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BACKGROUND AND PURPOSE

One of the hallmarks of ventral midbrain dopamine-releasing neurons is membrane hyperpolarization in response to stimulation
of somato-dendritic D, receptors. At early postnatal age, under sustained dopamine, this inhibitory response is followed by a slow
recovery, resulting in dopamine inhibition reversal (DIR). In the present investigation, we aimed to get a better insight into the
cellular mechanisms underlying DIR.

EXPERIMENTAL APPROACH
We performed single-unit extracellular recordings with a multi-electrode array device and conventional patch-clamp recordings
on midbrain mouse slices.

KEY RESULTS

While continuous dopamine (100 uM) perfusion gave rise to firing inhibition that recovered in 10 to 15 min, the same effect was
not obtained with the D, receptor agonist quinpirole (100 nM). Moreover, firing inhibition caused by the GABAg receptor agonist
baclofen (300 nM) was reversed by dopamine (100 uM), albeit D, receptors had been blocked by sulpiride (10 uM). Conversely,
the block of the dopamine transporter (DAT) with cocaine (30 uM) prevented firing recovery by dopamine under GABAg receptor
stimulation. Accordingly, in whole-cell recordings from single cells, the baclofen-induced outward current was counteracted by
dopamine (100 uM) in the presence of sulpiride (10 uM), and this effect was prevented by the DAT antagonists cocaine (30 pM)
and GBR12909 (2 uM).

CONCLUSIONS AND IMPLICATIONS

Our results indicate that the DAT plays a major role in DIR, mediating it under conditions of sustained dopamine exposure, and
point to DAT as an important target for pharmacological therapies leading to prolonged enhancement of the dopaminergic signal.
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ACSF, artificial CSF; CNQX, 6-cyano-7-nitroquinoxaline-2,3-dione; DAT, dopamine transporter; DIR, dopamine inhibition
reversal; DOPAC, 3,4-dihydroxyphenylacetic acid; DOPAL, 3,4-dihydroxyphenylacetaldehyde; GIRK (K;;3.1), G-protein-
coupled inwardly rectifying potassium conductance; HVA, homovanillic acid; L-DOPA, L-3,4-dihydroxyphelylalanine;
MEA, multi-electrode array; PD, Parkinson’s disease; SN¢, substantia nigra pars compacta; VTA, ventral tegmental area
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Introduction

The main source of dopamine in the CNS arises from a
densely packed population of dopamine-releasing (dopami-
nergic) neurons located in the ventral midbrain, arranged
into two main subregions, the substantia nigra pars compacta
(SNc) and the ventral tegmental area (VTA), projecting to
striatal, as well as limbic and cortical regions (Van den Heuvel
and Pasterkamp, 2008). In recent years, data have been put
forward illustrating specific properties that differentiate these
two subpopulations of dopaminergic neurons. However,
there is a common consensus that, although to a variable
extent, virtually all dopaminergic neurons of the ventral
midbrain are inhibited by dopamine in response to stimula-
tion of somato-dendritic D, receptors, also called D,
autoreceptors, by interfering with G-protein-coupled
inwardly rectifying potassium conductance (K;,3.1,
also known as GIRK) (Lacey et al., 1987; Lacey et al.,
1988; Kim et al., 1995; Beckstead et al., 2004; Luscher and
Slesinger, 2010; Krashia et al., 2017). Thus, through its
somato-dendritic release, dopamine acts on D, receptors lo-
cated on the dopaminergic neurons acting as a negative feed-
back system to modulate dopaminergic neurons’ excitability
(Beckstead et al., 2004; Ford, 2014; Evans et al., 2017). On this
basis, a thorough understanding of the functional effects
exerted by local extracellular dopamine is of considerable im-
portance for the physiology of the dopaminergic system, as it
affects the overall dopamine signal to specific target regions.
Moreover, it provides more insights into the functional out-
comes of a sustained increase in dopamine levels, like that
achieved with drugs of abuse, or for the pharmacological
treatment of pathologies linked to dysfunctions of the
dopaminergic system, namely Parkinson’s disease (PD) and
schizophrenia. Indeed, the gold standard pharmacological
therapy for the treatment of PD patients still relies on L-3,4-
dihydroxyphelylalanine (L-DOPA), in order to increase the
dopamine content, thus inducing a steady enhancement of
extracellular dopamine (Lipski et al., 2011).

With regard to the effects of high levels of extracellular
dopamine, it has been shown that, while a transient exposure
to dopamine results in the expected D, receptor-mediated hy-
perpolarization of midbrain dopaminergic neurons, this
inhibitory action is not maintained when dopamine expo-
sure is continued, giving rise to what has been defined as
dopamine inhibition reversal (DIR) (Nimitvilai and Brodie,
2010). Therefore, the result of changes in extracellular
dopamine levels cannot be predicted in a simplistic manner,
according to the known acute D, receptor-mediated inhibi-
tory effect. Further investigation on DIR has proposed a
desensitizing process on D, receptors, occurring in SNc dopa-
minergic neurons at an early postnatal age, and is progres-
sively lost with the development of a calcium-dependent
interaction between D, receptors and a neuronal calcium sen-
sor (Dragicevic et al., 2014).

Another candidate that needs be taken into account when
trying to understand how dopaminergic neurons respond to
increased levels of extracellular dopamine is the dopamine
transporter (DAT); its ability to remove dopamine is par-
ticularly increased in conditions of high extracellular dopa-
mine (Mortensen and Amara, 2003; Benoit-Marand et al.,
2011; Vaughan and Foster, 2013; Ford, 2014).
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In the present work, we investigated DIR by looking at the
response of SNc dopaminergic neurons to sustained high
levels of dopamine, in midbrain slices of mice at an early post-
natal age, using both conventional patch-clamp and multi-
electrode array (MEA) recordings, the latter in order to detect
the single-unit activity of a large population of neurons in a
less invasive experimental condition (Berretta et al., 2010).
By focusing our attention on D, receptor desensitization
processes and on DAT, we found that, although D, receptor
desensitization is present, it does not seem to play a signifi-
cant role in the expression of DIR, while it is primarily DAT
that promotes recovery from dopamine-induced firing inhi-
bition through the depolarizing current linked to its activity.

Methods

Slice preparation and ethical statement
Experiments were performed according to the national and
international laws for laboratory animal welfare and experi-
mentation (Leg. Decree no. 26, implementation of the UE di-
rective 2010/63/UE, 4 March 2014) and were approved by the
Italian Ministry of Health (authorization no. 91/2014 PR).
Animal studies are reported in compliance with the ARRIVE
guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015).
C57BL6 mice (postnatal day 12-195) of either sex were housed
with their mothers at a controlled temperature (24-25°C),
with food and water available ad libitum and a 12 h
light/dark cycle. Animals were randomly assigned to different
treatments. For slice preparation, the mice were anaesthe-
tized with halothane and killed by decapitation. The brain
was removed from the skull, and horizontal midbrain slices
(250-300 pm) were cut in cold (8-12°C) artificial CSF (ACSF)
and left to recover at 34°C for at least 1 h. ACSF composition
(in mM): NaCl 126, KCI 2.5, MgCl, 1.3, CaCl; 2.4, NaH,PO4
1.2, NaHCO3 24 and glucose 10, and saturated with 95% O,
and 5% CO, (pH 7.4). The recording of data was not blinded
to the operator, because each electrophysiological session
required an awareness by the experimenter of the running
protocol. Data analysis, although not blinded, was double
checked by more than one researcher.

Multi-electrode array recordings

A single horizontal slice of the ventral midbrain (300 pm) was
placed over an 8 x 8 array of planar microelectrodes, each
20 x 20 um in size, with an interpolar distance of 100 pm
(MED-P2105; Alpha MED Sciences, Kadoma, Japan). The slice
was positioned under visual control through an upright mi-
croscope (Leica DM-LFS; Leica Microsystems, Wetzlar,
Germany), so that most of the planar electrodes were covered
by the SNc area (Berretta et al., 2010). The slices were kept sub-
merged in ACSF with a nylon mesh glued to a platinum ring,
under a continuous flow of warm (34°C) oxygenated ACSF
(5.5-6.0 mL-min " ').

Voltage signals were acquired using the MED64 System
operated by Mobius software (Alpha MED Sciences), digitized
at 20 kHz and filtered (0.1-10 kHz) with a 6071E Data Acqui-
sition Card (National Instruments, Austin, TX, USA). The fast
transients corresponding to spontaneous action potentials
were captured offline using Spike2 6.0 software (Cambridge
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Electronic Design Ltd, Cambridge, UK), by means of an am-
plitude threshold adjusted by visual inspection for each indi-
vidual active channel. When spontaneous action potentials
arising from more than one neuron were detected from a
single recording channel, spike sorting discrimination was
achieved by generating spike templates with Spike2 6.0
(Cambridge Electronic Design Ltd), sorted with a Normal
Mixtures algorithm on independent clusters obtained from
principal component data.

Patch-clamp recordings
Whole-cell patch-clamp recordings in horizontal slices
(250 um) of the ventral midbrain were obtained from neu-
rons visualized under an upright microscope (BXS1WI;
Olympus, Segrate, Italy) using infrared differential interfer-
ence contrast and recorded with glass electrodes (3-5 MQ)
filled with (in mM): 145 K-gluconate, 0.1 CaCl,, 2 MgCl,,
10 HEPES, 0.75 EGTA, 4 ATP-Mg, and 0.3 GTP-Naj; 10
phosphocreatine-Na, (pH 7.3 with KOH; 280 mOsm).
Signals were acquired with pClamp 10 software, using a
Multiclamp 700A amplifier (Molecular Devices, San Jose,
California, USA), digitized at 10 kHz and filtered at 3 kHz.
Nigral dopaminergic neurons were identified as tightly
packed cells located close to the medial terminal nucleus of
the accessory optic tract. Moreover, at the beginning of each
patch-clamp experimental session, the neurons were tested
in current-clamp mode, in order to verify the presence of
normal spontaneous firing (<5 Hz) and a depolarizing ‘sag’
in response to hyperpolarizing current steps, paralleled in
voltage-clamp mode by the presence of a prominent I,
(hyperpolarization-activated cation current) in response to
hyperpolarizing voltage commands (Krashia et al., 2017).
I/V relationships were obtained in slices perfused in ACSF
with added CsCl, (1 mM), in order to block the I}, current
and using voltage ramp waveforms (from —120 to —60 mV,
80 mV-s~") preceded by a 700 ms period at —120 mV.

Data analysis

The data and statistical analysis comply with the recom-
mendations on experimental design and analysis in
pharmacology (Curtis et al., 2018). In all experiments, sum-
mary data are expressed as mean + SEM. The estimate of
sample size for each experimental paradigm was performed
using software PS Power and Sample Size Calculation
(version 3.1.2) and calculated in order to achieve a power
of 0.9, keeping a minimum of five slices per experimental
session.

For the experiments on single units with MEA, the rel-
ative change in the firing rate was calculated in each neu-
ron over periods of 5 min at various time points from
drug perfusion, with respect to a 3 min control period be-
fore drug perfusion. These values, taken from all neurons
of the same slice, were used to obtain a median value rela-
tive to each time point that was then averaged across the
corresponding median values of all other slices exposed to
the same treatment. Such analytical protocol, instead of
using a general mean value from all neurons recorded in
all slices, allowed us to escape the bias of results obtained
from slices particularly rich in active neurons; moreover,
the use of the median, rather than the mean value, allowed
us to circumvent the bias due to the largely skewed
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distribution of the relative change of firing inhibition,
due to those neurons whose firing was completely stopped
by the treatment. Thus, for each experimental set, we refer
to the sample size (n) as the number of slices used. The
data were then normalized and expressed as % of baseline,
in order to reduce variability of the data, due to differences
in absolute firing rate, which may display a high degree of
variability (Berretta et al., 2010).

In patch-clamp experiments, the degree of reversal in the
outward current induced by dopamine or baclofen was cal-
culated as ratio (in %) between the A current at a specific time
point relative to the peak current and the A current at the
peak relative to baseline, with 100 and 0%, thereby indicating
complete or no reversal respectively.

The data were compared with one-way ANOVA followed
by post hoc comparisons assessed with Bonferroni’s test
when the F statistic was significant. Alternatively, when
only two groups of data were compared, Student’s two-
tailed f-test was used. P < 0.05 was considered as minimum
level for statistical significance under both statistical
comparisons.

Drugs

All drugs were dissolved in ACSF and applied in the bath at the de-
sired final concentration through a three-way tap. Drugs used
were dopamine, pargyline, homovanillic acid (HVA), 3,4-
dihydroxyphenylacetic acid (DOPAC), 3,4-dihydroxyphenylace-
taldehyde (DOPAL), benomyl, phentolamine, propranolol,
cocaine (from Sigma-Aldrich, Milan, Italy), quinpirole,
sulpiride, baclofen, R-(+)-6-chloro-7,8-dihydroxy-1-phe-
nyl-2,3,4,5-tetrahydro-1H-3-benzazepine hydrobromide
(SKF81297), 6-cyano-7-nitroquinoxaline-2,3-dione (CN-
QX); 1-(2-[bis(4-fluorophenyl)methoxy]ethyl)-4-(3-phenylprop-
yl)piperazine dihydrochloride (GBR12909) (from Tocris
Bioscience, Bristol, UK). In the experiments with pargyline,
the slices were incubated at the desired concentration for at
least 1 h before being placed into the recording chamber in
the continuous presence of the same drug.

Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked
to corresponding entries in http://www.guidetopharma-
cology.org, the common portal for data from the IUPHAR/
BPS Guide to PHARMACOLOGY (Harding et al., 2018), and
are permanently archived in the Concise Guide to PHARMA-
COLOGY 2017/18 (Alexander et al., 2017a,b,c,d).

Results

Firing inhibition under prolonged dopamine
exposure in SNc¢ neurons

The spontaneous firing of SNc neurons in slices was detected
with an MEA device as extracellular single-unit spikes, as pre-
viously reported (Berretta et al., 2010). The slice was exposed
to 100 uM dopamine, and a total of 58 active neurons (six
slices, from three animals) responded with inhibition of their
firing rate (from 1.93 £ 0.20 to 0.24 + 0.10 Hz) that reached a
maximal effect within 30 s to 1 min, as expected from typical
dopaminergic neurons, due to activation of their D,
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autoreceptors (Lacey et al., 1987; Kim et al., 1995; Krashia
et al., 2017). We thus focused our investigation on this pre-
sumed dopaminergic neuronal population. With prolonged
exposure to 100 uM dopamine for 15 min, the same neurons
did not remain inhibited, but partially, or even totally, recov-
ered their firing in the presence of dopamine, giving rise to
DIR. Overall, the firing rate of the dopaminergic neurons
was initially inhibited to 4.70 + 1.59% of control by 100 uM
dopamine, while it recovered during continuous dopamine
perfusion to a level of firing inhibition (48.18 + 16.65% of
control after 15 min) that was significantly different from the
initial maximal effect (P < 0.05; F(, 15, = 5.50). A total recov-
ery was then observed at dopamine washout 98.44 + 9.19%
(Figure 1).

DIR requires the presence of dopamine but not
through its continuous stimulation of D,
receptors

We thus examined whether an analogous reversal of firing in-
hibition could be obtained in the dopaminergic neurons by
D, receptor stimulation with the selective agonist quinpirole,
rather than dopamine. Using the MEA device we recorded the
firing rate of 71 neurons (in five slices, from two animals)
whose firing was inhibited by 100 nM quinpirole. Differently
from the previous results with dopamine, the firing of the
dopaminergic neurons attained a maximal inhibition to
1.75 + 0.70% of control that was maintained throughout
the 15 min period of continuous quinpirole perfusion. Inter-
estingly though, if 100 uM dopamine was subsequently
added, still in the continuous presence of 100 nM quinpirole,
the firing gradually recovered, reaching 62.26 + 11.01% of
control. The level of firing inhibition after 15 min in
100 uM dopamine and 100 nM quinpirole was significantly
lower than that in quinpirole alone (P < 0.05; F(3, 12) = 36.25;
Figure 2A).

This result strongly suggests that a prolonged perfusion
with dopamine reverses its autoinhibition by a mechanism
other than just D, receptor stimulation and that dopamine
as such is required for DIR expression. This hypothesis
was confirmed in experiments in which we completely
bypassed D, receptor stimulation, taking advantage of the
converging ionic mechanism underlying D, receptor and
GABAg receptor activation in dopaminergic neurons,
through opening of a K;;3.1 channel (GIRK)-mediated con-
ductance (Lacey ef al., 1988; Beckstead et al., 2004; Cruz
et al., 2004).

Using the MEA device we recorded the firing rate of 38
neurons (in five slices, from three animals), previously identi-
fied as dopaminergic by the transient inhibition of their firing
rate in response to a brief (1-2 min) challenge with 100 M
dopamine. The slices were then treated with the specific D,
receptor antagonist sulpiride (10 uM) and kept in the medium
thereafter. Following perfusion with the GABAg receptor ago-
nist baclofen (300 nM), dopaminergic neurons firing
remained inhibited, attaining 3.52 + 1.76% of control after
15 min of continuous baclofen perfusion. However, when
we added 100 pM dopamine, in the continuous presence of
baclofen and sulpiride, a gradual recovery of the firing was
observed, reaching 49.00 £ 6.44% of control. The level of fir-
ing inhibition after 15 min in 100 uM dopamine in baclofen
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DIR in SNc neurons recorded with MEA. (A) Raster plots of single
units of five sample neurons recorded from the same slice. Upon
dopamine (DA, 100 pM) perfusion, a rapid inhibition of action po-
tential firing was observed in all neurons (1 min dopamine) that
was followed by a partial or full recovery of the firing during the
course of the 15 min dopamine challenge (neurons 1-3 and 5).
Not all neurons restored their firing in the presence of dopamine
(neuron 4), although a full recovery was attained at dopamine
washout. (B) Box-and-whisker plots of the median values of the
firing rate of all the neurons recorded in each slice with MEA, nor-
malized (in %) to control firing rate and measured at the times in-
dicated at the bottom. The centre lines denote medians, edges are
upper and lower quartiles and whiskers show minimum and max-
imum values. The relative firing rate was strongly inhibited at
5 min dopamine perfusion but slowly recovered at 10 and
15 min, such that the relative firing rates at 5 and 15 min were
significantly different (P < 0.05, one-way repeated measures
ANOVA with Bonferroni’s post hoc test, n = 6 slices). A full recov-
ery was obtained at 10 min dopamine washout.

was significantly lower than that in baclofen alone
(P < 0.05; F3, 16) = 10.94; Figure 2B).

These results demonstrate that dopamine is necessary for
DIR but through a mechanism that does not rely on continu-
ous D, receptor stimulation.

Dopamine does not act on excitatory
dopamine-sensitive receptors to induce DIR
Dopamine may cause a delayed increase in the firing rate
through stimulation of excitatory receptors, which parallels
and eventually overcomes D, receptor-mediated firing inhi-
bition. We ruled out this possibility with a series of control
experiments on theoretical candidates of excitatory side
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Figure 2

DIR relies on the presence of dopamine (DA) but not through D,
receptor stimulation. Box-and-whisker plots in both panels repre-
sent the median values of the firing rate of all the neurons re-
corded in each slice with MEA, normalized (in %) to control
firing rate and measured at the times indicated at the bottom.
The centre lines denote medians, edges are upper and lower quar-
tiles and whiskers show minimum and maximum values. (A) Perfu-
sion with the D, receptor agonist quinpirole (100 nM) induced a
pronounced inhibition of the firing rate that reached a plateau
within 10 min and remained inhibited at 15 min. Conversely, the
firing rate was largely restored in response to a 15 min perfusion
with dopamine (100 uM), in the continuous presence of 100 nM
quinpirole, such that the relative firing rates at 15 min in
quinpirole and at 15 min in quinpirole and dopamine were signif-
icantly different (P < 0.05, one-way repeated measures ANOVA
with Bonferroni’s post hoc test, n = 5 slices). Further recovery was
attained 10 min after washout of all applied drugs. (B) An initial
challenge with a brief 1-2 min perfusion with dopamine
(100 pM) inhibited the firing rate of the recorded neurons,
confirming their dopaminergic identity. Following this brief dopa-
mine challenge, the slice was perfused with the D, receptor antag-
onist sulpiride (30 uM) and kept in the medium thereafter.
Perfusion with baclofen (300 nM) induced a pronounced inhibi-
tion of the firing rate, reaching a plateau at 15 min. The firing rate
was largely restored in response to a 15 min perfusion with dopa-
mine (100 uM), in the continuous presence of 300 nM baclofen,
such that the relative firing rates at 15 min in baclofen and at
15 min in baclofen and dopamine were significantly different
(P < 0.05, one-way repeated measures ANOVA with Bonferroni’s
post hoc test, n = 5 slices). Further recovery was attained 10 min
after washout of all applied drugs.
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effects of dopamine exposure. In particular, we focused our
attention on a possible cross-stimulation on adrenoceptors
(Cornil et al., 2002; Swaminath et al., 2004; Zhang et al.,
2004; Cucchiaroni et al., 2011) or o-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) glutamate recep-
tors (Guatteo et al., 2013).

We found that DIR was still present following perfusion
of 100 uM dopamine in phentolamine (30 pM) and
propanolol (30 uM), o- and B-adrenoceptor antagonists re-
spectively (P < 0.05; F2, 12) = 9.74, n = § slices, from three
animals, with total 62 neurons; Figure 3A). Similar results
were obtained with the AMPA glutamate receptor antago-
nist CNQX (10 uM). Thus, a significant recovery from
firing inhibition was still observed (P < 0.05; F,
12) = 15.34, n = S slices, from two animals, with total 39
neurons; Figure 3B).

Finally, we also considered the possible involvement of
D, receptors. The D; receptor agonist SKF81297 (3 uM),
differently from dopamine, did not produce any recovery
from firing inhibition by 100 nM quinpirole
(11.76 + 4.97% of control after 15 min quinpirole and
26.84 + 11.02% after additional 15 min in quinpirole and
SKF81297). However, when 100 pM dopamine was
added in the same slices, in the continuous presence of
quinpirole and SKF81297, a significant recovery from firing
inhibition was obtained (73.81 %= 28.00% of control;
P < 0.05; Fz, 15) = 6.95, n = 6 slices, from two animals,
with total of 58 neurons; Figure 3C).

DIR is prevented by DAT inhibition

With the aim of understanding why dopamine is required
for DIR induction, albeit independently from its interac-
tion with D, receptors, we considered a possible role
played by the DAT, activated by extracellular dopamine
and responsible for its reuptake by the dopaminergic
neurons.

The pharmacological block of DAT induces an increase
in endogenous dopamine in the extracellular space,
thereby causing firing inhibition (Mercuri ef al., 1992)
and preventing further estimate of the effects of exoge-
nous dopamine. For this reason, we evaluated the effect
of prolonged dopamine exposure using the previously
shown protocol of recovery from GABAg-mediated firing
inhibition under D, receptor block. Using the MEA device
we recorded the firing rate of 82 neurons (in five slices,
from three animals), previously identified as dopaminergic
by the transient inhibition of their firing rate in response
to a brief (1-2 min) challenge with 100 uM dopamine.
The slices were then treated with the specific D, receptor
antagonist sulpiride (10 pM) and the DAT inhibitor co-
caine (30 pM), both kept in the medium thereafter.
Following perfusion with baclofen (300 nM), the dopami-
nergic neurons firing was inhibited to 22.79 + 16.29% of
control (P < 0.05; F», 12) = 44.90). However, in these ex-
perimental conditions, when 100 uM dopamine was
added, in the continuous presence of baclofen, cocaine
and sulpiride, the firing remained inhibited, and no signif-
icant recovery of firing was observed (25.15 + 11.61% after
15 min in dopamine; Figure 4). These results demonstrate
that DAT activation is necessary for DIR expression.
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Figure 3

DIR is not secondary to adrenoceptor, AMPA or D; receptor stimulation. Box-and-whisker plots in all panels represent the median values of the
firing rate of all the neurons recorded in each slice with MEA, normalized (in %) to control firing rate and measured at the times indicated at
the bottom. The centre lines denote medians, edges are upper and lower quartiles and whiskers show minimum and maximum values. (A) The
slices were perfused with the o- and p-adrenoceptor antagonists phentolamine (30 uM) and propranolol (30 pM) and kept in the medium there-
after. Perfusion with dopamine (100 uM) still induced an initial firing rate inhibition that slowly recovered at 10 and 15 min (P < 0.05, one-way
repeated measures ANOVA with Bonferroni’s post hoc test, n = 5 slices), with full recovery at washout. (B) Similar experiments were performed
under the continuous presence of the AMPA receptor antagonist CNQX (30 uM). Again, dopamine (100 pM) induced an initial firing rate inhibi-
tion that slowly recovered after 10 to 15 min (‘P < 0.05, one-way repeated measures ANOVA with Bonferroni’s post hoc test, n= 5 slices), with full
recovery at washout. (C) Perfusion with the D, receptor agonist quinpirole (100 nM) induced a pronounced and long-lasting firing rate inhibition.
The firing rate was not restored in response to the Dy receptor agonist SKF81297 (3 uM), while a significant recovery was achieved when dopa-
mine (100 uM) was added in the medium (‘P < 0.05, one-way repeated measures ANOVA with Bonferroni’s post hoc test, n = 6 slices). Further
recovery was attained 10 min after washout of all applied drugs.

DIR requires MAO activity but not their main Using the MEA device we recorded the firing rate of 117
enzymatic products neurons from seven slices (three animals), previously incu-
Since DAT activation is required for DIR, we next addressed bated for at least 1 h in the presence of the MAO inhibitor par-
the possibility that DIR may be caused by dopamine down- gyline (10 uM) and kept in the continuous presence of the
products, due to the intracellular enzymatic degradation that same drug during recording. In these conditions, perfusion
follows its reuptake. To this aim, we first investigated whether of 100 uM dopamine inhibited the spontaneous firing rate,
DIR could be prevented by inhibition of MAO, the main en- and no significant recovery was observed during the 15 min
zymatic pathway in the mesencephalic dopaminergic system, of dopamine perfusion (P> 0.05, F(z, 1) = 2.21). Interestingly,
responsible of dopamine inactivation through its oxidation recovery of the firing at drug washout was very much delayed
into a number of downstream metabolites (Kopin, 1985; Shih and could only be accelerated by a bolus of 10 uM sulpiride
et al., 1999; Eisenhofer et al., 2004). (Figure SA).
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Figure 4

DIR is prevented under DAT inhibition. Box-and-whisker plots in
both panels represent the median values of the firing rate of all the
neurons recorded in each slice with MEA, normalized (in %) to con-
trol firing rate and measured at the times indicated at the bottom.
The centre lines denote medians, edges are upper and lower quar-
tiles and whiskers show minimum and maximum values. An initial
challenge with a brief 1-2 min perfusion with dopamine (DA,
100 uM) inhibited the firing rate of the recorded neurons,
confirming their dopaminergic identity. Following this brief dopa-
mine challenge, the slice was perfused with the D, receptor antago-
nist sulpiride (30 uM) and the DAT antagonist cocaine (30 uM) and
kept in the medium thereafter. Perfusion with baclofen (300 nM) in-
duced a pronounced inhibition of the firing rate, reaching a plateau
at 15 min (P < 0.05, one-way repeated measures ANOVA with
Bonferroni’s post hoc test, n= 5 slices). In these conditions, dopamine
(100 puM) did not restor the firing rate, while a full recovery was
achieved at washout.

Based on the above results, we postulated that products of
dopamine degradation through MAO activity, rather than do-
pamine proper, may participate in the recovery from firing in-
hibition under prolonged dopamine exposure. Therefore, we
tested the main metabolites of this enzymatic pathway, to see
if they promoted recovery from inhibition of the firing rate in
response to prolonged exposure to 100 nM quinpirole. In par-
ticular, we tested HVA, DOPAC and DOPAL. However, none
of these metabolites was effective, as just a small but no sig-
nificant recovery from firing inhibition by quinpirole was ob-
served at 15 min of 30 uM HVA (P > 0.05, n = S slices, from
two animals, with total of 82 neurons; Figure 5B) or of
30 uM DOPAC (P > 0.05, n = S slices, from two animals, with
total of 60 neurons; Figure 5C) or of 30 uM DOPAL (P > 0.05,
n = 5 slices, from two animals, with total of 48 neurons;
Figure 5D), with the latter being applied in the presence of
the aldehyde dehydrogenase inhibitor benomyl (1 uM), in or-
der to prevent its conversion into DOPAC. Thus, the degree of
firing recovery was significantly different from that produced
by 100 uM dopamine in 100 nM quinpirole (P < 0.05, dopa-
mine vs. HVA; P < 0.05, dopamine vs. DOPAC; P < 0.05, do-
pamine vs. DOPAL, unpaired f-test).

These experiments indicate that, although MAO activity
is required for firing rate recovery during prolonged dopa-
mine exposure, this effect is not due to the participation of
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metabolites produced by dopamine enzymatic degradation
in DIR expression.

Dopamine-induced DAT current counteracts the
K;3.1channel-mediated outward current

In order to investigate DIR mechanisms at single-cell level, we
measured specific membrane currents by means of patch-
clamp whole-cell experiments on single SNc dopaminergic
neurons.

Bath perfusion of 100 uM dopamine produced an outward
current that reached a peak level in 1 to 2 min (n = 26 cells,
from 10 animals). Upon continued dopamine perfusion, the
outward current steadily decayed, going beyond the initial
holding level after 10 min, giving rise to a delayed inward cur-
rent (Figure 6A). Prolonged 100 pM dopamine exposure was
also capable to inhibit the K;3.1 (GIRK) channel-mediated
outward current induced by baclofen (2 uM) in the presence
of 10 uM sulpiride (64.02 £+ 10.20% of maximal outward cur-
rent after 10 min in baclofen and dopamine; n =13 cells, from
four animals; Figure 6B).

These observations are consistent with the previously
shown data, obtained with MEA recordings, on the transient
effect of dopamine on the neuronal firing, as well as the re-
covery from GABAg-mediated firing inhibition by dopamine
under D, receptor block.

Based on the results obtained with MEA on the role played
by DAT, we tested whether the dopamine-induced inward
current could be abolished by the pharmacological block of
DAT. Indeed, the decay of the outward current in response
to prolonged exposure to 100 uM dopamine was strongly at-
tenuated in the presence of the DAT antagonist cocaine
(30 uM; Figure 6A), such that a significantly smaller reduction
was achieved from the initial peak, compared with control
conditions without DAT inhibition (P < 0.05 after 15 min do-
pamine, unpaired t-test, n = 9 cells, from two animals;
Figure 6A). Moreover, the outward current produced by
2 uM baclofen, in the continuous presence of 10 pM
sulpiride, was not counteracted by 100 puM dopamine
when the experiments were conducted in 30 pM cocaine
(89.84 £+ 5.90% of maximal outward current after 10 min in
baclofen and dopamine; P < 0.05 after 10 min dopamine, un-
paired t-test, n =13 cells, from five animals; Figure 6B). Similar
results were obtained using the DAT antagonists GBR12909
(2 uM; 94.24 £ 2.91% of maximal outward current after
10 min in baclofen and dopamine; P < 0.05 after 10 min do-
pamine, n = 6 cells, from two animals; Figure 6B).

With the aim to investigate the I-V relationship of the
ionic current underlying the effect of prolonged dopamine
exposure, we measured the membrane slope conductance
with voltage ramps (from —120 to —60 mV, 80 mV-s™ ') ap-
plied in control conditions, during 2 uM baclofen and during
baclofen and 100 uM dopamine, in the continuous presence
of 10 uM sulpiride.

The outward current produced in response to baclofen
was associated with an increase of membrane conductance
(from 2.37 £ 0.56 nS in control to 4.38 + 0.66 nS in baclofen;
P < 0.05, F3, 15 = 61.23, n = 6 cells, from four animals), hav-
ing a reversal potential close to the K™ equilibrium potential
(approximately —95 mV), as expected from K;3.1channel
opening in response to GABAj receptor stimulation (Lacey
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Figure 5

DIR is not present under MAO inhibition but does not rely on its enzymatic products. Box-and-whisker plots in all panels represent the median
values of the firing rate of all the neurons recorded in each slice with MEA, normalized (in %) to control firing rate and measured at the times in-
dicated at the bottom. The centre lines denote medians, edges are upper and lower quartiles and whiskers show minimum and maximum values.
(A) Recordings obtained from slices previously incubated in the MAO inhibitor pargyline (10 uM) and kept in the medium for all the time of re-
cording. Dopamine (DA, 100 pM) inhibited the relative firing rate, which did not significantly recover after 10 or 15 min perfusion (P > 0.05,
one-way repeated measures ANOVA with Bonferroni’s post hoc test, n = 7 slices). A partial recovery was obtained at 10 min dopamine washout,
while full recovery could be accelerated by the D, receptor antagonist sulpiride (30 uM). (B) Perfusion with the D, receptor agonist quinpirole
(100 nM) induced a pronounced and long-lasting firing rate inhibition. The firing rate was not restored in response to 30 uM HVA (P > 0.05,
paired t-test, n = 5 slices). The firing rate then recovered at drugs washout. (C) Similar results were obtained when attempting to restore
quinpirole-mediated firing inhibition with 30 uM DOPAC (P > 0.05, paired t-test, n = 5 slices) or (D) 30 uM DOPAL (P > 0.05, paired t-test,
n =5 slices), with the latter being applied after previous exposure in 1 uM benomyl.
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Figure 6

A cocaine-sensitive inward current counteracts D, and GABAg receptor-mediated outward currents. Whole-cell patch-clamp recordings from SNc
dopaminergic neurons recorded in voltage-clamp mode. (A) In control conditions, dopamine (DA, 100 pM) induced an outward current that
slowly decayed upon continuous exposure to dopamine, giving rise to an inward current at later stages (top trace). In the presence of the DAT
antagonist cocaine (30 uM), the decay of the outward current induced by dopamine (100 pM) was strongly attenuated (bottom trace). The plot
on the right indicates the current induced by dopamine as percentage (+SEM) of the peak outward current, at various times from onset of drug
perfusion, in control conditions (n=26) and in cocaine (n=9; 'P<0.05, unpaired t-test). (B) The outward current induced by the GABAg receptor
agonist baclofen (2 pM) was attenuated by dopamine (100 uM), in the presence of 10 uM sulpiride (top trace). This effect of dopamine was not
observed when 30 uM cocaine was added in the bath (middle trace). Similarly, the dopamine-mediated inward current was prevented in the pres-
ence of the DAT inhibitor GBR12909 (2 uM; bottom trace). The plot on the right indicates the current induced by dopamine as a percentage
(£SEM) of the baclofen-induced outward current at steady state, at various times from onset of dopamine perfusion, in control conditions
(n=13), in cocaine (n=13) and in GBR12909 (n=6). P < 0.05, unpaired t-test control versus cocaine; #P<0.05, unpaired t-test control versus
GBR12909. (C) I-V relationships obtained by means of voltage ramps (from —120 to —60 mV, 80 mV-s ') in the continuous presence of 10 uM
sulpiride, in control conditions, following exposure in 2 uM baclofen and during maximal effect of 100 pM dopamine over the baclofen-mediated
outward current. Note the change in slope induced by baclofen, as opposed to the rightward shift induced by dopamine. The box-and-whisker
plots on the right show the membrane slope conductance measured in the same neurons (n = 6) in control conditions, in 2 uM baclofen and in
2 uM baclofen plus 100 uM dopamine. The centre lines denote medians, edges are upper and lower quartiles and whiskers show minimum and
maximum values. P < 0.05, one-way repeated measures ANOVA with Bonferroni’s post hoc test.
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et al., 1988). When the same voltage ramp protocol was ap-
plied during the maximal dopamine effect on the baclofen-
induced outward current, no additional change in the slope
conductance was detected within the voltage range tested
(from 4.38 £ 0.66 nS in baclofen to 4.48 £ 0.76 nS in baclofen
and dopamine; Figure 6C).

These results indicate that dopamine counteracts the
K;;3.1 channel-mediated outward current promoting the de-
velopment of an inward current, rather than by acting on
the previously opened K* conductance, and are in agreement
with a role played by the depolarizing current elicited in re-
sponse to DAT activation (Ingram et al., 2002).

Discussion

We have used a MEA device to investigate the effect of
prolonged dopamine exposure in slices of the SNc, in order
to record the firing of a large population of neurons, in a con-
dition that is unperturbed by physical or chemical interfer-
ence of any sort, as with conventional recording electrodes,
and thus possibly closer to physiological conditions (Berretta
et al., 2010). We selected from each recorded slice all active
neurons within the SNc area, whose firing was inhibited by
dopamine and hence identified as dopaminergic based on
the well-characterized D, receptor-mediated autoinhibition,
typical of this SNc neuronal population (Lacey et al., 1987;
Kim et al., 1995; Krashia et al., 2017). In these experimental
conditions, we were able to describe an initial profound
dopamine-mediated firing inhibition that reached a plateau
in 2 to 5 min, followed by a progressive re-emergence of the
firing in spite of persisting dopamine exposure, giving rise
to DIR.

DIR has been ascribed to a D, receptor desensitization
process that is present at early postnatal life, while being pro-
gressively lost towards adulthood, through development of a
calcium-dependent process involving L-type calcium chan-
nels (Dragicevic et al., 2014). According to our results, D, re-
ceptor desensitization is indeed present, as indicated by the
partial recovery of the dopamine-mediated outward current
in the presence of cocaine (see Figure 6A); however, in our ex-
perimental conditions, it seems to be a minor factor in deter-
mining firing recovery under persistent dopamine exposure.
This conclusion is based on the lack of firing recovery under
continuous exposure to quinpirole, while it was restored by
addition of dopamine. Accordingly, recent data of Robinson
et al. (2017) reported a relatively small desensitization of D,
autoreceptors by quinpirole or dopamine that was largely in-
dependent of their internalization. Furthermore, when dopa-
minergic neurons’ firing had been inhibited by the opening
of K;;3.1 (GIRK) channels through GABAy receptor stimula-
tion, instead of D, receptors, dopamine was still able to
restore neuronal firing even in the presence of the D, receptor
antagonist sulpiride, thus demonstrating a dopamine-
mediated mechanism occurring independent of D, receptors.

Rather, our results strongly indicate a key role played by
DAT activation, because the pharmacological inhibition of
DAT prevented firing recovery by dopamine in MEA record-
ings, and accordingly, it strongly reduced the delayed fading
of the dopamine-mediated outward current, as well as that
mediated by GABAg receptors, in response to dopamine.

DAT and reversal of dopamine-mediated inhibition m

DAT plays a major role in the clearance of dopamine from
the extracellular space, carrying this monoamine inside the
cell against its concentration gradient, using the driving force
of 2 Na* and 1 CI”, co-transported with dopamine, as energy
source (Kilty et al., 1991; Gu et al., 1994; Mortensen and
Amara, 2003; Vaughan and Foster, 2013). Additionally, this
transport has been shown to cause a channel-dependent cur-
rent (Carvelli et al., 2004; De Felice, 2017) such that DAT ac-
tivation generates an overall depolarizing current, capable to
increase the firing rate of the dopaminergic neurons in cul-
tures (Ingram ef al., 2002) and slices (Branch and Beckstead,
2012). We suggest that DAT activation, due to accumulation
of extracellular dopamine, behaves like an ionotropic recep-
tor by inducing a depolarizing current in the dopaminergic
neurons, which is large enough to bring the membrane po-
tential back to threshold for action potential generation,
thereby restoring the firing while still in the presence of
exogenously applied dopamine. This hypothesis is corrobo-
rated in our results, not just by the pharmacological evidence
using DAT antagonists and also by the observation that,
while the GABAj receptor-mediated outward current was as-
sociated to an expected increase of slope conductance
reverting close to K* equilibrium potential, the dopamine-
mediated recovery of the same current was not paralleled
by an opposite effect on the same conductance (Ingram
et al., 2002; Swant et al., 2011).

A possible criticism of this hypothesis arises from the high
concentration of cocaine (30 uM) needed to prevent DIR and
the dopamine-induced current, arguing for possible side ef-
fects due to its anaesthetic action, known to occur at high
dose (Yasuda et al., 1984). Indeed, we found that a lower con-
centration of cocaine (5 and 10 pM; not shown) was ineffec-
tive; however, two pieces of evidence lead us to exclude this
interpretation: (i) inconsistently with the hypothesis that co-
caine acts by exerting an anaesthetic action, we found that
the fading of the baclofen-induced current by 100 uM dopa-
mine was not prevented by the local anaesthetic lidocaine
(500 uM; Supporting information Figure S1) and (ii) similarly
to cocaine, the dopamine-induced inward current was
blocked by the DAT inhibitor GBR12909 at a highly selective
concentration (2 uM). Indeed, GBR12909 has previously
been shown to be at least 50 times more potent than cocaine
as DAT inhibitor (Izenwasser et al., 1990; Masserano et al.,
1994), suggesting that a high cocaine dose is needed in order
to overcome the high concentration of dopamine used. On
this regard, the need of a complete DAT block in order to pre-
vent DIR may explain the seemingly divergent results of
Nimitvilai et al. (2012a), who found that cocaine at low con-
centration facilitates the ability of dopamine to induce DIR.
Possibly, the DAT-mediated current causing DIR requires the
transporter to be completely blocked, while when it is only
partially inhibited, the prevailing effect is that of increased
extracellular dopamine levels.

The need of concomitant D; and D, receptor stimulation
in order to induce recovery from dopamine-mediated firing
inhibition has been previously reported in VTA dopaminergic
neurons (Nimitvilai and Brodie, 2010). According to our ex-
perimental evidence, the co-application of their respective
agonists, SKF81297 and quinpirole, was not able to mimic do-
pamine effects on firing recovery, thus suggesting a different
mechanism of action.
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These discrepancies from previously proposed mecha-
nisms may be the result of differences in the species used
(mice vs. rats) or in the precise area under investigation
(SNc vs. VTA), or the age of the animal, as the DIR reported
by Nimitvilai et al. (2012a) became evident only after 15
postnatal day, as opposed to 12-15 in the present work.
However, we should also consider the possibility that more
than one mechanism might be implicated in DIR, includ-
ing D, receptor desensitization (Dragicevic et al., 2014) or
a D; receptor-dependent phosphorylation mechanism
(Nimitvilai et al., 2012a; Nimitvilai et al., 2013), with vary-
ing relative weight of contribution according to particular
experimental conditions. In any case, our experimental
evidences bring forward the electrogenic DAT current as
a major actor of DIR expression in SNc dopaminergic
neurons.

Interestingly, we found that, when MAO enzymes were
inhibited with pargyline, firing recovery from prolonged do-
pamine exposure was abolished. This effect was not due to
the block in the release of metabolic down-products of dopa-
mine degradation, as neither HVA nor DOPAC nor DOPAL
were capable to restore quinpirole-mediated firing inhibition.
This result is reminiscent of a previous report from our own
laboratories, showing that MAO inhibition transforms the
typical transient firing inhibition due to brief dopamine ex-
posure, into one that lasts for several tens of minutes (Mercuri
etal., 1997). Similarly, we now found that, in the presence of
the MAO inhibitor pargyline, not only was DIR absent but
also firing recovery at dopamine washout was even delayed,
such that a pharmacological block of D, receptors with
sulpiride was needed in order to accelerate a full recovery (see
Figure SA). Possibly, when dopamine degradation is blocked,
extracellular dopamine available for D, receptor stimulation
becomes high enough to overcome the counteracting effect
of the DAT current. Moreover, whatever is the cellular mech-
anism responsible for the abnormally sustained dopamine in-
hibition caused by MAO inhibition, its stimulation by the
previous exposure in pargyline might have similarly compro-
mised the recovery from inhibition under prolonged dopa-
mine. In addition to these possible explanations, we cannot
rule out an indirect effect on DAT due to MAO inhibition.
For instance, it has been reported that stimulation of Rho
family GTPases mediates an internalization of DAT. This ef-
fect occurs in response to amphetamine entering the dopami-
nergic neurons, and also, intracellular dopamine appears to
be capable to stimulate the same process (Wheeler et al.,
2015). On this basis, we hypothesize that the rise of intracel-
lular dopamine due to MAO inhibition may cause DAT inter-
nalization, thus preventing firing recovery. This result
strengthens the importance of MAO activity in controlling
the dopaminergic signal, and it is for this reason that inhibi-
tion of this enzymatic process is often combined with
L-DOPA treatment in order to boost its therapeutic action in
PD patients (McCormack, 2014; Finberg and Rabey, 2016;
Cereda et al., 2017).

It is known that stimulation of D, autoreceptors by
extracellular dopamine not only alters dopaminergic neu-
rons’ basal excitability but also affects action potential
backpropagation and calcium current dynamics and hence
dopamine transmission to target areas (Cardozo and Bean,
1995; Gentet and Williams, 2007; Ford, 2014; Evans et al.,
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2017). On this basis, our results suggest that extracellular do-
pamine modulates the local processing of active information
by means of an interplay between D, receptor-mediated hy-
perpolarization and an opposing current generated by DAT
activity. Interestingly, extracellular dopamine also dampens
GABAjg receptor-mediated inhibition. A similar interplay
has previously been reported in VTA dopaminergic neurons,
occurring through a cross-desensitization process (Nimitvilai
et al., 2012b), while our results point to a DAT-dependent
mechanism, as it is prevented by cocaine. In any case, these
results confirm a much more complex and heterogeneous
action exerted by extracellular dopamine in the ventral mid-
brain, than a simple self-inhibitory role through D, receptor
stimulation.

A greater awareness of the significant role played by the
DAT current in shaping SNc dopaminergic neurons firing
can be of considerable importance also in relation to the
vulnerability of this neuronal population in PD. It should
be noted that, while DIR in control mice is normally pres-
ent only at early postnatal age (Dragicevic et al., 2014), in
the PARK7 gene knockout mouse model of PD, in adults,
there is also a strong degree of recovery from dopamine-
mediated firing inhibition by sustained extracellular dopa-
mine in SNc dopaminergic neurons (Goldberg et al., 200S5),
as well as a higher level of oxidative stress linked to their
pacemaking action potential firing (Guzman et al., 2010).
Interestingly, DAT-overexpressing mice also display histo-
pathological and behavioural features of PD (Masoud et al.,
2015). This effect can indeed be ascribed to the accumula-
tion of cytosolic dopamine (Lohr et al., 2017); however, we
may also hypothesize a significant role played by the DAT
current that keeps action potential firing at higher levels,
thereby exacerbating neurodegenerative processes in SNc
dopaminergic neurons because of an increased metabolic
demand.

Another fundamental issue raised by our experimental
results is the need to optimize L-DOPA-based pharmacolog-
ical therapies in PD patients, taking into account the ad-
verse side effects of DAT stimulation in response to the
increased levels of exogenous dopamine. An aggravating
factor in this opposing interplay between D, receptors and
DAT is the finding that DAT activity and expression are
increased by D, receptor stimulation in response to high
extracellular dopamine levels, as those that can be achieved
under L-DOPA treatment (Cass and Gerhardt, 1994;
Mayfield and Zahniser, 2001; Benoit-Marand et al., 2011;
Ford, 2014). Thus, adding to possible oxidative damage
due to dopamine accumulation (Lipski et al., 2011), L-DOPA
treatment may be limited in its efficacy by the concomitant
DAT stimulation and cause in the meantime a higher meta-
bolic demand in the surviving population of dopaminergic
neurons.
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Figure S1 The presence of the anaesthetic drug lidocaine did
not prevent the dopamine-induced inward current. While
still in cell-attached, before gaining a whole-cell access, the
cell was exposed to lidocaine 500 pM, in order to ensure the
disappearance of spontaneous extracellularly recorded
action potentials, thereby confirming the efficacy of the drug.
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(A) The outward current induced by the GABAj receptor
agonist baclofen (2 uM), in the presence of 10 pM sulpiride
and 500 puM lidocaine, was attenuated by dopamine (100
uM; n =9, from 3 animals). (B) Box-and-whisker plots of the
dopamine-induced inward current in control conditions, in
lidocaine and in cocaine. The center lines denote medians,
edges are upper and lower quartiles, whiskers show minimum
and maximum values. As shown by the plots, the dopamine-
induced current was significantly reduced in the presence of
cocaine, while not in lidocaine. *P < 0.05, F3 32 = 16.86,
One-Way ANOVA with Boferroni’s post hoc test.
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