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Abstract

Background: The ventral pallidum (VP) is a dopaminoceptive forebrain structure regulating the ventral tegmental area (VTA)
dopaminergic population activity. We have recently demonstrated that in the VP, the D2-like dopamine (DA) receptor agonist
quinpirole dose dependently facilitates memory consolidation in inhibitory avoidance and spatial learning. According to
our hypothesis, quinpirole microinjected into the VP can modulate the VTA DAergic activity and influence motivation and
learning processes of rats.

Methods: Quinpirole was microinjected at 3 different doses into the VP of male rats, and controls received vehicle. Single
unit recordings were employed to assess VTA DAergic activity. To investigate the possible reinforcing or aversive effect of
quinpirole in the VP, the conditioned place preference paradigm was used.

Results: Our results showed that intra-VP quinpirole microinjection regulates VTA DAergic neurons according to an inverted
U-shaped dose-response curve. The largest dose of quinpirole decreased the population activity and strongly reduced burst
activity of the DAergic neurons in the first hour after its application. In contrast, the 2 smaller doses increased DA population
activity, but their effect started with a delay 1 hour after their microinjection. The CPP experiments revealed that the largest
dose of quinpirole in the VP induced place aversion in the rats. Furthermore, the largest dose of quinpirole induced an acute
locomotor activity reduction, while the medium dose led to a long-duration increase in locomotion.

Conclusions: In summary, quinpirole dose dependently regulates VTA DAergic activity as well as the motivation and motor
behavior of the rats at the level of the VP.
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Significance Statement

activity as well as in the control of the behavior.

The ventral tegmental area (VTA) plays an important role in motivational and learning processes. The ventral pallidum (VP) is
an important structure in the regulation of the VTA dopaminergic activity. We show that the D2-like dopamine (DA) receptor
agonist quinpirole microinjected into the VP dose dependently modulates the VTA DAergic activity. The largest dose of quinpirole
decreased the population activity and strongly reduced burst activity in the first hour after its application. Furthermore, in har-
mony with these electrophysiological results, the largest dose of quinpirole induced place aversion in the experimental rats. Our
results highlight the outstanding role of the VP D2 DA receptors in the remote feedback regulation of the VTA DAergic neuronal

Introduction

The mesencephalic dopaminergic (DA) ventral tegmental area
(VTA) innervates numerous cortical and subcortical limbic
structures, including the prefrontal cortex, hippocampus,
nucleus accumbens (NAC), basolateral amygdala (BLA) and
central amygdala, and the ventral pallidum (VP) (Oades and
Halliday, 1987; Klitenick et al., 1992). D2-like dopamine recep-
tors (D,Rs) are 1 of the 2 subgroups of DA receptors and can be
localized throughout the limbic system (Ariano et al., 1993).
The D,R subgroup (expressed as D2-like receptors) consists of
D2, D3, and D4 DA receptors (Missale et al., 1998). It is well
known that the D,R-like agonist quinpirole mainly affects D2
and D3 DA receptors.

Several pieces of evidence support the role of DA and its D,Rs
in synaptic plasticity and memory consolidation (Jay, 2003). In
addition, quinpirole microinjected into the NAC shell region in-
duces place preference (White et al., 1991). The hippocampus
regulates VTA DAergic population activity via the NAC-VP axis
(Grace et al., 2007), and the NAC D, and D,Rs jointly participate in
control of the VTA (Rahman and McBride, 2000, 2001).

The VP is a basal forebrain limbic structure, the part of the
loop controlling entry of information into long-term memory
(Lisman and Grace, 2005), and via its innervation of the VTA it
is the main regulator of DAergic population activity (Floresco
et al., 2003). In the VP, both D2 and D3 as well as D4 DA D2-like
receptors have been reported (Murray et al., 1994; Noain et al.,
2006). Receptors of this subgroup can be located presynaptically,
most probably on synaptic terminals of the BLA (Maslowski-
Cobuzzi and Napier, 1994; Clark and Bracci, 2018) and the NAC
(Robertson and Jian, 1995; Mengual and Pickel, 2002), as well
as postsynaptically on the output neurons and perhaps on VP
interneurons as well (Mengual and Pickel, 2002). Unfortunately,
less is known about the exact distribution of the D2, D3, and D4
receptors within the VP. It has been shown that the D3 recep-
tors are expressed on VP GABAergic neurons projecting to the
lateral habenula and the VTA (Pribiag et al., 2021). It has been
revealed that the VP D,Rs are potential candidates for remote
feedback control over VTA DAergic population activity. This is
supported by the fact that a D,R antagonist microinjected into
the VP increases DA levels in the VP on a large scale (Melendez
et al., 2005), even though the number of the D, autoreceptors in
the VP is low (Mengual and Pickel, 2002).

Gong et al. have shown that DA release/uptake blockade
by cocaine and amphetamine induces place preference when
microinjected into the VP (Gong et al., 1996). In our recent papetr,
we posited that the formation of place preference (or aversion)
requires the drug to have motivational/hedonic actions, which
can be associated with environmental cues as well as memory
consolidation-facilitating effects to consolidate the established
association in the brain (Lénard et al., 2018). We have recently
shown that the D,R-like agonist quinpirole microinjected into
the VP dose dependently facilitates memory consolidation

related to inhibitory avoidance (Léndrd et al., 2017) and spatial
learning (Péczely et al., 2016) processes. These data suggest that
DA and perhaps the activation of D,Rs exert their effects in the
VP via the modulation of VTA DAergic neurons.

In the present study, we aimed to clarify whether the D,R-like
agonist quinpirole microinjected into the VP has a rewarding
or possibly aversive effect in the conditioned place prefer-
ence (CPP) paradigm. According to our hypothesis, quinpirole
microinjected into the VP can exert its effect indirectly via the
modulation of the DAergic neurons of the VTA. For this reason,
to unravel how intra-VP quinpirole modulates VTA DAergic ac-
tivity, single-unit recordings were performed in the VTA.

METHODS

Subjects and Drug Administration

In the electrophysiological experiments, 30 male Sprague-
Dawley rats were used, and 37 male Wistar rats were used in
the behavioral experiments. Rats were pair-housed for electro-
physiological experiments and single-housed for behavioral
experiments to protect the cannula implant. Experiments with
Sprague-Dawley rats were performed in accordance with the
NIH Guide for the Care and Use of Laboratory Animals and ap-
proved by the Institutional Animal Care and Use Committee
at the University of Pittsburgh. Experiments with Wistar rats
were carried out in accordance with institutional (BA02/2000-
8/2012), national (Hungarian Government Decree, 40/2013. IL
14), and international standards (European Community Council
Directive, 2010/63/EU). The rats were housed in a temperature-
controlled room (22°C+1°C) under standard housing conditions
with free access to food and water and a 12-hour-light/-dark
cycle. The rats were tested during the lights-off cycle in behav-
ioral experiments.

In electrophysiological experiments unilateral, while in be-
havioral experiments bilateral, microinjection of the D2-like
dopamine receptor agonist (-)-quinpirole hydrochloride (Sigma-
Aldrich Co.,Q102, Burlington, MA, USA) dissolved in physiological
saline into the VP was performed. Quinpirole was administered
in 3 different doses (0.1 pg, 1.0 pg, or 5.0 pg, in 0.4 pL physiological
saline; 0.98 mM, 9.77 mM, and 48.89 mM, respectively). Control
animals received vehicle only. Solutions were kept at 4°C before
administration. All drug doses represent the dose per side value.
Drugs or vehicle were uni- or bilaterally microinjected through
a stainless-steel injection tube inserted into the guide cannulas.
The microinjection pipette was attached to a 10-pL Hamilton
microsyringe via polyethylene tubing. All microinjections were
delivered over a 60-second period. After completion of the
microinjection, the pipette was left in place for an additional 60
seconds to allow diffusion into the surrounding tissue as well as
to prevent the backflow of the solution along the insertion track.
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Acute and Chronic Preparations

In the acute electrophysiological experiments, rats were anes-
thetized with chloral hydrate (400 mg/kg, i.p.; Sigma) and fixed
in a stereotaxic frame. Stainless-steel guide cannulas (26 gauge)
were implanted unilaterally dorsal to the VP (AP: -0.3 mm from
bregma; ML: + 2.2 mm from midline; V: -5.8 mm from brain sur-
face). The coordinates for the VTA single unit recording were AP:
-5.3 to 5.7 mm from bregma, ML: +0.6 to 1.0 mm from midline,
and V: 6.5 to 9.0 mm from the brain surface. In vivo extracel-
lular recordings were performed using microelectrodes pulled
from Omegadot 2.0-mm glass tubing on a vertical electrode
puller (Narishige P-5, Japan) and the tip broken back under
microscopic control to an impedance of 12-16 MQ and filled
with 2M NaCl containing 2% Chicago Sky Blue dye. During the
acute experiments, body temperature was held constant at 37°C
using a thermostatically controlled heating pad (Fintronics),
and anesthesia was maintained by i.p. injection of chloral hy-
drate as needed to maintain suppression of the hindlimb
compression reflex.

Chronic operations were carried out under anesthesia by
intraperitoneal injection of a mixture of ketamine (Calypsol) and
diazepam (Seduxen) mixed in a ratio of 4:1 (Calypsol, 80 mg/kg
bwand Seduxen, 20 mg/kg bw, respectively; Richter Gedeon Ltd.,
Hungary). Then, 22-gauge stainless-steel guide cannulas were
implanted bilaterally 0.5 mm above the VP (AP: -0.3 mm from
bregma; ML: +2.2 mm from midline; V: -7. 1 mm from dura) ac-
cording to the Paxinos and Watson’s stereotaxic atlas (Paxinos
and Watson, 1997). Cannulas were fixed to the skull with self-
polymerizing dental acrylic (Duracryl) anchored by 2 stainless-
steel screws. The guide cannulas, except when being used for
insertion of microinjection delivery cannulas, were occluded with
stainless-steel obturators made of 27-gauge stainless-steel wire.

VP D_R-Like Agonist Microinjections: VTA
Extracellular Recordings

In the anesthetized rats, a stainless-steel guide cannula was im-
planted into the VP. Quinpirole was microinjected at different
doses into the VP through the microinjection cannula inserted
into the guide cannula. Control animals received vehicle. Ten to
15 minutes after the microinjection, a recording electrode was
lowered through 6-9 vertical electrode tracks (following a me-
ander line-shaped pattern the first track was the most anterior
and medial, and the last one was the most posterior and lateral)
in a predetermined pattern within the VTA of each rat as previ-
ously described (Valenti et al., 2011). Settings of these electro-
physiological recordings were similar to those described above,
with the electrical signals amplified 10 000x and band-pass fil-
tered at 0.3-10 000 Hz. DA neurons were identified according
to well-established electrophysiological criteria (Ungless and
Grace, 2012). Three parameters were measured: population ac-
tivity (i.e., the number of spontaneously active DA neurons per
electrode track), average firing rate, and the percentage of action
potentials occurring in bursts (Grace and Bunney, 1984). DA cell
bursts are defined by increasing interspike intervals as the burst
progresses; therefore, in the analysis, the burst onset was de-
fined as the concurrence of 2 spikes with an interspike interval
of <80 milliseconds, and burst termination was determined as
an interspike interval >160 milliseconds. At the end of record-
ings, the recording sites were marked via electrophoretic ejec-
tion of Chicago Sky Blue dye from the tip of the electrode (20 pA
constant negative current, 20 minutes) for histological confirm-
ation of the recording sites.

VP D,R-Like Agonist Microinjections: CPP Test

The CPP apparatus consisted of a circular open field with
a diameter of 85 cm and 40 cm height. The apparatus (gray-
colored walls and floor) was made of plastic. Black lines divided
the floor into 4 quadrants of equal size, and surrounding visual
cues helped to distinguish the quadrants and the spatial orien-
tation of animals (Hasenohrl et al., 1989). The room was dimly
lit by a 40-W bulb. The place preference procedure consisted of
1 habituation (first day), 2 conditioning (days 2-3), and 1 test
(fourth day) trials, each lasting for 900 seconds (15 minutes).
The apparatus was cleaned and dried after each session. All
trainings and testing were conducted in a sound-isolated, well-
separated experimental room. In the habituation trial, animals
were placed into the apparatus and had free access to all quad-
rants for 900 seconds. We measured the time the rats spent in
each of the 4 quadrants. The treatment quadrant was deter-
mined to be 1 of the 4 quadrants in which the animal had spent
neither the longest nor the shortest time during habituation.
Bilateral microinjections of the different dose of quinpirole or
the vehicle solution were performed at the start of the con-
ditioning trials. Subsequently, during each conditioning trial,
rats were confined to the treatment quadrant for 15 minutes by
means of a Plexiglas barrier. On the fourth day (test trial), ani-
mals had free access to all parts of the apparatus, and the time
spent in each of the 4 quadrants was measured. The possible
formation of place preference or aversion in the experimental
animals was revealed by calculating the normalized time spent
in the conditioning quadrant, that is, the difference between
the time spent in the conditioning quadrant during the test
and the habituation in the case of all animals. Locomotor ac-
tivity of the animals was also recorded by a video camera. Data
were stored and motion-analysis was made by the Noldus
EthoVision Basic software (Noldus Information Technology b.v.,
Wageningen, the Netherlands).

Histology

At the end of electrophysiological recordings, a lethal dose of
chloral hydrate (additional 400 mg/kg i.p.) was administered for
euthanasia. The rats were decapitated and the brains removed
before fixing the tissue in 8% paraformaldehyde for approxi-
mately 48 hours and then transferred to 25% sucrose solution
for cryoprotection. The brains were frozen and sliced coronally
(60 pm) and stained with a combination of neutral red and
cresyl violet.

At the end of the behavioral experiments, rats received an
overdose of urethane (i.p. injection of 40% urethane solution in
a dose of 1.4 g/kg) and were perfused transcardially with iso-
tonic saline followed by 10% formaldehyde solution (slow in-
fusion rate: 500 mL/20 minutes). A week after fixation, brains
were frozen, cut into 40-um serial sections, and stained with
cresyl violet.

Microinjection sites were reconstructed according to the rat
brain stereotaxic atlas (Paxinos and Watson, 1997). Only data
from animals with correctly placed cannulas were analyzed.

Statistical Analyses

For statistical analysis, mixed ANOVA and 1-way ANOVA fol-
lowed by Bonferroni post hoc test were applied. Data are
presented as mean + SEM. To examine the possible correl-
ations between the variables, the Pearson correlation test
was used. Statistical significance was established as P<.05. In



mixed-ANOVA analysis, trial or time was regarded as the within-
subject factor and treatment as the between-subject factor.

To preliminarily determine the appropriate sample size for
the experiments, the software G*Power 3.1 was applied. Based
on the results of our earlier experiments and the results of
the pilot experiments, setting the power to 0.8, the estimated
number of animals in the electrophysiological experiments was
24, and in the behavioral experiments it was 34 (in both cases
we added 10%-15% of the estimated number of animals to the
original number to compensate the loss of animals because of
the histological analysis).

RESULTS

Effects of VP D R-Like Agonist Microinjection on VTA
DA Neuron Population and Burst Activity

Cannulas for microinjection were placed into the VP and single-
unit recording electrodes directed into the VTA. Histological
examination showed that the microinjection cannulas were lo-
calized precisely to the VP and single-unit electrodes in the VTA
in 27 of the 30 rats. Schematic illustration of cannula placements
is shown in Figure 1A. The remaining 3 (3/30) rats were excluded
from the statistical analysis based on incorrect placements.
One-way ANOVA analysis revealed that the microinjections
into the VP significantly influenced the VTA DA neuron popu-
lation activity (F,,=13.529, P=.001) (Fig. 1B). Bonferroni post
hoc test indicated that the 0.1-pg quinpirole increased the
population activity of VTA DA neurons compared with con-
trols and 5.0 pg quinpirole-treated groups (P=.026, P=.001, re-
spectively), whereas 1.0 pg increased it only compared with the
5.0-ug group (P=.001). To assess whether there was an effect
along the anterior-posterior axis (Fig. 1C), the averages of first
to third, fourth to sixth, and seventh to ninth electrode tracks
were compared by mixed-ANOVA. Analysis indicated a signifi-
cant treatment (F,,,,,, =16.914, P=.001), significant trial effect
(Fosa109=3-255, P=.046), and significant treatment * trial inter-
action (F g, o5, =2.286, P=.049). Post hoc test revealed that 5.0 pg
quinpirole significantly decreased population activity compared
with the control group (P=.021) in the first 3 electrode tracks.
However, in the second 3 electrode tracks, there was no statis-
tical difference between the control and the 5.0-pg quinpirole-
treated groups, but the 0.1-pg quinpirole increased population
activity compared with the controls and the 5.0-pg quinpirole-
treated group (P=.001 in both cases); this effect persisted for the
last 3 electrode tracks as well (P=.021, P=.008, respectively). In
the last 3 electrode tracks, the 1.0-pg quinpirole also increased
the population activity compared with the control and the 5.0-
pg quinpirole-treated groups (P=.016, P=.006, respectively). The
track and potential time-dependence are also represented in a
cumulative population activity curve (Fig. 1D). Effect along the
medio-lateral axis was analyzed (data not shown): the aver-
ages of first-sixth-seventh, second-fifth-eighth, and third-
fourth-ninth electrode tracks were compared by mixed ANOVA.

Analysis indicated a significant treatment effect (F,,,=17.288,
P=.001, a significant trial effect (F,,,=3.254, P=.046), and a
nonsignificant treatment * trial interaction (F ., =0.716, P=.639).

In addition to the population activity, both the frequency
(Fg05=6.571, P=.002) (Fig. 1E) and the burst activity (F, ,, =13.716,
P=.001) (Fig. 1F) of the DA neurons were impacted by intra-VP
quinpirole treatment. Post hoc test demonstrated that the
intra-VP 5.0 pg quinpirole decreased the firing rate compared
with the controls and 0.1 pg quinpirole treated group (P=.026,
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P=.002, respectively), and especially the burst activity of the DA
neurons compared with all the other groups (P=.001in all cases).
Bursting activity distribution of the VTA DAergic neurons is also
demonstrated (Fig. 1G). Thus, the 5.0-pg quinpirole microinjec-
tion into the VP shifts the bursting activity of the DA neurons
from the high to the low bursting range.

Effects of VP D R-Like Agonist Microinjection on CPP

The effect of the D,R-like agonist quinpirole in the CPP para-
digm was investigated (Figs. 2 and 3). Histological examination
showed that the microinjection cannulas were localized to the
VP in 31 of the 37 rats (Fig. 2A). The remaining 6 (6/37) rats were
excluded from the statistical analysis. In 5 of those rats, the can-
nula was too posterior, caudal to the VP, in the lateral hypothal-
amus (LH), and substantia innominata, and in 1 rat was caudal
to the VP in the horizontal diagonal band.

One-way ANOVA revealed a statistically significant differ-
ence among the groups with respect to the normalized time
spent in the conditioning quadrant (test-habituation) par-
ameter (F,,,=3.372, P=.033) (Fig. 2B). Bonferroni post hoc test
demonstrated that the intra-VP 5.0 pg quinpirole decreased sig-
nificantly the normalized time spent in the conditioning quad-
rant compared with the control group (P=.045), inducing place
aversion.

To examine the impact of intra-VP quinpirole on locomo-
tion, we analyzed and compared values recorded in 5-minute
intervals (0-5 minutes, 5-10 minutes, and 10-15 minutes) of the
trials (Figs. 3A, C). Intra-VP quinpirole microinjection influenced
locomotor activity along the conditioning trials (Fig. 3A); mixed-
ANOVA analysis demonstrated a significant treatment effect
(Fg31.00)=7-452, P=.001), a significant trial effect (F ,=33.286,
P=.001), and a significant time effect (F,qq.,=84.292,
P=.001). Moreover, statistical analysis revealed a significant
time*treatment interaction (F g ,o; 4o =4.738, P=.001) and a signifi-
cant time’trial interaction (F, o, =5.734, P=.004). Bonferroni
post hoc test revealed that the 5.0-pg quinpirole treatment sig-
nificantly decreased locomotor activity compared with all the
other groups in the 0-5 min interval (P=.001 in all cases) and
compared with the 0.1-pg and 1.0-pg quinpirole-treated group
in the 5-10 minute interval (P=.041 and P=.004, respectively) of
the conditioning trials. Pearson correlation test revealed a sig-
nificant negative correlation between the anterior-posterior co-
ordinates and the aversive effect of intra-VP 5.0 ng quinpirole
(R=-0.691, P=.043); the more anterior the injection site, the
more aversive was the treatment (see Fig. 2C). Furthermore, a
positive correlation has been shown between the decrease in
locomotor activity and the aversive effect of intra-VP 5.0 pg
quinpirole (R=0.825, P=.022); the lower the activity during the
first 5 minutes of the first conditioning, the more aversive the
treatment (Fig. 3B). In addition to the acute effect, quinpirole
treatment also had a delayed effect on the locomotor activity,
which depended on time (Fig. 3C) within the test trial; a signifi-
cant treatment (F, ,, .., =3.495, P=.027) and a significant trial ef-
fect (F ;4,000 =28-530, P=.001) and a significant treatment * trial
interaction (F ), =4.298, P=.001) was observed. Bonferroni
post hoc test indicated that 1.0 pg quinpirole microinjected into
the VP just before the conditioning trials increased locomotor
activity during the first 5 minutes of the test trial compared with
the control and the 0.1 pg and 5.0 pg quinpirole-treated groups
(P=.001 in all cases). Nevertheless, this effect decreased grad-
ually over time in that significant differences were not observed
during the second and third 5 minutes of the test trial among
the groups.

1, 155.000)
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Figure 1. Intra-ventral pallidum (VP) quinpirole microinjection affected ventral tegmental area (VTA) neuronal activity states. (A) On the left side, schematic illustration
of recording electrode placement in the VTA (upper part) and cannula in the VP (lower part) as shown in coronal sections of rat brain taken from Paxinos and Watson's
atlas. The numbers refer to anterior-posterior distance from bregma in millimeters. On the right side, example images of slices showing the unilateral cannula and
electrode placements. (B) Effect of intra-VP quinpirole on VTA population activity, that is, the number of spontaneously active dopamine (DA) neurons per electrode
track. Intra-VP 0.1 pg and 1.0 pg quinpirole increased the population activity of VTA DA neurons compared with the 5.0-pg quinpirole-treated group, and 0.1 pg also
increased it compared with the controls. (C) Effect of intra-VP quinpirole along the anterior-posterior axis of the VTA: means of the first to third, fourth to sixth, and



Discussion

The present experiments revealed dose-dependent effects of
intra-VP quinpirole on the behavior of rats and modulation of
VTA DAergic activity. It is well known that the VP can impact VTA
DA neuron activity (Floresco et al., 2003; Grace et al., 2007). In this
study, we found that the largest dose of the D2-like dopamine
receptor agonist injected into the VP decreased VTA DA neuron
population activity and firing frequency as well as potently re-
duced burst activity. In the present behavioral experiments, the
5.0-pg dose of quinpirole microinjected into the VP induced place
aversion. It has been shown that phasic activation of VTA DAergic
neurons induces place preference (Tsai et al., 2009), and direct
optogenetic inactivation of these neurons evokes place aversion
(Danjo et al., 2014). Based on these findings, a plausible explan-
ation of our behavioral results can be that the 5.0 pg intra-VP
quinpirole induces place aversion via decreasing VTA DAergic
population and burst activity. Some data suggest that both
phasic firing and population activity of VTA DAergic neurons cor-
relates with the strength of place preference by increasing tonic
DA level in the NAC shell (Boix et al., 1995; Morutto and Phillips,
1998). If this is accurate, then one would expect that the 0.1 pg
and 1.0 pg intra-VP quinpirole should induce place preference,
because they increase VTA population activity; however, this was
not observed in this study. This apparent contradiction can be
resolved if we consider that the formation of place preference (or
aversion) obviously requires temporal overlap between the effect
of the drug and the conditioning environment. The results of the
DAergic activity along the anterior-posterior axis and the cumu-
lative population activity can be interpreted as time-dependent
changes in the population and burst activity. Considering these,
we have shown that the intra-VP 5.0 pg agonist had an acute,
immediate effect on VTA DAergic population and burst activity;
in contrast, the 0.1-pg and 1.0-pg quinpirole doses had only a de-
layed effect on the population activity, appearing approximately
1-1.5 hours after their administration.

It is well known that the activation of the hippocampus-NAC
axis increases (Floresco et al., 2001), and the stimulation of the
BLA decreases (Chang and Grace, 2014) VTA population activity
via the VP. Accordingly, one possible explanation for the delayed
increase in VTA DAergic population activity can be that the
0.1 pg quinpirole attenuated the BLA input, whereas the 1.0 pg
quinpirole facilitated the NAC shell input and thereby disinhib-
ited VTA DAergic neurons. With respect to the NAC shell-VP
pathway, this hypothesis is strongly supported by the fact that
stimulation of D2 medium spiny neurons increases VTA popula-
tion activity via the VP (Soares-Cunha et al., 2018). As discussed
above in the Introduction, D,Rs in the VP are localized presynap-
tically on the NAC and BLA terminals as well as on the output
neurons and possibly on interneurons of the VP. It is therefore
plausible that the effect on the synaptic plasticity and the con-
sequent increased VTA DAergic population activity are caused
by the activation of presynaptic D,Rs, and the acute effect of the
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agonist is a postsynaptic one that can overcome the presynaptic
effects over the VTA. The delayed increased locomotion induced
by 1.0 pg quinpirole may therefore reflect the enhanced synaptic
transmission in the NAC shell-VP fibers and the increased VTA
DA neuron population activity.

Burst activity of VTA DAergic neurons is regulated primarily
by the pedunculopontine tegmentum (PPTg), but not directly
by the VP (Floresco et al., 2003). However, the VP innervates the
PPTg (Swanson et al., 1984). We predict that the intra-VP 5.0-pg
quinpirole treatment influences burst activity via the PPTg. This
hypothesis is also supported by the fact that the burst distribu-
tion pattern in the present recordings was very similar to that
of the intra-PPTg GABA agonist muscimol treatment (Floresco
et al., 2003).

As the present results demonstrated, the 5.0-ug intra-VP
quinpirole administration not only results in decreased VTA
DAergic activity and place aversion, but it also causes an acute
decrease in locomotor activity lasting approximately 10 minutes.
This is consistent with the findings of Gong et al. (Gong et al., 1999),
and we reproduced their result in the present study. Moreover, we
have revealed a correlation between the locomotor reduction and
the aversive effect of quinpirole action in the VP. D,Rs play an im-
portant role in the regulation of reward and aversion and modu-
late locomotion in brain regions surrounding the VP. Quinpirole
increases locomotor activity and induces place preference in the
NAC shell region (White et al., 1991; Ikemoto, 2002). Inhibition of
D,Rs in the medial septum induces place aversion (Karami et al.,
2003), whereas in the LH, in the perifornical area, it has rewarding
effects and enhances locomotor activity (Morutto and Phillips,
1998). One potential confounding factor can be that quinpirole
microinjected into the VP may have diffused into these structures
and exerted its effect there. However, this option can be ruled out
because in the NAC and the medial septum, quinpirole would have
exerted the opposite effect from we observed with VP injection;
moreover, in the anterior LH, close to the VP/LH border, quinpirole
was not found to be aversive in the present experiments.

Gong and Neil demonstrated that psychostimulant-induced
place preference in the VP is DA dependent (Gong et al., 1996,
1997). If this is the case, why would activation of VP D_Rs be aver-
sive? One possible explanation can be that the resultant effect
of the D,R and D,R activation in the VP is rewarding. In this case,
if the activation of the D Rs is potently rewarding in the VP, then
this effect can compensate, or even overcome, the aversive ef-
fect of the D,R activation. An analogous case can be made with
respect to the locomotor effect in which intra-VP DR agonist
increases while the large dose of the D,R-like agonist decreases
locomotion (Gong et al., 1999); as a result, the overall effect of DA
is an increased locomotor activity (Napier and Chrobak, 1992).

Given the above-mentioned electrophysiological and behav-
ioral findings, it is important to consider that quinpirole can
exert its effect on both the D2 and D3 DA receptors from the
D2R subgroup. The dose-dependent effects of quinpirole can be
potentially explained by the differential localization of D2 and

seventh to ninth electrode tracks were compared with each other. In the first 3 electrode tracks, intra-VP 5.0 pg quinpirole decreased population activity, whereas during
second 3 electrode tracks, 0.1 pg quinpirole increased population activity and the 5.0-pg quinpirole-treated group returned to the control level. In the third 3 electrode
tracks, both 0.1 pg and 1.0 pg quinpirole led to an increase in population activity. (D) Cumulative changes in population activity are also represented in a cumulative
population activity curve, where in every electrode track the cumulative number of DAergic neurons was divided by the track number. C and D can be interpreted as
time-dependent changes in the population activity. (E) Average firing rate of DAergic neurons. In each animal, the mean of the DA neuron firing frequency was calcu-
lated, and the averages of these means within each group were used in the analysis. Intra-VP 5.0 pg quinpirole decreased the average firing rate of DA neurons. (F) The
percentage of action potentials occurring in bursts. Intra-VP 5.0 pg quinpirole strongly reduced burst activity of DA neurons. In the figure, means +SEM are represented,
*and # indicate significant differences among the groups revealed by Bonferroni post hoc test (P<.05, see details in the text). (G) Bursting activity distribution of the VTA
DAergic neurons. The 5.0-pg quinpirole microinjection into the VP shifts the bursting activity of the DA neurons from the high to the low bursting levels. The horizontal

axis indicates the percentage of action potentials occurring in bursts.
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Figure 2. Intra-vental pallidum (VP) quinpirole microinjection produced aversive effect in conditioned place preference paradigm (CPP). (A) On the left side, schematic
illustration of bilateral cannula placement in the VP as shown in coronal sections of rat brain taken from Paxinos and Watson’s atlas. On the right side, example image
of slice showing the bilateral cannulae placements. The numbers refer to anterior-posterior distance from bregma in mm. (B) The normalized time spent in the condi-
tioning quadrant (test-habituation) was calculated for all rats. Microinjection of 5.0 pg quinpirole into the VP induced place aversion in the experimental animals. (C)
A negative correlation between the anterior-posterior coordinates and the aversive effect of intra-VP 5.0 pg quinpirole (R=-0.691) was observed, with the more anterior
injection site corresponding to the more aversive effect. In the figure, means +SEM are represented; * indicates significant differences among the groups revealed by

Bonferroni post hoc test (P<.05, see details in the text).

D3 receptors within the VP. Unfortunately, the distribution of D2
DA receptors is not known. However, it has been demonstrated
that D3 receptors can be found on VP GABAergic neurons in-
nervating the lateral habenula and within VP as well, and the
optogenetic stimulation of these D3 receptor-expressing VP
cells increases DA release in the NAC shell region (Pribiag et al.,
2021). These findings and our present results suggest that per-
haps the smaller doses of quinpirole activate the habenula or
directly activate the VP neurons projecting to the VTA via D3
receptors, while the largest dose activates another pathway—
for example, the proposed VP-PPTg-VTA pathway. Accordingly,
the smaller doses activate the VTA, whereas the largest dose
inhibits it, resulting in different behavioral effects. This model
can also explain why cocaine exposure leads to place preference
and not aversion: it has been shown that cocaine administration

increases D3 receptor mRNA, but not D2 mRNA levels, in the
VP (Campbell and Lobo, 2021; Pribiag et al., 2021). Nevertheless,
the VP GABAergic neurons terminate on both DAergic and
GABAergic neurons of the VTA (Faget et al., 2016); therefore, it is
also possible that the different effects of the smaller doses and
the largest dose can be due to the distinct sensitivity of the VP
neurons innervating the VTA DAergic or GABAergic cells.

A potential limitation of the present study is that the be-
havioral and electrophysiological experiments were carried out
using different rat strains. Nevertheless, it is well known that
the Sprague-Dawley and Wistar rat strains are related in that
Sprague-Dawley rats were derived from Wistar rats. Most of the
investigations of rat CNS are performed in these 2 strains, and
the theories constructed based on the experimental findings are
frequently generalized from one to the other. This suggests that
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Figure 3. Effect of intra-ventral pallidum (VP) quinpirole microinjection on locomotion. Distance travelled was recorded and measured in centimeters. (A) Effect of
quinpirole microinjection into the VP on locomotor activity of rats in the conditioning trials. In both trials, 5.0 pg quinpirole decreased locomotion, and this effect lasted
approximately 10 minutes. (B) A correlation between the decreased locomotor activity and the aversive effect of intra-VP 5.0 ng quinpirole (R=0.825) was observed, with
the lowest activity observed during the first 5 minutes of the first conditioning during the most aversive treatment response. (C) The intra-VP 1.0 pg quinpirole induced
an increased locomotor activity, which was seen after a delay only in the test trial of the conditioned place preference paradigm. In the figure, means +SEM are repre-
sented; * and + indicate significant differences among the groups revealed by Bonferroni post hoc test (P<.05, see details in the text).

our present results can be incorporated in 1 model about the
DAergic regulation of the behavior and the VP-VTA axis.

Conclusion

In conclusion, in the present study, we have shown that the lar-
gest dose of intra-VP quinpirole induces place aversion in the
experimental animals. Furthermore, DAergic neurons of the
VTA are modulated by intra-VP quinpirole along an inverted
U-shaped dose-response curve. Our results may indicate that
the low-dose agonist has a presynaptic effect possibly affecting
the BLA or NAC shell inputs in the VP, whereas the largest dose
modulates the VP neurons directly, decreasing the VTA DAergic
activity. Or alternatively, it is possible that the inverted U-shaped

dose-response curve is caused by the different location of the D2
and D3 receptors within the VP and their different affinity to
quinpirole. In total, the suppressive effect of the large dose D,R-
like agonist is a logical negative remote feedback mechanism in
terms of the control theory.
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