbens, Veh = vehicle.

 

Fig. 2.  Tetrodotoxin does not prevent ethanol from increasing taurine in the nAc. Time-course graphs of 
extracellular levels of A taurine in the nAc after TTX (1 µM, reversed microdialysis) and ethanol (2.5 g/kg i.p.) 
administration. Area under the curve of B taurine levels during local perfusion with vehicle (Ringer’s solution) 
or TTX during 0–120 min demonstrates that TTX increases extracellular taurine levels compared to Ringer-
treated controls. Area under the curve of C taurine levels during local perfusion with vehicle or TTX and the 
addition of ethanol (i.p.) during 120–240 min demonstrates that ethanol further elevates extracellular taurine 
levels in TTX-perfused animals. All data are presented as mean ± SEM. **p < 0.01. AUC = area under the curve, 
EtOH = ethanol, nAc = nucleus accumbens, TTX = tetrodotoxin, Veh = vehicle.
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analysis: DCPIB + EtOH vs. DCPIB + Veh p = 0.576, DCPIB + EtOH vs. Veh + EtOH p = 0.761, Veh + EtOH vs. 
Veh + Veh p = 0.042, Veh + Veh vs. DCPIB + Veh p = 9.997; Fig. 5A-B, D).

Chemogenetic inhibition of astrocytes using Gi-DREADDs potentiates the ethanol-induced 
elevation of taurine
Since ethanol-induced taurine elevation did not require action potential firing and was impaired during 
inhibition of VRACs, we hypothesized that taurine could be released from astrocytes. To specifically investigate 
the involvement of astrocytes in ethanol-evoked taurine release, Gi- and Gq-coupled DREADDs were expressed 
in accumbal astrocytes using the viral vector pssAAV-5/2-hGFAP-hM4D(Gi)_mCherry-WPRE-hGHp(A) 
or pssAAV-2-hGFAP-HA_hM3D(Gq)-IRES-mCitrine-WPRE-hGHp(A). The specificity of expression was 
confirmed by immunofluorescence (Fig.  6A-E). Administration of the DREADD agonist clozapine-N-
oxide dihyrdrochloride (CNO; 3  mg/kg, 2  ml/kg, i.p.) to animals expressing Gi-coupled DREADDs did not 
influence extracellular levels of taurine compared to rats injected with control virus (one-way ANOVA of 
AUC0 − 180  min: F(3, 49) = 13.83, p < 0.001; post hoc analysis: Gi(CNO + Veh) vs. Sham(CNO + Veh) p = 0.942; 
Fig.  6F, H). Furthermore, following activation of Gi-coupled DREADDs, ethanol (300 mM) perfusion 
significantly increased taurine levels compared to vehicle-treated controls (post hoc analysis: Gi(CNO + EtOH) 

Fig. 5.  Local perfusion with DCPIB does not decrease ethanol-induced taurine release. Time-course graphs 
of extracellular levels of taurine in the nAc after administration of A ethanol (300 mM) or vehicle (Ringer’s 
solution + 0.4% DMSO) and B the VRAC inhibitor DCPIB (100 µM) alone or together with ethanol using 
reversed microdialysis within the nAc. C Area under the curve of taurine levels during local perfusion with 
vehicle or DCPIB during 0–60 min demonstrates that DCPIB does not to elevate extracellular taurine levels 
compared to Ringer + DMSO-treated controls. D Area under the curve of taurine levels during local perfusion 
with vehicle, ethanol or DCPIB alone or together with ethanol in the nAc during time point 60–180 min shows 
ethanol to increase extracellular taurine levels compared to Ringer + DMSO-treated controls, but DCPIB-
treatment does not significantly decrease taurine levels after ethanol application compared to ethanol treatment 
alone. All data are presented as mean ± SEM. *p < 0.05. AUC = area under the curve, EtOH = ethanol, 
nAc = nucleus accumbens, Veh = vehicle, VRAC = volume regulated anion channel.

 

Fig. 4.  Taurine transport inhibition elevates accumbal taurine levels with no further effect of ethanol. Time-
course graphs of extracellular levels of taurine in the nAc following administration of A ethanol (300 mM) 
or vehicle (Ringer’s solution) and B the taurine transporter inhibitor GES (5 mM) alone or together with 
ethanol using reversed microdialysis within the nAc. Area under the curve of C taurine levels during local 
perfusion with vehicle or GES during 0–80 min demonstrates GES to elevate extracellular taurine levels 
compared to Ringer-treated controls. Area under the curve of D taurine levels during local perfusion with 
vehicle, ethanol or GES alone or together with ethanol in the nAc during time point 80–180 min shows ethanol 
to increase extracellular taurine levels compared to Ringer-treated controls and GES combined with ethanol 
not to increase extracellular taurine levels compared to GES alone. All data are presented as mean ± SEM. 
***p < 0.001. AUC = area under the curve, EtOH = ethanol, GES = guanidinoethyl sulfonate, nAc = nucleus 
accumbens, Veh = vehicle.

 

Scientific Reports |        (2024) 14:24166 5| https://doi.org/10.1038/s41598-024-74449-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


vs. Gi(CNO + Veh) p < 0.001; Fig. 6F-H). In fact, administration of CNO and ethanol to GiDREADD-expressing 
animals augmented the elevation of taurine compared to sham-treated rats (post hoc analysis: Gi(CNO + EtOH) 
vs. Sham(CNO + EtOH) p = 0.017; Fig. 6G-H). In sham-treated controls, a significant difference was observed 
in the ethanol-induced taurine output (post hoc analysis: Sham(CNO + EtOH) vs. Sham(CNO + Veh) p = 0.043; 
Fig. 6F-H).

Activation of astrocytes by Gq-DREADDs elevates ethanol-induced taurine increase
To selectively activate astrocytes, Gq-coupled DREADDs were expressed in GFAP-expressing astrocytes in the 
nAc. The GqDREADD expression was confirmed by immunofluorescence (Fig. 6I-M). CNO (3 mg/kg, 2 ml/
kg, i.p.) administrated to GqDREADD-expressing rats had no significant effect on extracellular taurine levels 
compared to sham-treated rats (one-way ANOVA of AUC0 − 180 min: F(3, 44) = 7.40, p < 0.001; post hoc analysis: 
Gq(CNO + Veh) vs. Sham(CNO + Veh) p = 0.459; Fig. 6N, P). When ethanol (300 mM) was perfused in the nAc, 
taurine levels were elevated in animals with activated GqDREADDs compared to vehicle-injected Gq controls 
(post hoc analysis: Gq(CNO + EtOH) vs. Gq(CNO + Veh) p = 0.002; Sham(CNO + EtOH) vs. Sham(CNO + Veh) 
p = 0.055; Fig. 6N-P). However, there were no enhancement in extracellular taurine output between GqDREADD-
expressing animals compared to the sham-treated counterpart following CNO and ethanol administration (post 
hoc analysis: Gq(CNO + EtOH) vs. Sham(CNO + EtOH) p = 0.914; Fig. 6O-P).

Metabolic inhibition of astrocytes does not dampen the ethanol-induced output of taurine
While our hypothesis was that ethanol-induced taurine release involved astrocytes, neither Gi- nor Gq-coupled 
DREADDs prevented the elevation, suggesting that other mechanisms are in play. However, astrocytes are highly 
interconnected, and may be hard to target through G-coupled receptors42–44. In an attempt to more completely 
inhibit the astrocytes, the metabolic glial inhibitor dl-fluorocitrate was used. Local perfusion with fluorocitrate 
(FC; 25 µM) increased taurine levels compared to vehicle (t-test of AUCt=0–60 min; t35 = 4.76, p < 0.001; Fig. 7A-
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C). Further analysis investigating local perfusion with ethanol (300 mM) in the nAc found accumbal taurine 
levels to be increased in vehicle treated rats (one-way ANOVA of AUCt=60–180  min; F(3, 33) = 16.59, p < 0.001, 
post hoc analysis: Veh + EtOH vs. Veh + Veh p = 0.006; Fig. 7A, D). Administration of both fluorocitrate and 
ethanol further elevated taurine levels compared to fluorocitrate alone, with a trend towards enhanced taurine 
increase when compared to ethanol alone (post hoc analysis: FC + EtOH vs. FC + Veh p < 0.001, FC + EtOH vs. 
Veh + EtOH p = 0.089, Veh + Veh vs. FC + Veh p = 0.999; Fig. 7A-B, D).

Nicardipine prevents ethanol-induced elevation of taurine in the nAc
Since taurine release is suggested to be Ca2+ dependent17,19, and as ethanol has been reported to affect calcium 
channels45, the tentative Ca2+-dependency of ethanol-induced taurine release was assessed in the last set of 
experiments. Administration of the dihydropyridine L-type Ca2+-channel (LTCC) antagonist nicardipine 

Fig. 6.  Application of CNO to astrocyte-specific Gi-DREADDs potentiates ethanol-induced taurine elevation, 
a phenomenon not found using Gq-DREADDs.  A-E Immunofluorescence images of pssAAV-5/2-hGFAP-
hM4D(Gi)_mCherry-WPRE-hGHp(A) expression in the nAc. A Immunofluorescence staining showing 
neurons visualized by NeuN in blue, astrocytes expressing GFAP in green, and the DREADD conjugated with 
mCherry in red (20x, scale bar 50 μm). B-E  From left to right: NeuN, GFAP, mCherry, and a merge of all three 
in higher magnification showing mCherry to be associated with cells expressing GFAP and co-localization 
of GFAP and mCherry (z-stack 63x, scale bar 10 μm). F Time-course graphs and H area under the curve 
of extracellular taurine levels in the nAc after administration of CNO (3 mg/kg, i.p.) and vehicle (Ringer’s 
solution, reversed microdialysis) to rats expressing astrocyte-specific Gi-DREADDs or sham within the nAc. G 
Time-course graphs and H area under the curve of extracellular taurine levels in the nAc after administration 
of CNO and ethanol (300 mM, reversed microdialysis) to rats expressing astrocyte-specific Gi-DREADDs or 
sham within the nAc. During time point 0–180 min, taurine levels in Gi-DREADD expressing rats treated with 
ethanol were found to be elevated compared to vehicle-treated Gi-DREADD rats and ethanol-treated sham 
rats. I-M Immunofluorescence images of pssAAV-2-hGFAP-HA_hM3D(Gq)-IRES-mCitrine-WPRE-hGHp(A) 
expression in the nAc. I Immunofluorescence staining showing neurons visualized by NeuN in blue, astrocytes 
expressing GFAP in green, and the DREADD conjugated with mCitrine visualized with the anti-HA tag in red 
(63x, scale bar 50 μm). J-M  From left to right: NeuN, GFAP, mCitrine visualized with the anti-HA tag, and a 
merge of all three showing the anti-HA tag to be associated with cells expressing GFAP and co-localization 
of GFAP and the anti-HA tag (63x, scale bar 10 μm). N Time-course graphs and P area under the curve 
of extracellular taurine levels in the nAc after administration of CNO (3 mg/kg, i.p.) and vehicle (Ringer’s 
solution, reversed microdialysis) to rats expressing astrocyte-specific Gq-DREADDs or sham within the nAc. O 
Time-course graphs and P area under the curve of extracellular taurine levels in the nAc after administration 
of CNO and ethanol (300 mM, reversed microdialysis) to rats expressing astrocyte-specific Gq-DREADDs 
or sham within the nAc. During time point 0–180 min taurine levels in Gq-DREADD expressing rats treated 
with ethanol were found to be elevated compared to vehicle-treated Gi-DREADD rats. All data are presented 
as mean ± SEM. *p<0.05, **p < 0.01, ***p<0.001. anti-HA = anti-hemagglutinin, AUC = area under the curve, 
CNO = clozapine-N-oxide, EtOH = ethanol, GFAP = glial fibrillary acidic protein, nAc = nucleus accumbens, 
Veh = vehicle.

◂

Fig. 7.  Astrocyte inhibition by fluorocitrate elevates taurine levels after ethanol. Time-course graphs of 
extracellular levels of A taurine in the nAc after ethanol (300 mM) or vehicle (Ringer’s solution) administration 
within the nAc using reversed microdialysis. Extracellular levels of B taurine in the nAc after local 
administration of fluorocitrate (25 µM) alone or together with ethanol. Area under the curve of C taurine 
levels during local perfusion with vehicle or fluorocitrate in the nAc during time point 0–60 min demonstrates 
fluorocitrate to increase extracellular taurine levels compared to Ringer-treated controls. Area under the curve 
of D taurine levels during local perfusion with vehicle, ethanol or fluorocitrate alone or together with ethanol 
in the nAc during time point 60–180 min shows ethanol to increase extracellular taurine levels compared 
to Ringer-treated controls and fluorocitrate combined with ethanol to increase extracellular taurine levels 
compared to fluorocitrate alone. All data are presented as mean ± SEM. **p < 0.01, ***p < 0.001. AUC = area 
under the curve, EtOH = ethanol, FC = fluorocitrate, nAc = nucleus accumbens, Veh = vehicle.
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(NCD; 100 µM) locally into the nAc did not affect extracellular taurine levels compared to vehicle treatment 
(t-test of AUCt=0–60 min: t36 = 1.00, p = 0.324; Fig. 8A-C). While ethanol (300 mM) in the nAc increased accumbal 
taurine levels in vehicle-treated controls (one-way ANOVA of AUCt=60–180 min: F(3, 34) = 7.39, p < 0.001, post hoc 
analysis: Veh + EtOH vs. Veh + Veh p = 0.003; Fig. 8A, D), local ethanol administration to nicardipine-pretreated 
rats did not increase taurine levels compared to nicardipine treatment alone (post hoc analysis: NCD + EtOH 
vs. NCD + Veh p = 0.519; Fig. 8B, D). In addition, ethanol-induced taurine increase was significantly blunted 
in nicardipine-pretreated rats compared to vehicle (post hoc analysis: NCD + EtOH vs. Veh + EtOH p = 0.040, 
Veh + Veh vs. NCD + Veh p = 0.976; Fig. 8A-B, D).

Discussion
The present study aimed to disentangle the mechanisms by which ethanol increases extracellular levels of taurine 
in the nAc, which is a pivotal step in order for ethanol to elevate dopamine levels in the same region25. By using 
in vivo microdialysis and a battery of pharmacological, chemogenetic and metabolic approaches, we aimed 
to establish if the ethanol-induced taurine elevation derives from accumbal astrocytes. The data presented 
demonstrates that the baseline levels of taurine are tonically inhibited by action potential firing and NMDA 
receptor activation, and that the taurine transporter plays a major role in regulating baseline extracellular 
taurine levels. Importantly, while inhibition of the taurine transporter or VRAC appeared to attenuate ethanol-
induced taurine elevation, chemogenetic or metabolic inhibition of accumbal astrocytes rather enhanced than 
suppressed the extracellular rise in taurine levels following ethanol exposure. Conversely, blockade of LTCCs 
prevented the taurine-elevating property of ethanol, suggesting that the mechanisms involved in regulating 
ethanol-induced taurine output are Ca2+ dependent. While LTCCs may be located on both glial cells and nerve 
cells, our data indicate that while astrocytes are especially important for regulating baseline levels of taurine, the 
increased taurine levels following ethanol exposure may be originating from neurons in an action-potential-
independent manner. This idea is supported by previous research, demonstrating that ablation of accumbal 
cholinergic interneurons inhibits ethanol-induced taurine release, without distorting basal levels of taurine46. A 
summary of all results from the different experiments are provided in Table 1.

Amino acids measured by in vivo microdialysis could potentially derive from both action potential-mediated 
exocytosis and non-exocytotic release47. Inhibition of action potential-mediated neurotransmission using TTX 
and reversed in vivo microdialysis transiently increased nAc taurine, and systemic administration of ethanol 
further elevated taurine levels under these circumstances. This partially unexpected finding might be connected 
to a reduced ability of cells to take up taurine from the extracellular space in the presence of TTX. In fact, TTX 
has been demonstrated to affect Na+/K+-ATPase48, which in turn might reduce the driving force of the Na+-
dependent taurine transporter1. The increase in extracellular taurine levels following ethanol could similarly be 
connected to reduced clearance of taurine rather than increased release. Interestingly, other studies investigating 
the extracellular taurine elevation following TTX treatment demonstrate increased basal levels in the striatum49, 
a substantial reduction in the hypothalamus50, and TTX-independency in the ventral tegmental area (VTA)51. 
Possibly, TTX-sensitivity reflects from what source taurine is derived49. Since TTX inhibits voltage-gated Na+-
channels, thereby preventing action potential-mediated exocytosis, our findings suggest that accumbal taurine 
most likely originates from a metabolic pool, a non-neuronal source or from neurons via a process that does not 
require action potential firing. This is also in agreement with previous studies in the striatum, demonstrating 

Fig. 8.  Local administration of nicardipine prevents ethanol-induced taurine output in the nAc. Time-course 
graphs of extracellular levels of A taurine in the nAc after administration of ethanol (300 mM) or vehicle 
(Ringer’s solution) within the nAc using reversed microdialysis. Extracellular levels of B taurine in the nAc 
following local perfusion with the L-type Ca2+ channel blocker nicardipine (100 µM) alone or together with 
ethanol. Area under the curve of C taurine levels during local perfusion with vehicle or nicardipine during 
0–60 min demonstrates no significant difference in extracellular taurine levels between the treatment groups. 
Area under the curve of D taurine levels during local perfusion with vehicle, ethanol or nicardipine alone or 
together with ethanol in the nAc during time point 60–180 min shows ethanol to increase extracellular taurine 
levels compared to Ringer-treated controls and nicardipine combined with ethanol with no further elevation 
of extracellular taurine levels compared to nicardipine alone. All data are presented as mean ± SEM. *p < 0.05, 
**p < 0.01. AUC = area under the curve, EtOH = ethanol, NCD = nicardipine, nAc = nucleus accumbens, 
Veh = vehicle.
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increased release of taurine during chelation of Ca2+, which is another prerequisite for action potential-mediated 
neurotransmitter release52. Here, administration of TTX did not inhibit ethanol-induced elevation of taurine 
levels in the nAc, as the relative taurine elevation following ethanol administration in the presence of TTX was 
significantly larger, confirming that this elevation does not require action potential firing33,53.

NMDA receptor agonists have previously been demonstrated to increase taurine levels in numerous brain 
regions39, and inhibition of the NMDA receptor using MK801 also prevents ethanol-induced taurine efflux in the 
hippocampus40. Considering the role of NMDA receptors in acute and chronic effects by ethanol exposure54,55, 
and alcohol relapse56,57, the NMDA receptor could possibly be a key target underlying ethanol-induced taurine 
release. In this study, reversed in vivo microdialysis with the NMDA receptor antagonist memantine in the nAc 
slightly increased extracellular levels of taurine, but did not affect the ethanol-induced taurine elevation. Thus, 
NMDA receptors do not appear to be a part of the mechanisms underlying ethanol-induced taurine elevation.

In this study, we also examined the role of the taurine transporter in ethanol-induced taurine increase by using 
the inhibitor GES. Inhibition by GES produced a substantial increase in accumbal taurine levels, and no further 
elevation of taurine was observed following ethanol administration in rats pre-treated with GES as compared 
to the corresponding control rats. While this finding suggests that ethanol affects the taurine transporter, this 
outcome might also be attributed to a ceiling effect. In fact, taurine does not appear to be released via the taurine 
transporter based on the results from Brés et al. 2000, showing that hypoosmotically-induced release of taurine 
is not antagonized by GES37. In addition, while the process by which taurine is taken up from the extracellular 
space by the taurine transporter is dependent on Na+1, efflux of taurine occurs independent of external Na+, 
suggesting that taurine is released via passive diffusion and not through the taurine transporter11. Brés et al. 
suggested that for basal release of taurine, there could be both an osmolarity-dependent and an osmolarity-
independent component37. Whether this also holds true for ethanol-induced taurine release is difficult to assess. 
We, and others58, previously demonstrated that ethanol (2.5 g/kg, i.p.) diluted in a hypertonic saline solution 
(3.6% NaCl) prevents the ethanol-induced taurine increase in the nAc25, implicating an osmolarity-dependent 
mechanism. However, since ethanol alters the extracellular environment and induces swelling of astrocytes34, it 
is difficult to evaluate an osmolarity-independent component.

Neuronal and astrocytic cell volume is maintained via VRACs that release chloride ions and osmolytes such 
as taurine to regulate osmotic pressure12–14. Since isotonic ethanol previously has been shown to induce swelling 
of astrocytes and that ethanol administered in a hypertonic saline solution is unable to increase taurine25,32–34, 
we hypothesized that taurine may be released via VRACs for osmoregulation following ethanol-induced 
hypoosmolarity. While ethanol was unable to significantly increase taurine levels in animals pre-treated with 
the VRAC inhibitor DCPIB, the levels of taurine were not significantly reduced compared to vehicle-treated 
control rats exposed to ethanol. Consequently, the antagonism of VRACs in the nAc turned out as a trend and 
no complete blockade of the ethanol-mediated taurine elevation was observed. Although DCPIB is recognized 
as the best-in-class inhibitor of VRACs, and studies successfully show pharmacological blockade of VRACs 
located on astrocytes using DCPIB in the supraoptic nucleus (SON)59, the blocker has been reported with off-
target actions toward a number of different channels and transporters and is not as specific as once assumed60,61. 
Regional differences in LRRC8-subunit composition of VRACs could be an additional or another reason why it 
is not possible to confirm that taurine is released from astrocytes (or neuronal VRACs) upon ethanol exposure 
in the nAc.

Effects on taurine output

Treatment Treatment vs. vehicle Treatment  + EtOH vs. Treatment Treatment  + EtOH vs. Vehicle  + EtOH

TTX
Action potential inhibition ↑ N/A ↑

Memantine
NMDAR inhibition ↑ ↑ n.s.

GES
Taurine transporter inhibition ↑ n.s. ↑

DCPIB
VRAC inhibition n.s. n.s. n.s.

Gi-DREADDs (inhibitory)
Activation of inhibitory receptors on astrocytes N/A ↑ ↑

Gq-DREADDs (excitatory)
Activation of excitatory receptors on astrocytes N/A ↑ n.s.

FC
Astrocyte TCA-cycle inhibition ↑ ↑ n.s.

NCD
LTCC inhibition n.s. n.s. ↓

Table 1.  Summary of how different treatments influence taurine levels and ethanol-induced taurine 
levels.  Comparison is made between treatment and vehicle (column 1), treatment + EtOH and treatment 
(column 2) and treatment + EtOH and vehicle + EtOH (column 3). EtOH = ethanol, FC = fluorocitrate, 
GES = guanidinoethyl sulfonate, DREADDs = designer receptors exclusively activated by designer drugs, 
LTCC = L-type Ca2+ channel, VRAC = volume regulated anion channels, TTX = tetrodotoxin, n.s.=non-
significant.
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In the next set of experiments, accumbal astrocytes were targeted using a chemogenetic approach using 
Gi- and Gq-coupled DREADDs. Taurine may be considered a gliotransmitter62 and chemogenetic activation of 
astrocytes has been shown to increase Ca2+ in hippocampal slices and striatal cultures63,64, which in turn could 
affect gliotransmission42,65. While CNO activation did not affect taurine levels per se, ethanol administration 
induced accumbal taurine elevation in rats with either type of DREADDs following CNO activation of the 
receptors. Interestingly, activation of Gi-coupled DREADD, which does not signify astrocytes being inhibited in 
the same way as Gi-coupled DREADDs inhibit neurons43,66, in animals receiving ethanol produced an increase in 
taurine levels compared to the sham-injected control, whereas this difference was not found in animals expressing 
Gq-coupled receptors. This finding was further partially supported by experiments where the astrocytic function 
was impaired using fluorocitrate, which demonstrated a trend towards increased taurine release in response 
to ethanol challenge. Fluorocitrate disrupts the astrocytic metabolism by uncoupling the tricarboxylic acid 
(TCA) cycle67, leading to elevated extracellular glutamate levels and decreased glutamine levels, and has been 
widely used in order to impair astrocytic activity67,68. Inhibition of the astrocytic TCA cycle resulted in an initial 
elevation of taurine, which might reflect impaired clearance of taurine from the extracellular space. This theory 
would also explain the trend towards elevated taurine levels in response to ethanol. Importantly, the sustained 
ethanol-induced increase in taurine suggests that astrocytes may not be the main cell type underlying ethanol-
evoked elevations of taurine, but instead could be of relevance for controlling baseline levels of extracellular 
taurine in the nAc.

In the brain, the LTCCs are widely expressed, primarily the CaV1.2 and CaV1.3 subunits69. Both uptake 
and efflux of taurine has been suggested to be Ca2+ dependent, and dihydropyridines have been shown to 
be potent blockers of taurine release elicited by high levels of K+ or hypoosmotic solution70–73. Interestingly, 
dihydropyridines, which inhibit LTCCs, have previously been shown to reduce both the preference for 
ethanol74,75, and to inhibit the stimulatory effects by ethanol on the dopaminergic system in the rat75. Thus, 
we here investigated the influence displayed by nicardipine on ethanol-induced taurine release in the nAc. 
While nicardipine did not influence basal levels of extracellular taurine, it significantly inhibited ethanol-
induced taurine elevation as compared to vehicle-treated controls. In fact, no difference was observed between 
nicardipine-pretreated rats receiving ethanol and the corresponding vehicle-control. Thus, while LTCCs do not 
appear to regulate basal taurine levels, they may be required for evoked release. Considering that LTCCs are 
distributed in all excitable and in many non-excitable cells, including vascular smooth muscle cells76,77, it remains 
to be determined where the channels required for ethanol-induced taurine elevations are located. To this end, we 
know that CaV1.2 and CaV1.3 are found on mesolimbic dopamine neurons projecting from the VTA to the nAc78 
and that they are important for mediating dopamine signalling in the nAc78,79. However, the mechanistic role of 
these channels in relation to ethanol-induced taurine increase is unclear. Importantly, ethanol increases blood 
pressure80,81, and experimentally increased blood pressure has been found to increase the release of taurine in 
hypothalamus50,82. While we speculate that neuronal cells are important for the release of taurine, it is thus also 
possible that dihydropyridines act by blocking the ethanol-mediated increase in blood pressure. Future studies 
are required to elucidate how ethanol may influence the LTCCs leading to the increase of extracellular taurine 
levels and if it is LTCCs located primarily on neurons or other neuronal cells that are involved.

The data presented here show the accumbal taurine levels following ethanol exposure to be increased in a 
similar degree during local and systemic administration of ethanol. Importantly, systemic administration of 
ethanol has repeatedly been shown to reduce plasma levels of taurine, while simultaneously increasing taurine 
levels in the cerebrospinal fluid and interstitial fluid27,83. Thus, we hypothesize that accumbal taurine release is 
associated with local microcircuits in the nAc and does not derive from the peripheral blood stream. Ethanol-
induced taurine release was partially suppressed during inhibition of VRACs showing a non-significant visual 
trend, indicating a role of astrocytes in ethanol-induced taurine release. However, ethanol-induced taurine 
increase was enhanced following chemogenetic or metabolic inhibition of astrocytes, suggesting astrocytes not 
being the main contributor, and also play a more prominent part in amino acid clearance. A minor role for 
astrocytes in ethanol-induced taurine elevation is also supported by the finding that LTCCs appear to regulate 
the release. In fact, the LTCC blocker verapamil has been shown to be ineffective on swelling-induced excitatory 
amino acid release from astrocytes or VRAC channels84, suggesting that taurine may be released by neurons 
in a manner that does not require action potential firing. While N, P and Q calcium channels are especially 
important for spontaneous transmitter release, the L-type channels also play a role. Interestingly, spontaneous 
glutamatergic neurotransmission appears less sensitive to calcium channel inhibition85, indicating that inhibitory 
neurons or cholinergic neurons may be more affected by LTCC inhibition. Indeed, the LTCC blocker nifedipine 
has been shown to robustly impair transmitter release from cholinergic interneurons86. Furthermore, accumbal 
ablation of cholinergic interneurons has previously been demonstrated to significantly reduce ethanol-induced 
taurine release, while not affecting baseline taurine levels46.

Notably, the study has some limitations that should be discussed. The main method used, in vivo 
microdialysis, is measuring a bulk-overflow of extracellular levels of taurine originating from several sources. 
Thus, it is not possible to identify whether the taurine is a result of neuronal release or originating from blood 
vessels etcetera. Another drawback is that the temporal resolution is limited and fast changes in taurine levels 
are not quantifiable. Consequently, future studies should use another biochemical analysis method that has a 
better temporal resolution. Further, when using DCPIB in order to pharmacologically target the VRACs, the 
vehicle itself visually elevates the taurine levels to a minor extent probably caused by the 0.4% DMSO used to 
dissolve DCPIB. This could potentially conceal some effects. Considering the viral transfection, in order to allow 
for DREADD expression, it is performed before inserting the dialysis probe. This means that there is a risk for 
the probe not to be inserted exactly where the DREADDs are expressed, hence some effects can be missed or 
lost. Further, the viral vectors used for Gi- and Gq-DREADDs contain two different types of fluorescent proteins, 
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mCherry and mCitrine. Thus, when performing immunofluorescence, the expression of the DREADDs looks 
dissimilar and does not yield the same visual result.

In conclusion, the data presented here suggests that separate mechanisms are involved in regulating baseline 
levels of taurine and the ethanol-mediated taurine release. During situations where taurine clearance was 
impaired, such as during inhibition of astrocyte function or action potential firing, ethanol further enhanced 
extracellular levels, which would be expected. While astrocytes appear to play a role in regulating baseline taurine 
levels, we suggest that ethanol-induced taurine release primarily is associated with spontaneous release from 
neurons, including cholinergic interneurons. Future studies are needed to further establish the mechanisms 
underlying taurine release after ethanol exposure and thereby also to define its relationship to ethanol-induced 
dopamine release.

Data availability
The data generated during the current study are available from the corresponding author upon reasonable re-
quest.
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