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Astrocytes provide structural and metabolic support of neuronal tissue, but may also be involved in shaping synaptic output. To
further define the role of striatal astrocytes in modulating neurotransmission we performed in vivo microdialysis and ex vivo slice
electrophysiology combined with metabolic, chemogenetic, and pharmacological approaches. Microdialysis recordings revealed
that intrastriatal perfusion of the metabolic uncoupler fluorocitrate (FC) produced a robust increase in extracellular glutamate levels,
with a parallel and progressive decline in glutamine. In addition, FC significantly increased the microdialysate concentrations of
dopamine and taurine, but did not modulate the extracellular levels of glycine or serine. Despite the increase in glutamate levels,
ex vivo electrophysiology demonstrated a reduced excitability of striatal neurons in response to FC. The decrease in evoked
potentials was accompanied by an increased paired pulse ratio, and a reduced frequency of spontaneous excitatory postsynaptic
currents, suggesting that FC depresses striatal output by reducing the probability of transmitter release. The effect by FC was
mimicked by chemogenetic inhibition of astrocytes using Gi-coupled designer receptors exclusively activated by designer drugs
(DREADDs) targeting GFAP, and by the glial glutamate transporter inhibitor TFB-TBOA. Both FC- and TFB-TBOA-mediated synaptic
depression were inhibited in brain slices pre-treated with the dopamine D2 receptor antagonist sulpiride, but insensitive to agents
acting on presynaptic glutamatergic autoreceptors, NMDA receptors, gap junction coupling, cannabinoid 1 receptors, µ-opioid
receptors, P2 receptors or GABAA receptors. In conclusion, our data collectively support a role for astrocytes in modulating striatal
neurotransmission and suggest that reduced transmission after astrocytic inhibition involves dopamine.
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INTRODUCTION
The quiescent astrocyte has long been acknowledged for its
structural and metabolic support of neurotransmission. However,
research performed during the last few decades suggests that
astrocytes also are involved in signal processing, and may
integrate neurotransmission in a complex manner [1, 2]. In fact,
astrocytes appear to constitute an integral element of the
neuronal synapse, and one single astrocyte can interact with
hundreds of neuronal dendrites, thereby functioning as an active
processing bridge for synaptic interaction and crosstalk [2–5].
Astrocytes can also modulate neuronal signaling in a long-lasting
manner by promoting and inhibiting the removal of specific
synaptic connections, and by regulating synaptic plasticity
mechanisms [6–9]. Importantly, even though receptors for more
or less all neurotransmitters are expressed by astrocytes, they have
been shown to specifically respond to activation of discrete axon
pathways, and may also be able to discriminate between specific
neuronal circuits [10, 11]. The tight structural and functional
interaction between astrocytes and neurons may thus be vital for
normal brain functioning [12, 13].

Astrocytes present a large range of modulatory activities that
potentiate or depress the release of several neurotransmitters.
Especially astrocytes have been recognized as important regulators
of glutamatergic neurotransmission. Glial glutamate-transporters
GLAST/EAAT1 and GLT-1/EAAT2 clear glutamate from the extra-
synaptic space, and the transport is driven by the ion gradients of
K+ and Na+ [14, 15]. Following astrocytic uptake, glutamate is
degraded into the non-excitatory amino acid glutamine, which is
released back to the extracellular space where it is taken up by
neurons [7, 16, 17]. Changes in astrocytic glutamate clearance, and/
or astrocytic glutamate transporters, have been considered to be
core features in several neurological disorders [12, 13, 18–20], and
mice with a genetic deletion of GLAST exhibit phenotypic
abnormalities, including cognitive and executive dysfunction
[21, 22]. Astrocytes can further modulate excitatory neurotransmis-
sion and NMDA receptor activation by regulating the abundance of
the co-agonist glycine via glycine transporter 1 and 2 [14, 23].
Lastly, astrocytes may release gliotransmitters such as glutamate,
ATP/adenosine, D-serine, taurine, and homocysteic acid, which
further modulate excitatory neurotransmission [24–27].
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The striatum is the major input nucleus to the basal ganglia.
Striatal pathology has primarily been associated with movement
disorders, but psychiatric morbidity has also been linked to
abnormalities in the basal ganglia and their allied nuclei [28–30].
The dorsolateral part of the striatum (DLS) is recruited during
action learning, consolidation of motor skills, and habitual
performances [31–33], and has also been linked to drug-seeking
behavior and drug addiction [34–36]. We have previously shown
that striatal astrocytes are extensively interconnected and form a
syncytium that allows wide-spread communication [37, 38]. Later
research has also implicated striatal astrocytes in synaptic
communication and plasticity [9, 39], supporting a key role for
astrocytes in modulating striatal neurotransmission.
The aim of this study was to further investigate by which

mechanisms astrocytes control the extracellular environment and
shape synaptic activity. Since neurons and astrocytes express an
overlapping array of receptors and ion channels, single pharma-
cological manipulation is not sufficient to disentangle the role of
astrocytes in modulating synaptic activity. One compound that
has been used to inhibit astrocytes is the metabolic uncoupler
fluorocitrate (FC). Fluorocitrate gradually and reversible decreases
metabolic activity by blocking aconitase, an enzyme utilized in the
tricarboxylic acid (TCA) cycle [40]. The specificity for astrocytes
over neurons has been shown by monitoring a decline in
glutamine formation from [14C]acetate, a substrate that enters
the glial cells selectively, while not showing effects on the
metabolism of [14C]glucose, which enters neurons [41–43].
Fluorocitrate decreases ATP levels [44], and impairs astrocyte
function, including calcium signaling and potassium uptake
[45, 46]. Mice with metabolically inhibited astrocytes furthermore
show deficits in motor-skill learning, a behavior that involves
recruitment of the DLS [33, 46, 47]. In the present study, using a
battery of metabolic, chemogenetic and pharmacological
approaches, we suppressed astrocytic activity, and monitored
changes in neurotransmission using in vivo microdialysis and
ex vivo electrophysiology in the dorsolateral striatum of male
Wistar rats.

MATERIALS AND METHODS
Experimental outline
The overall aim of this study was to assess the role of astrocytes in
modulating striatal neurotransmission. One approach to inhibit astrocytes
was through metabolic inhibition using the compound fluorocitrate (FC).
Effects on neurotransmission by FC were monitored by in vivo micro-
dilalysis (n= 12 rats), and ex vivo electrophysiology (n= 66 rats). Astrocyte
function was also inhibited using Gi-coupled designer receptors exclusively
activated by designer drugs (DREADDs) targeting GFAP in DLS (ex vivo
electrophysiology, n= 18 rats; immunohistochemistry, n= 4 rats), and by
the glial glutamate transporter inhibitor TFB-TBOA (ex vivo electrophysiol-
ogy, n= 7 rats).

Animals
Male Wistar rats (Envigo, The Netherlands) were group housed with a 12 h
dark/light cycle and ad libitum access to water and food. Rats were allowed
to adapt to the novel environmental conditions (room temperature of
20 °C, relative humidity 65%, and a regular light–dark cycle with lights on
at 07:00 AM and off at 07:00 PM) for at least one week prior to any
procedure. The experiments were approved by the Ethics Committee for
Animal Experiments, Gothenburg, Sweden.

Drugs
The metabolic uncoupler DL-Fluorocitric acid barium salt (FC) was
dissolved in either Ringer’s solution (microdialysis) containing (in mM):
140 NaCl, 1.2 CaCl2, 3.0 KCl and 1.0 MgCl2, or artificial cerebrospinal fluid
(aCSF) (electrophysiology), containing (in mM): 124 NaCl, 4.5 KCl, 2 CaCl2, 1
MgCl2, 26 NaHCO3, 1.2 NaH2PO4, and 10 D-glucose, to a final concentration
of 50 µM (microdialysis) or 5 µM (electrophysiology). These concentrations
were based on previous in vivo and in vitro studies showing impaired

lactate and glucose oxidation, and estimating an equilibration of 15% of FC
across the dialysis membrane [48–50]. The DREADDs agonist Clozapine
N-oxide dihydrochloride (CNO) was dissolved in dimethyl-sulfoxide
(DMSO) to 20mM, and further diluted to 10 or 2 µM in aCSF. For
pharmacological regulation of glutamatergic neurotransmission, the
NMDA receptor antagonist DL-2-Amino-5-phosphonopentanoic acid
(APV), was dissolved in H2O (MilliQ) to 25mM and used at 50 µM, the
AMPA receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)
disodium salt hydrate was dissolved in H2O to 20mM and further diluted
to 10 µM, the mGluR2/3 antagonist LY 341495 disodium salt was dissolved
in H2O to 1mM and used at 200 nM, while the glutamate-transporter
inhibitor TFB-TBOA was dissolved in DMSO to 10mM and further diluted in
aCSF to 200 nM. Glutamine (1 mM) was dissolved in aCSF shortly before
use. The GABAA antagonist (-)-bicuculline methiodide was dissolved in H2O
to 20mM and used at 20 µM, while the cannabinoid 1 receptor antagonist
AM251 was dissolved in DMSO to 20mM and diluted in aCSF to 2 µM. The
gap junction inhibitor carbenoxolone disodium was dissolved in H2O (100
mM) and diluted in aCSF to a final concentration of 100 µM, while the P2
receptor antagonist pyridoxal phosphate-6-azo(benzene-2,4-disulfonic
acid) tetrasodium salt hydrate (PPADs) was dissolved in H2O to 10mM
and used at 30 µM. The µ-receptor antagonist CTAP was dissolved in H2O
to 0.5 mM and used at 50 nM. Dopamine D1 receptors were blocked using
R(+)–SCH-23390 hydrochloride, dissolved in H2O 20mM and used at 0.5
µM, while dopamine D2 receptors were blocked with (±)-sulpiride,
dissolved in EtOH to 20mM and further diluted to 5 µM in aCSF. Drugs
were purchased from Sigma Aldrich (Stockholm, Sweden), or Tocris
(Bristol, UK).

Surgery for viral injections and microdialysis
Animals (weighing 170–190 g for viral injections and 270–340 g for
microdialysis) were anesthetized with 4% isoflurane (Forene, Baxter, Kista,
Sweden) and placed in a stereotactic frame (David Kopf Instruments,
Tujunga, CA, USA) on a heating pad.
For viral injections, the scull was exposed and a hole was drilled

unilaterally above the target area. A 10 μl Hamilton syringe attached to a
31-gauge microinjection canula (AMI-5T, AgnTho’s AB, Lidingö, Sweden)
was used to administer the GFAP-Gi-DREADD viral vector plasmid ssAAV-5/
2-hGFAP-hM4D(Gi)_mCherry-WPRE-hGHp(A) (physical titer: 6.7 × 1012 vg/
ml) or the control plasmid pssAAV-5/2-hGFAP-EGFP-WPRE-hGHp(A) (1.8 ×
1013 vg/ml) (Viral Vector Facility of the Neuroscience Center Zurich, Zurich,
Switzerland). The canula was gently lowered into the DLS (A/P: +0.5, M/L:
−3.5 relative to bregma, V/D: −5.0 relative to skull; Paxinos and Watson 6th

ed. 2007) and the solutions were infused using a microperfusion pump
(Univentor-864 Syringe Pump; AgnTho’s AB, Lidingö, Sweden). A total
volume of 0.8 μl was infused at a flow rate of 0.05 μl/min. To allow for
diffusion, the cannula was withdrawn 5min after completion of the
infusion. Rats were given postoperative analgesia (Norocarp, 5 mg/kg, s.c)
and returned to their home cage for three weeks prior to electrophysiology
experiments or immunohistochemical verification.
For microdialysis experiments, the scull was exposed and one hole was

drilled above the DLS unilaterally and two additional holes were drilled for
attachment of anchoring screws. A custom made I-shaped probe, with a
molecular cut-off of 20 kDa and an active space of 2 mm, was lowered into
the brain using coordinates approximating DLS (A/P: +1.2, M/L: −3.5
relative to bregma; D/V: −5.5 relative to dura mater). The probe together
with the two anchoring screws were fixed to the scull using Harvard
cement (DAB Dental AB, Gothenburg, Sweden). Rats were housed
individually and allowed to recover for 48 hours prior to the in vivo
microdialysis experiment.

In vivo microdialysis
In vivo microdialysis experiments were performed on awake and freely-
moving rats as previously described [51]. In brief, the microdialysis probe
was perfused with Ringer’s solution at a rate of 2 µl/min for 2 h before
baseline sampling was initiated. Samples were collected every 20min.
After obtaining four stable baseline samples, the metabolic uncoupler FC
was perfused by reversed dialysis. Microdialysate dopamine content was
analyzed using high-performance liquid chromatography with electro-
chemical detection, while amino acid content in the same sample were
analyzed using fluorescent detection as previously described in detail [52].
As the effect of FC progressively increased over time, the t= 60min time-
point was used for more in depth analysis. After the experiment, brains
were fixed in accustain formaline-free fixative (Sigma-Aldrich) for 3–7 days
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prior to verification of probe placement. Animals with misplaced probes or
visual defects were excluded from the statistical analysis.

Slice electrophysiology
Brain slice preparations. Coronal brain slices (250–300 µm), containing the
striatum and the overlaying cortex, were prepared from juvenile (<200 g)
and young adult rats (>300 g) as previously described [53]. Slices were
sectioned in ice-cold modified aCSF, consisting of (in mM): 220 sucrose, 2
KCl, 6 MgCl2, 26 NaHCO3, 1.3 NaH2PO4, 0.2 CaCl2, and 10 D-glucose, and
was allowed to equilibrate in normal aCSF at 30 °C for 30min, and then in
room temperature for the remainder of the day.

Field potential recordings. Field potential recordings were performed in
DLS, as previously described [54]. In brief, one hemisphere of a brain slice
was transferred to a recording chamber and continuously perfused with
prewarmed aCSF (30 °C). Stimulating electrodes (TM33B, World Precision
Instruments, FL, USA,) were positioned close to the border between DLS
and the overlaying white matter, and population spikes (PS) were evoked
with a paired pulse stimulation protocol (50 ms interpuls interval) at a
frequency of 0.05 Hz. For recordings conducted in brain slices from rats
receiving viral injections, the electrodes and recording pipette were
located in proximity of the cannula track.
A stable baseline was monitored for at least ten minutes before drugs

were administered via bath perfusion. Antagonists were perfused for at
least 20 min prior to FC administration, and then continuously throughout
the recording. Paired pulse ratio (PPR) was recorded for three minutes at
the end both baseline and drug perfusion. Signals were amplified with a
custom-made amplifier, filtered at 3 kHz, and digitized at 8 kHz. Responses
with a half max PS amplitude smaller than 0.2 mV at baseline were
excluded from analysis.

Whole cell recordings. Spontaneous excitatory and inhibitory postsynaptic
currents (sEPSCs/sIPSCs) were recorded in medium spiny neurons (MSNs)
voltage clamped at −65mV as previously described in detail [53]. In brief,
recording pipettes (2.5–4.5 MΩ, borosilicate glass, Sutter Instruments) were
filled with internal solution containing (in mM): 150 CsCl, 10 Hepes, 2
MgCl2, 0.3 Na2GTP, 3 MgATP, and 0.2 BAPTA, with pH adjusted to 7.2 with
CsOH, and osmolarity set to 298mOsm with sucrose. To isolate sEPSCs,
bicuculline (20 µM) was added to the prewarmed aCSF (32 °C), while sIPSCs
were recorded in the presence of APV (50 µM) and CNQX (10 µM). A stable
baseline was recorded for three minutes before drugs modulating
astrocyte excitability (FC or CNO) were bath perfused. Whole cell
recordings were conducted using an Axopatch 700B amplifier (Axon
Instruments, Foster City, CA), filtered at 2 kHz, and digitized at 5 kHz
(Digidata 1440 A, Axon Instruments). Data were acquired using Clampex
10.2 (Molecular Devices, San Jose, CA, USA). Only recordings with a stable
series resistance that varied less than 20% and did not exceed 25 MΩ were
included in the analysis.

Immunohistochemistry
Animals were anesthetized with Allfatal vet. (100mg/ml (pentobarbital);
Omnidea AB, Stockholm, Sweden) and perfused transcardially with Tyrode’s
solution containing (in mM); 116 NaCl, 5.4 KCl, 1.6 MgCl2, 0.4 MgSO4, 1.3
NaH2PO4, 26 NaHCO3, 5.5 glucose, followed by 4% ice-cold paraformalde-
hyde (PFA) solution. Brains were removed and post-fixed in 4% PFA followed
by incubation in sucrose solutions (10% for 1 day followed by 20% for 7 days)
before being snap frozen using isopentane on dry ice. Coronal slices (40 μm)
were sectioned using a Leica CM1950 cryostat (Leica microsystems AB
sections), placed in cryoprotective solution [30% glycerol, 30% ethylene
glycol, 40% 1x Tris Buffered Saline (TBS: 0.15M NaCl, 0.05M Tris-HCL; pH 7.6)].
Brain sections were pretreated with 5% normal donkey serum (Jackson
ImmunoResearch, West Grove, PA), and 0.1% triton-X-100 in TBS for 1 h,
following incubation of primary antibodies targeting astrocytes (anti-GFAP
(1:1000), Cat no: MA512023, Invitrogen, Thermo Fischer Scientific, Waltham,
MA, USA) or neurons (anti-NeuN (1:400), Cat no: MABN140, Merck Millipore,
Darmstadt, Germany) over night at 4 °C. Brain slices were washed in TBS prior
to one-hour incubation with secondary antibodies (Alexa Flour 488 (1:1000),
Cat no: A21202, Alexa Flour 647 (1:1000), Cat no: A31573, Invitrogen) diluted
in TBS with 5% normal donkey serum and 0.1% triton X-100. A reporter
molecule, mCherry, was fused to the construct coding for the DREADDs. Cells
transfected with the virus were thus visualized in red. No further staining was
used to verify the expression of the receptor. Brain sections were rinsed in
TBS, mounted onto microscope slides using Fluoroshield (Merck, Darmstadt,
Germany). Images were obtained using a Zeiss LSM 700 Inverted confocal

microscope (Zeiss, Jena, Germany), with a Plan-Apochromat 63x/1.40
objective (Zeiss, Germany).

Statistics
Off-line analysis of electrophysiological recordings was performed using
Clampfit 10.2 (Molecular Devices), Minianalysis 6.0 (Synaptosoft, Decatur,
GA), Microsoft Excel (Redmond, WA), and GraphPad Prism 7 (GraphPad
Software, San Diego, CA). Gaussian distribution was tested with
D’Agostino–Pearson omnibus normality test. For analysis involving drug-
perfusion, two-way analysis of variance (ANOVA) with a Bonferroni post
hoc test was used for statistical analysis of treatment groups over time.
Drug-induced effects on the microdialysate were calculated from t= 20
min and for field potentials from t= 15minutes, until the end of drug-
perfusion. Paired t-test was used for assessing absolute changes in
microdialysate levels. For PPR analysis, paired t-test was applied, while
whole cell recordings were assessed using two-way ANOVA, or paired
t-test when applicable. Data are expressed as mean ± SEM, and the level of
significance was set to p < 0.05.

RESULTS
Inhibition of astrocytes alters the extracellular environment
The metabolic inhibitor FC (50 μM), which is preferentially taken
up by glial cells [40], was administered using reversed dialysis.
FC rapidly increased the extracellular levels of glutamate,
and progressively decreased the levels of glutamine (two-way
ANOVAt= 20−180min: glutamate: Time: F(8, 80)= 2.22, p= 0.034; FC:
F(1, 10)= 45.6, p < 0.001; TimexFC: F(8, 80)= 1.15, p= 0.34; gluta-
mine: Time: F(8, 80)= 19.7, p < 0.001; F(1, 10)= 24.5, p= 0.0006;
TimexFC: F(8, 80)= 40.0, p < 0.0001) (Fig. 1B, D). An increase in
glutamate from 58 ± 5.2 to 140 ± 22 nM (t(6)= 4.09, p= 0.006;
Fig. 1C) was observed after 60 minutes of FC administration in the
dialysate, with a concomitant decline of extracellular glutamine
(24 ± 5.2 to 19 ± 4.6 μM; t(6)= 3.31, p= 0.016; Fig. 1E).
The postulated inhibition of astrocytes by FC led to a long-

lasting elevation of dopamine (Time: F(8, 80)= 3.60, p= 0.0013; FC:
F(1, 10)= 10.4, p= 0.009; TimexFC: F(8, 80)= 1.96, p= 0.062), where
the microdialysate concentration of dopamine increased from 6.9
± 1.0 to 10 ± 1.9 nM after 60minutes of FC administration (t(6)=
2.81, p= 0.031) (Fig. 1F-G). A trend towards a transient increase in
taurine was observed in response to FC (Time: F(8, 80)= 0.40, p=
0.92; FC: F(1, 10)=0.96, p= 0.35; TimexFC: F(8, 80)= 0.48, p= 0.87),
but this elevation was not significant at t= 60min (baseline level:
740 ± 94 nM; 60 min FC: 900 ± 150 nM; t(6)= 2.23, p= 0.067)
(Fig. 1H–J). The microdialysate level of serine was not affected
(Time: F(8, 80)=1.12, p= 0.36; FC: F(1, 10)=0.19, p= 0.67; TimexFC:
F(8, 80)=1.15, p= 0.34; baseline level: 3.7 ± 0.69 µM; 60min FC:
4.10 ± 0.82 µM; t6= 1.61, p= 0.16) (Fig. 1J, K), while an effect by
time, but not FC, was seen when monitoring glycine levels (Time:
F(8, 80)= 4.18, p= 0.0003; FC: F(1, 10)= 0.88, p= 0.37; TimexFC:
F(8, 80)= 0.91, p= 0.52; baseline level: 1.1 ± 0.14 µM; 60 min FC:
1.2 ± 0.14 µM; t6= 2.21, p= 0.069) (Fig. 1L, M).

Fluorocitrate suppresses excitatory neurotransmission
To further monitor FC-mediated effects on striatal neurotransmis-
sion, electrophysiological recordings were performed in acutely
isolated brain slices. Following a stable baseline, FC (5 μM) was
bath perfused. Continuous perfusion of FC decreased evoked field
potentials (2 h perfusion: PS amplitude= 55 ± 5.8% of baseline,
t(19)= 7.75, p < 0.0001) (data not shown). Since whole cell
recordings are more easily assessed in juvenile rats, the response
to FC was monitored in both juvenile rats (<200 g, 4–6 weeks old)
and adults (>300 g, 9–12 weeks old, resembling the age for
microdialysis). While FC produced a significant depression in slices
from both juvenile and adult animals (FC: F(2, 61)= 17.6, p < 0.001;
post hoc analysis: aCSF vs FC juvenile: q(61)= 5.05, p= 0.002; aCSF
vs FC adult: q(61)= 8.25, p < 0.001) (Fig. 2B), synaptic depression in
brain slices from adult rats showed a faster onset of depression
(t= 15–70: F(1, 38)= 40, p < 0.0001) (Fig. 2B). In addition, only brain
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slices from older animals showed restored neurotransmission in
response to FC wash-out (juvenile vs. adult, t= 80–130: F(1, 38)=
4.79, p= 0.035) (Fig. 2B). FC increased PPR in both juvenile and
adult animals (<200 g: t(15)= 2.63, p= 0.019; >300 g: t(13)= 3.70,
p= 0.0027), indicating that FC suppresses PS amplitude by
reducing the probability of transmitter release (Fig. 2C). To more
specifically outline changes in excitatory transmission, whole cell
recordings were performed and sEPSCs monitored during
continuous perfusion of bicuculline (20 μM) with or without FC.
FC significantly depressed sEPSC frequency (t(5)= 5.71, p= 0.002),
and reduced sEPSC amplitude (t(5)= 4.38, p= 0.007), while rise
and decay time remained unaffected (rise-time: t(5)= 1.82, p=
0.13; decay-time: t(5)= 1.52, p= 0.19) (Fig. 2E–G).
Astrocytes are also important for GABAergic neurotransmission,

and reduced glutamine levels may in the extension lead to
impaired inhibitory signaling. To assess transformations in
inhibitory transmission, a second set of experiments was
performed, where brain slices were incubated in FC for at least
five hours before electrophysiological recordings were conducted.
Extended incubation of FC significantly suppressed the frequency
of inhibitory inputs when compared to aCSF-treated control (sIPSC
frequency: t(9)= 2.52, p= 0.033; amplitude: t(9)= 1.09, p= 0.31;
rise-time: t(9)= 0.41, p= 0.70; decay-time: t(9)= 0.74, p= 0.48)
(Fig. 2H–I), suggesting that extended inhibition of astrocytes also
suppresses inhibitory neurotransmission.

Gi-coupled DREADDs targeting GFAP in DLS selectively
suppress the frequency of excitatory inputs to MSNs
To further confirm that the effects monitored in response to FC-
treatment are attributed to inhibition of astrocytes, Gi-coupled
DREADDs were selectively expressed in GFAP-expressing astro-
cytes as previously shown by others [55, 56] (Fig. 3A). Following
three weeks of incubation, immunohistological staining showed
that Gi-coupled DREADDs were expressed along the site of
injection (Fig. 3B), and associated with GFAP (Fig. 3J–N). Expres-
sion of DREADDs could also be found in a few cells in cortical
tissue, indicating a slight spread through gap junction channels
(Fig. 3B) [37]. Bath perfusion of the DREADDs agonist CNO (10 µM)
revealed a differential effect on the frequency of recorded sEPSCs
as compared to sIPSCs (Fig. 3C). While excitatory neurotransmis-
sion was significantly depressed by CNO in slices expressing Gi-
coupled DREADDs, there was a trend towards an enhanced
frequency of sIPSCs following CNO administration (CNO: F(2, 25)=
7.05, p= 0.0037; post hoc analysis: sEPSC vs. sIPSC: q(25)= 5.31,
p= 0.0026; sEPSC control vs. sEPSC DREADDs: q(25)= 3.55, p=
0.048; sIPSC control vs. sIPSC DREADDs: q(25)= 2.60, p= 0.18)
(Fig. 3C). Both excitatory and inhibitory amplitudes remained
unaffected by CNO administration in slices expressing inhibitory
DREADDs (sIPSC amplitude at t= 15–20min= 100 ± 4.4% of
baseline, t(8)= 0.03, p= 0.98; sEPSC amplitude at t= 15–20
min= 99 ± 4.3% of baseline, t(4)= 0.16, p= 0.89) (Fig. 3D).

Fig. 1 Inhibition of astrocytes alters the extracellular environment. A Histological representation with a rectangle marking the region for
microdialysis perfusion and sampling. B Administration of fluorocitrate (FC, 50 μM) via the microdialysis probe produced a sustained elevation
of extracellular glutamate levels as compared to Ringer-treated control. C Graph demonstrates the microdialysate concentration of glutamate
in individual animals at baseline and after 60min perfusion with FC. D Continuous administration of FC progressively reduced glutamine
levels. E Graph demonstrates the microdialysate concentration of glutamine in individual animals at baseline and after 60 min FC perfusion.
F–I Administration of FC via the microdialysis probe increased dopamine levels, and transiently elevated extrasynaptic taurine. J–M The amino
acids serine and glycine were not significantly altered by FC. Time course graphs show relative values ± SEM. Individual data correspond to
microdialysate concentration at baseline and following 60min of FC administration. n= number of rats. *p < 0.05, **p < 0.01, ***p < 0.001.

L. Adermark et al.

1496

Neuropsychopharmacology (2022) 47:1493 – 1502



When monitoring the response to CNO (10 µM) in field potential
recordings, PS amplitude was significantly depressed in slices
expressing inhibitory DREADDs in astrocytes, as compared to
slices from rats injected with the empty plasmid (F(1, 43)= 42, p <
0.001) (Fig. 3E). However, a slight depression of PS amplitude was
also apparent in slices from animals injected with the empty
plasmid (F(1, 42)= 5.40, p= 0.025). Similarly, CNO perfusion
significantly increased PPR in both control (t(8)= 2.72, p= 0.026)
and DREADDs expressing slices (t(7)= 4.54, p= 0.003), indicating
that CNO, at the concentration used, slightly reduced the
probability of transmitter release (Fig. 3F). The relative change in
PPR, however, was significantly greater in DREADDs-expressing
slices (t(15)= 2.84, p= 0.013). A lower concentration of CNO (2 µM),
which did not significantly affect PS amplitude by itself (F(1, 17)=
0.28, p= 0.61), selectively reduced PS amplitude (F(1, 26)= 6.87,
p= 0.014) and increased PPR (t(19)= 2.89, p= 0.0098) in slices
transfected with Gi-coupled DREADDs (Fig. 3G, H).

Synaptic depression induced by fluorocitrate is not connected
to glutamatergic autoreceptors
In vivo microdialysis revealed a robust increase in the extracellular
levels of glutamate, with a concomittant decrease in extracellular
glutamine. To determine if reduced glutamine could contribute to
reduced probability of transmitter release, brain slices were

pretreated with glutamine (1 mM) prior to co-perfusion with FC
(5 µM). Glutamine did not alter PS amplitude by itself (F(1, 29)=
1.12, p= 0.30) (data not shown), and did not prevent synaptic
depression elicited by FC (F(1, 35)= 8.75, p= 0.0055, PPR: t(19)=
4.39, p < 0.001) (Fig. 4A, B). Increased extracellular levels of
glutamate may also decrease the probability of transmitter release
by activating extrasynaptic autoreceptors. Notably, pre-treatment
with neither the mGluR2/3 inhibitor LY 341495 (200 nM) (F(1, 51)=
21.2, p < 0.001), nor the NMDA receptor antagonist APV (50 µM)
(F(1, 54)= 13.1, p < 0.001), was sufficient to prevent FC-mediated
depression (Fig. 4B), or to block the increase in PPR mediated by
FC (LY 341495+ FC: t(23)= 5.20, p < 0.001; APV+ FC: t(14)= 2.32, p
= 0.036) (Fig. 4B, C).
Increased extrasynaptic glutamate may also suppress the

probability of transmitter release by activitating other signaling
pathways, including by increasing the release of endogenous
endocannabinoids, GABA or opioids [57, 58]. But, FC-induced
depression was insensitive to inhibitors targeting endocannabi-
noid activated cannabinoid 1 receptors (AM251 (2 μM): F(1, 32)=
8.78, p= 0.0057; PPR: t(23)= 2.64, p= 0.015), GABAA receptors
(bicuculline (20 μM): F(1, 44)= 16.0, p < 0.001; PPR: t(12)= 3.25 p=
0.007); or µ-opioid receptors (CTAP (50 nM): F(1, 15)= 39.5, p <
0.001) (Fig. 4E). FC-mediated depression was also insensitive to
inhibition of the astroglial syncytium using the gap junction

Fig. 2 Fluorocitrate suppresses striatal neurotransmission. A Schematic drawing showing the position of recording (gray) and stimulating
(black) electrodes for field potential recordings. B Synaptic depression induced by FC was partially age-dependent. C PPR was significantly
increased by FC in slices from both juvenile and adult rat brains. D Example traces show evoked PSs at baseline (black), after 60min of FC-
perfusion (gray), and 60min drug washout (black) in a brain slice from an adult rat. Calibration: 0.2 mV, 2ms. E Example traces showing
recorded sEPSCs at baseline (aCSF) and after 20min perfusion of FC (5 µM). Calibration: 50 pA, 5 s. F Time course graph showing recorded
sEPSC frequency during perfusion of FC or aCSF. G Bar graph shows relative change in sEPSCs after 20min of FC administration. H Example
traces showing inhibitory neurotransmission following five hours of incubation in aCSF (control) or FC. Calibration: 100 pA, 10 s. I Extended
incubation in FC resulted in a reduced frequency of inhibitory inputs to striatal MSNs, while postsynaptic sIPSC parameters were not
significantly modulated. Data are presented as mean values ± SEM and based on at least five rats/group. n=number of recordings. **p < 0.01,
***p < 0.001.
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inhibitor carbenoxolone (100 µM; F(1, 20)= 73, p < 0.001), or when
reducing gliotransmitter signaling by bath perfusion of the non-
selective P2 antagonist PPADS (F(1, 22)= 38, p < 0.001) (Fig. 4D, E).
It should be noted, that both carbanoxylone (F(1, 22)= 38, p <
0.001) as well as PPADS (F(1, 30)= 12, p= 0.002), suppressed PS
amplitude by themselves, but that FC further reduced synaptic
output from drug-treated baseline (Fig. 4D).

Dopamine D2 receptor signaling contributes to synaptic
depression mediated by fluorocitrate
Astrocytes have been implicated as important modulators of
dopamine transmission, and in vivo microdialysis demonstrated
increased dopamine levels following FC administration. To assess
the role of dopamine signaling on FC-mediated depression, slices
were pre-treated with a cocktail containing the dopamine D1
receptor antagonist SCH23390 (0.5 μM) and the dopamine D2
receptor antagonist sulpiride (5 μM). The combination of antago-
nists blocked the depression mediated by FC (F(1, 49)= 20.9, p <
0.001) (Fig. 4G). Pre-treatment with SCH23390 alone did not affect
FC-mediated depression (FC vs. SCH23390+ FC: F(1, 10)= 2.44, p=
0.15), but incubation with sulpiride was sufficient to suppress
synaptic depression induced by FC (FC vs. sulpiride+ FC: F(1, 42)=
17.4, p < 0.001) (Fig. 4G). The inhibition was not significantly
stronger when using the cocktail as compared to sulpiride alone

(post hoc analysis: q(1145)= 1.51, p= 0.54) (Fig. 4G). FC increased
PPR in slices pre-treated with SCH23390 (t(9)= 5.24, p < 0.001) or
SCH23390 in combination with sulpiride (t(22)= 2.97, p= 0.007)
(Fig. 4I), but not in slices incubated in sulpiride alone (t(20)= 0.74,
p= 0.47) (Fig. 4I). PS amplitude was not modulated by sulpiride
perfusion (F(1, 10)= 0.14, p= 0.71) (data not shown).
In vivo microdialysis revealed a robust increase in the

extracellular levels of glutamate indicative of impaired clearance
through glial glutamate transporters GLT-1 and GLAST. In the last
set of experiments slices were treated with a low concentration of
TFB-TBOA (200 nM), which should selectively inhibit GLT-1 and
GLAST. Similar to FC, administration of TFB-TBOA significantly
depressed PS amplitude (F(1, 34)= 21, p < 0.001) (Fig. 4H), and
increased PPR (t(21)= 3.52, p= 0.002) (Fig. 4J), suggesting that
reduced glutamate uptake/increased extracellular glutamate
levels partially underlies FC-mediated depression of striatal
output. To further outline the role of dopamine D2 receptor
signaling, brain slices were then pre-treated with sulpiride prior to
administration of the glial glutamate transporter inhibitor TFB-
TBOA. Similar to FC-mediated depression, sulpiride inhibited
synaptic depression induced by TFB-TBOA as compared to aCSF-
treated control (F(1, 42)= 24.0, p < 0.001) (Fig. 4H). However, even
though sulpiride+TFB-TBOA was insufficient to depress PS
amplitude when compared to aCSF perfusion (F(1, 43)= 3.25, p=

Fig. 3 Activation of Gi-coupled DREADDs targeting GFAP selectively suppresses excitatory neurotransmission. A AAV containing Gi-
coupled DREADDs targeting GFAP was injected into the DLS, and rats were left to recover for at least three weeks before slice
electrophysiology was conducted. B Viral transfection of the DREADDs virus was visualized with mCherry (red). Dotted line marks the
approximate position of the cannula track. Note that viral transfection is not strictly restricted to the injection site. Calibration: 1 mm. CC
corpus callosum. C Whole cell recordings showed a trend towards differential effect on inhibitory and excitatory currents, where CNO (10 µM)
selectively depressed the frequency of excitatory inputs to striatal MSNs. D CNO showed no effect on spontaneous current amplitudes.
E When monitoring evoked field potentials, CNO (10 µM) significantly depressed PS amplitude in slices expressing inhibitory DREADDs as
compared to slices expressing the empty plasmid. There was, however, also a slight depression of evoked potentials by CNO itself. F The
decrease in PS amplitude elicited by CNO coincided with an increase in PPR. G, H A lower concentration of CNO (2 µM) selectively suppressed
evoked potentials in brain slices from rats transfected with Gi-coupled DREADDs as compared to empty plasmid. I Example traces showing
evoked PS amplitudes at baseline (black) and after CNO (2 µM) administration (gray). J Viral transfection indicating DREADDs expression
visualized with mCherry. K Immunohistochemical staining showing GFAP-expressing astrocytes. L Neurons visualized by NeuN. M, N Overlay
of figure (J) and (K) (M), or J, K and L (N) demonstrates that viral transfection is associated with GFAP-expressing cells. Calibration: 20 µm. Data
are based on at least four animals/treatment and presented as mean values ± SEM. n number of recordings. *p < 0.05, **p < 0.01.
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0.079), PPR was still enhanced (t(22)= 3.58, p= 0.0017) (Fig. 4J),
indicating that the probability of transmitter release is reduced
also during dopamine D2 receptor blockade.

DISCUSSION
By employing a battery of neurobiological techniques, the data
presented here support a role for astrocytes in modulating striatal
neurotransmission. Metabolic inhibition of astrocytes in the DLS
increased and decreased extracellular glutamate and glutamine
levels, respectively, and suppressed synaptic output through
mechanisms involving dopamine D2 receptor activation. The
suppressed synaptic output following metabolic inhibition of
astrocytes was confirmed in experiments where Gi-coupled
DREADDs targeting GFAP was activated, and in brain slices where
astroglial glutamate-transporters GLAST and GLT-1 were blocked.
While excitatory neurotransmission was especially compromised
in the initial step, longer incubation of FC also suppressed

inhibitory neurotransmission, supporting a role for astrocytes in
sustaining striatal neurotransmission [59].
Fluorocitrate, which is preferentially taken up by glial cells,

inhibits the Krebs cycle and should putatively render the tissue
devoid of metabolically active astrocytes [40, 60, 61]. Considering
the role of astrocytes in clearing glutamate from the extracellular
space and releasing glutamine [17], a differential effect on these
amino acids would be expected if FC impairs astrocyte function. In
support of this notion, we found that continuous administration of
FC via the microdialysis probe rapidly increased the extracellular
levels of glutamate, while progressively decreasing glutamine
levels over time. Even though other cells also might be affected,
these findings support a robust inhibition of striatal astrocytes by
FC [7]. Interestingly, even though astrocytes have been acknowl-
edged for regulating glycine and serine levels [8, 62, 63], neither
glycine nor serine levels were altered following local administra-
tion of 50 µM FC via the microdialysis probe. A higher concentra-
tion of FC (0.5 mM) has previously been shown to slightly reduce

Fig. 4 Dopamine D2 receptors are involved in FC-mediated depression of synaptic output. A Co-administration of glutamine was not
sufficient to prevent synaptic depression mediated by FC. B Depression of PS amplitude was accompanied by increased PPR, indicative of
reduced probability of transmitter release. C Inhibition of glutamate receptors using the NMDA receptor antagonist APV, or the mGluR2/3
antagonist LY 341495, was insufficient to block FC-mediated depression of evoked potentials. D Carbenoxolone and PPADS depressed PS
amplitude by themselves, but did not prevent FC-mediated depression. E Pre-treatment with antagonists targeting GABAA receptors (Bic),
cannabinoid 1 receptors (AM251), µ-opioid receptors (CTAP), gap junction coupling (carbenoxolone, CBX), or purinergic P2 receptors (PPADS),
were insufficient to block FC-mediated depression. F Example traces showing evoked PSs during APV-treated baseline (black) and following
APV+ FC perfusion (gray). Calibration: 0.2 mV, 2 ms. G Pre-treatment with a cocktail of the dopamine D1 and D2 receptor antagonists
SCH23390 and sulpiride inhibited synaptic depression mediated by FC, as did sulpiride pre-treatment alone. H A low concentration of the
glutamate transporter inhibitor TFB-TBOA, which should act selectively on astrocytic glutamate uptake, significantly depressed PS amplitude
in a manner blocked by sulpiride. IWhile FC was insufficient to increase PPR in slices pretreated in sulpiride, the effect was still present in slices
incubated in a cocktail of sulpiride and SCH23390. J TFB-TBOA significantly increased PPR in both control slices, and in slices pre-treated with
sulpiride. Data are based on at least four animals/treatment and presented as mean values ± SEM. n number of recordings. *p < 0.05, **p <
0.01, ***p < 0.001. K Schematic drawing showing how a reduced activity of astrocytes might result in decreased probability of transmitter
release. Metabolic inhibition of astrocytes reduces ATP levels and GS function, and will lead to reduced uptake of glutamate, potassium, and
possibly also dopamine. Fluorocitrate also impairs astrocyte calcium signaling, resulting in reduced release of gliotransmitters, including the
endogenous antagonist kynurenic acid. These changes will lead to elevated levels of glutamate and dopamine in the extracellular space, and
activation of dopamine D2 receptors, which will act to further suppress glutamate release. TCA tricarboxylic acid cycle, GS glutamine
synthetase, Gln glutamine, Glu glutamate, DA dopamine.
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D-serine levels in the medial prefrontal cortex, while still having no
effect on extrasynaptic glycine levels [64]. At the same time, FC
produces a massive increase in glycine levels when administered
in the substantia nigra [65], suggesting that glycine uptake may be
brain region specific.
Even though the microdialysate concentration of glutamate was

increased by FC, both evoked field potentials as well as the
frequency of spontaneous excitatory currents were depressed,
suggesting that FC reduces the probability of glutamate release.
Importantly, the decrease in PS amplitude induced by FC was
mimicked not only by activating Gi-coupled DREADDs targeting
GFAP, but also by the glial glutamate transporter inhibitor TFB-
TBOA, collectively suggesting that impaired astrocyte function
results in suppressed synaptic output. Astrocytic glutamate uptake
is important for maintaining spatial and temporal specificity of
synaptic transmission, and the conversion of glutamate by
glutamine synthase is fundamental to ensure an efficient
clearance of glutamate to prevent glutamate spillover [66].
Fluorocitrate may thus depress PS amplitude by activating
extrasynaptic autoreceptors, or via receptor desensitization.
However, inhibition of glutamate receptors, including mGluR2/3
and NMDAR, were insufficient to prevent FC-mediated depression.
Importantly, the enhanced glutamate levels in the microdialysis
following FC treatment most likely reflect non-synaptic, “meta-
bolic” glutamate, and appear in lower concentrations than what is
required for activation of synaptically located glutamatergic
receptors and possibly also for autoreceptors [67]. Another
possible explanation to the reduced PS amplitudes observed is
that all three manipulations (FC, TFB-TBOA, and CNO treatment of
DREADDs-expressing cells) probably reduce substrate presenta-
tion (glutamine), thereby decreasing glutamate synthesis and in
the extension also synaptic transmission [68, 69]. However, co-
perfusion of glutamine together with FC was not sufficient to
prevent synaptic depression.
In adult rats, neurotransmission partially recovered after FC

washout, suggesting that the effect by FC in this experimental set
up to some extent is reversible. In contrast, in juvenile rats the
onset of the FC-mediated effects on neurotransmission was slower
and there was no recovery in response to drug-washout. These
findings might be explained by age-related changes in glutamate
clearance. Studies performed in other brain regions have shown
an age-dependent upregulation of glutamate transporters [70],
and the level of extracellular glutamate in cortex may be up to
three times higher in rats weighing below 200 g as compared to
rats >300 g [71]. If true also in the striatum, the more rapid onset
in brain slices from adult animals could be connected to a more
active control over excitatory transmission. The delayed recovery
may partially also be explained by higher extrasynaptic glutamate
levels and slower glutamate clearance as astrocytes recover from
inhibition.
Astrocytes have previously been implicated in modulating

dopamine transmission, possibly via the osmoregulatory aminoa-
cid taurine [72, 73] or by regulating GABA transporter activity [74].
Reversed dialysis of FC in the DLS increased extracellular levels of
taurine, which in turn may elicit striatal dopamine release through
an interaction with glycine receptors [75]. Whether the release of
taurine is secondary to osmotic phenomena in response to the FC
perfusion or directly linked to inhibition of astrocyte function,
remains to be determined. It also remains to be determined if the
increase in dopamine is secondary to elevated levels of taurine or
glutamate, or more directly associated with FC administration
and/or impaired astrocyte function. One possible mechanism
involves kynurenic acid, a neuroactive substance that is synthe-
sized by astrocytes. In fact, intra-striatal administration of FC has
been shown to reversibly suppress the extracellular level of
kynurenic acid, while in parallel increasing the microdialysate of
dopamine [76]. Furthermore, inhibition of kynurenic acid synthesis
alone is sufficient to increase extracellular dopamine [76]. It is thus

possible that the release of kynurenic acid from astrocytes
produces a tonic inhibiton over dopaminergic neurons, which is
released in response to FC administration. Astrocytes may also
regulate extracellular dopamine levels by directly transporting and
metabolizing dopamine [72], a function that may be compromised
by FC. Interestingly, glutamine increases in response to dopami-
nergic lesion [77], and decreases when dopamine is high through
mechanisms involving dopamine D2 receptor signaling [78].
Dopamine signaling may thus be key in astrocyte-neuronal
crosstalk, which is also supported by studies conducted in other
striatal subregions [27].
The dopamine D2 receptor antagonist sulpiride partially reduced

the effect by FC on synaptic output. Sulpiride also blocked synaptic
depression produced by the glutamate transporter inhibitor TFB-
TBOA. Whether these dopamine D2 receptors are located on
presynaptic neuronal terminals, interneurons, astrocytes or MSNs
remains to be established. Collectively, these findings suggest that
impaired astrocyte function results in elevated dopamine levels,
which in turn suppresses neuronal activity via inhibitory dopamine
D2 receptors. The increase in extracellular glutamate may contribute
by producing neuronal depolarization, which decreases dopamine
affinity at dopamine D1-like receptors thereby promoting inhibiton
via dopamine D2 receptors [79]. Altogether, considering that
dopamine-signaling is pivotal for both structural and synaptic
plasticity [80–82], increased dopamine signaling produced by
impaired astrocyte function may result in a long-lasting transforma-
tion of striatal neurotransmission.
There is evidence that the metabolic uncoupler FC acts

selectively on astrocytes [40, 41], and a robust impairment of
astrocytic function by this compound with simultaneous sparing
of neuronal function is also supported by our microdialysis data
(glutamate/glutamine and dopamine data, respectively). However,
it is still possible that parts of the results are linked to unspecific
effects on neurons. Likewise, even though TFB-TBOA should block
GLAST and GLT-1, the specificity regarding the location of these
receptors may be questioned [14]. At the same time, in our hands,
inhibition of the astrocytic syncytium using carbenoxolone, or
blocking gliotransmission using PPADS, also depressed evoked PS
amplitudes. Thus, all compounds applied to reduce astrocyte
function produced similar effects on synaptic transmission, and
these effects were mimicked in experiments where CNO was used
to activate Gi-coupled DREADDs targeting GFAP. However, it
should be noted that similar results as presented here also have
been shown during activation of Gq-coupled DREADDs targeting
GFAP ex vivo [27]. Even though the latter experiments were
conducted using a high concentration of CNO (1 mM), which in
our hands has a depressant effect on control slices, these results
highligt the fact that it may be difficult to regulate astrocyte
activity via G-protein coupled receptors [83]. In fact, both
astrocytic Gq and Gi/o DREADD activation has been shown to
increase neuronal action potential firing in the hippocampus [84].
Furthermore, experiments conducted in the dorsomedial striatum
suggest that astrocyte may regulate the activity of medium spiny
neurons in a pathway-specific manner [85]. Interestingly, the
depressant effect by CNO was more pronounced in field potential
recordings. This might be linked to the fact that responses are
evoked instead of spontaneous, or that a collective response from
many neurons is monitored. Even if the effect by 10 µM CNO is
minor, the effect may be more pronounced if all neurons respond
in the same direction.
Taken together, even though astrocytes may be difficult to

disentangle from neurons, the data presented here collectively
support the hypothesis that astrocytes tonically modulate striatal
neurotransmission. Furthermore, the effects observed on excita-
tory neurotransmission following inhibition of astrocyte function
were antagonized by dopamine D2 receptor blockade, suggesting
that the dopaminergic system is recruited during astrocyte-
neuronal communication [27].
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