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Abstract

Background: Increased locomotor activity in response to the same stimulus is an index of behavioral sensitization observed
in preclinical models of drug addiction and compulsive behaviors. Repeated administration of quinpirole, a D2/D3 dopamine
agonist, induces locomotor sensitization. This effect is potentiated and accelerated by co-administration of U69593, a kappa
opioid receptor agonist. The mechanism underlying kappa opioid receptor potentiation of quinpirole-induced locomotor
sensitization remains to be elucidated.

Methods: Immunofluorescence anatomical studies were undertaken in mice brain slices and rat presynaptic synaptosomes
to reveal kappa opioid receptor and D2R pre- and postsynaptic colocalization in the nucleus accumbens. Tonic and phasic
dopamine release in the nucleus accumbens of rats repeatedly treated with U69593 and quinpirole was assessed by
microdialysis and fast scan cyclic voltammetry.

Results: Anatomical data show that kappa opioid receptor and D2R colocalize postsynaptically in medium spiny neurons of
the nucleus accumbens and the highest presynaptic colocalization occurs on the same dopamine terminals. Significantly
reduced dopamine levels were observed in quinpirole, and U69593-quinpirole treated rats, explaining sensitization of D2R.
Presynaptic inhibition induced by kappa opioid receptor and D2R of electrically evoked dopamine release was faster in
U69593-quinpirole compared with quinpirole-repeatedly treated rats.

Conclusions: Pre- and postsynaptic colocalization of kappa opioid receptor and D2R supports a role for kappa opioid receptor
potentiating both the D2R inhibitory autoreceptor function and the inhibitory action of D2R on efferent medium spiny
neurons. Kappa opioid receptor co-activation accelerates D2R sensitization by contributing to decrease dopamine release in
the nucleus accumbens.
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Significance Statement

neurotransmission underlie behavioral impairments.

Repeated activation of dopamine D2 receptors (D2R) induces compulsive behavior and locomotor sensitization, features observed
in experimental models of addiction and obsessive-compulsive disorder. The concomitant activation of kappa opioid recep-
tors (KOR) potentiates these features, pointing to a functional crosstalk between D2R and KOR. The results showed that less
dopamine in the nucleus accumbens of the brain is associated with locomotor sensitization. D2R function is enhanced by KOR
coactivation and anatomic data indicate that the crosstalk occurs presynaptically in dopamine terminals and postsynaptically
in a subpopulation of efferent neurons of the nucleus accumbens. These data help to understand how alterations in dopamine

)
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Introduction

Dopamine mesolimbic circuit connecting the ventral tegmental
area (VTA) with the nucleus accumbens (NAc) is a key modu-
lator of goal-directed behaviors. Dopamine and glutamate
terminals synapse on 2 populations of efferent GABAergic
medium spiny neurons (MSNs) of the NAc (Sesack and Pickel,
1990, 1992). One MSN population, the direct pathway, expresses
preferentially D1 receptors and the other, the indirect pathway,
D2 receptors (D2Rs) (Bertran-Gonzalez et al., 2008). The inte-
gration of incoming neurochemical signals on MSN controls
goal-directed behaviors (Goto and Grace, 2008). Imbalances of
dopamine neurotransmission modify goal-direct behaviors,
and its chronic impairment underlies several neuropsychiat-
ric diseases. In this regard, repeated administration of psycho-
stimulants, which increase extracellular dopamine in the NAc,
results in locomotor sensitization and compulsive motivation
for the abused drug (Pierce and Kalivas, 1997). Interestingly, the
repeated activation of only D2R is sufficient to induce locomo-
tor sensitization and compulsive behaviors (Szechtman et al.,
1993, 1998; Triana del Rio et al., 2011), being suggested as an
animal model for obsessive-compulsive disorder (Dvorkin et al.,
2006; Stuchlik et al., 2016).

D2R-induced locomotor sensitization is accelerated and
potentiated by the concomitant administration of kappa opioid
receptor (KOR) agonists (Perreault et al., 2006, 2007a, 2007b). The
fact that KOR activation increases locomotor sensitization and
compulsive behaviors is surprising given the bulk of data point-
ing to KOR limiting the reinforcing properties of drugs of abuse.
However, increasing information supports the idea that chronic
activation of KOR would rather have effects that go in the same
direction as that of drugs of abuse, contributing to enhance
sensitized behaviors (Wee and Koob, 2010). Anatomical and
molecular bases of KOR enhancing D2R-induced sensitization
are unknown. We hypothesize that KOR coactivation enhances
the neuroplastic changes underlying D2R-induced locomotor
sensitization. Our goals were to study the colocalization of KOR
and D2R at pre- and postsynaptic levels in the NAc and the neu-
rochemical modifications that accompany KOR enhancement of
D2R-induced locomotor sensitization. Currently, it is known that
D2R are present presynaptically in glutamate and dopamine ter-
minals in the NAc and postsynaptically on dendritic spines of
MSN (Sesack et al., 1994). The acute activation of presynaptic
D2R inhibits dopamine release and locomotor activity. However,
high doses of agonists stimulate postsynaptic D2R inducing
locomotor activity by inhibiting the indirect pathway. We and
others have shown that the locomotor sensitization induced
by the repeated activation of postsynaptic D2R is associated
with a significant reduction of extracellular dopamine in the

NAc (Koeltzow et al., 2003; Escobar et al., 2015). Like D2R, acute
KOR activation decreases extracellular dopamine in the NAc
and locomotor activity (Di Chiara and Imperato, 1988), and KOR
knockout mice have increased extracellular dopamine (Chefer
et al., 2005), indicating that KOR tonically inhibits dopamine
release. Supporting a direct role regulating dopamine extracel-
lular levels in the NAc, electronic microscopy data showed that
KOR are present on dopamine terminals in this nucleus (Svingos
et al.,, 2001). Also, electrophysiological studies indicate that the
soma of dopamine neurons projecting to the NAc lack KOR
(Margolis et al., 2006). Increasing data suggest a functional cross-
talk between KOR and D2R regulating dopamine in the NAc. For
instance, the repeated activation of KOR decreases D2R presyn-
aptic inhibitory control over stimulated dopamine release in the
NAc (Acri et al., 2001; Fuentealba et al., 2006). A molecular expla-
nation of these data relates the repeated activation of KOR to
a reduction of D2R (Izenwasser et al., 1998). However, repeated
concomitant activation of KOR and D2R increases the number of
D2R in the high-affinity state (Perreault et al., 2007b). Altogether,
the data suggest a crosstalk between KOR and D2R regulating
dopamine release and locomotor activity. However, there is no
anatomical information regarding KOR and D2R colocaliza-
tion and their functional crosstalk in the mesolimbic system
that could explain KOR potentiation of D2R-induced locomotor
sensitization.

Here, we assessed the presynaptic control of tonic and pha-
sic dopamine release in the NAc in rats repeatedly co-treated
with KOR and D2R agonists and determined KOR and D2R colo-
calization at pre- and postsynaptic levels in the NAc. Our results
show that chronic coactivation of KOR enhances D2R-induced
sensitization. In this way, KOR directly enhances D2R inhibition
of dopamine release in the NAc, an effect supported by anatom-
ical data showing their colocalization on the same dopamine
terminals. The anatomical data also show postsynaptic colocali-
zation of KOR and D2R on a subpopulation of MSN, suggesting
that KOR potentiation of D2R-induced locomotor sensitization
arises by a postsynaptic crosstalk between these receptors in
the indirect efferent pathway of the NAc.

Materials and Methods

Animals

Male Sprague-Dawley rats (270-300 g) were obtained from
the animal care facility of the Faculty of Chemical and
Pharmaceutical Sciences of Universidad de Chile. Rats were
housed in pairs in a temperature-controlled colony room (25°C)
and maintained under a 12-hour- light/-dark cycle (lights on
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at 8:00 am) with food and water available ad libitum. Following
arrival, rats were allowed to acclimate to the colony room for 1
week. Rats were used for locomotor sensitization, microdialysis,
FSCV, and synaptosomal preparation.

Male C57BL/6 mice were obtained from the animal care facil-
ity of Pontificia Universidad Catdlica de Chile, where they were
maintained 4 to 5 mice per cage under a 12-/12-hour inverted
light/dark cycle (lights on at 10:00 pm) and constant temperature
(24°C) with food and water available ad libitum. Mice were used
for tissue immunofluorescence experiments.

All procedures were conducted to reduce the number of
animals and their level of pain and discomfort. The experimen-
tal protocols were approved by the Bioethical Committee of
the Faculty of Biological Sciences of the Pontificia Universidad
Catolica de Chile.

Reagents

Quinpirole (QNP) hydrochloride (Sigma-Aldrich) was dissolved
in physiological saline (NaCl 0.9%). U69593 (Sigma-Aldrich) was
dissolved in 20% propylene glycol in sterile water (vehicle). nor-
Binaltorphirmine (Nor-BNI, Abcam Biochemicals) was dissolved
in physiological saline.

Schedule of Locomotor Sensitization

After 5 days of handling, all rats received one s.c. saline injection
for 2 consecutive days and were placed in the locomotor activity
chamber to habituate to novelty and reduce injection-induced
stress. Twenty-four hours later, rats received an s.c. injection of
a mix of U69593 (0.3 mg/kg), a KOR agonist, and QNP (0.5 mg/
kg) or an equivalent volume of vehicle and saline. Four experi-
mental groups were obtained: U69593-QNP, U69593-Saline,

Vehicle-QNP, and Vehicle-Saline. Another group of rats received
QNP repeatedly and, on the last injection, they were co-admin-
istered with U69593 (QNP-U69 acute) or Vehicle (QNP-Veh acute)
(Figure 1). A different group of rats received a single i.p. injec-
tion of the long-lasting KOR antagonist nor-BNI, 24 hours before
the beginning of repeated injection with U69593 and QNP. Rats
were injected on a twice-weekly schedule until 8 injections
were delivered, as previously described (Perreault et al., 2006)
(Figure 1). Immediately after each injection, rats were trans-
ferred individually to the locomotor activity chamber, and hori-
zontal locomotor activity was quantified for 60 minutes as we
have described (Fuentealba et al., 2006).

NAc Synaptosomal Preparation,
Immunofluorescence, and Quantification

Synaptosomes devoid of postsynaptic density, immunofluores-
cence assay, image capture, and quantification were carried out
as indicated in Slater et al. (2016). After decapitation, the NAc
was dissected and homogenized in the following buffer 10 mM
HEPES, 320 mM sucrose, and 3mM EDTA, pH 7.4. The homogenate
was submitted to centrifugation (1000 g, 10 min, 4°C). The super-
natant was centrifuged at 17000 g, 20 min, 4°C, and the obtained
pellet was resuspended and placed in the top of a discontinu-
ous Percoll gradient (PVP-silica colloid; Sigma-Aldrich), which
was centrifuged at 15000 g, 20 min, 4°C. The obtained synapto-
some fraction was seeded in coverslips coated with Poly-L-Lysine
(Sigma-Aldrich) and fixed with 4% paraformaldehyde/10%sucrose.
Synaptosomes were permeabilized with 0.2% triton X-100 and
incubated for 2 h with blocking solution (4% bovine serum
albumin in phosphate buffered saline). Immunofluorescence
assays were performed with the following primary antibodies:
Synapsin 1 (1/500, SC-20780, Santa Cruz Biotechnology), Syntaxin
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Figure 1. Schedule of U69593 and quinpirole (QNP) administration. Upper panel, rats were co-administered with U69593 or an equivalent volume of vehicle and with
QNP or an equivalent volume of saline; injections were made every 48 to 72 hours until 8 injections were completed. Forty-eight hours later, rats were anesthetized and
subjected to microdialysis or fast scan cyclic voltammetry (FSCV), where they received a ninth injection of U69593 or vehicle and 30 minutes later another injection
of QNP or saline. Middle panel, rats were pretreated with nor-binaltorphirmine (nor-BNI) or vehicle. Twenty-four hours later, they received repeated injections of QNP
every 48 to 72 hours until 8 injections were completed. Bottom panel, rats were repeatedly treated with QNP every 48 to 72 hours; on the last QNP injection, an acute

injection of U69593 or vehicle was administered.



1(1/2000, MAB 336 Millipore Corporation), PSD-95 (1/1000, 73-028,
RRID:AB_10698024, UC Davis/NIH NeuroMab Facility), tyros-
ine hydroxylase (1/1000, 213004, Synaptic Systems), KOR (1:500,
Ab10566, Abcam), KOR (1/500, sc-7494, Santa Cruz Biotechnology),
D2R (1/250; 73-230, RRID:AB_2094978, UC Davis/NIH NeuroMab
Facility), and D2R (1:250, sc-7522, Santa Cruz Biotechnology).
Secondary antibodies were donkey anti-rabbit AlexaFluor488,
donkey anti-goat AlexaFluor 594, donkey anti-mouse AlexaFluor
594, donkey anti-guinea pig AlexaFluor647 (1/500; Invitrogen Life
Technologies), and donkey anti-mouse AlexaFluor 647 (1/500;
Jackson Immunoresearch).

We validated anti-D2R antibody (sc-7522, Santa Cruz
Biotechnology) by immunofluorescence assays in HEK293 cells
transfected with a vector encoding D2R epitope tagged with
mcherry to its c-terminus. Positive signal was observed only in
transfected cells, which matched mcherry fluorescence (data
not shown). This antibody has been previously used for immu-
nostaining in rat midbrain (Angelucci et al., 2000) and other
tissues such as spleen and thymus (Mignini et al., 2009). We vali-
dated immunofluorescence detection of KOR by using 2 antibod-
ies: Ab10566 (Abcam) and sc-374479 (Santa Cruz Biotechnology).
In our hands, KOR immune labeling in mouse brain using these
antibodies was similar (data not shown).

Microdialysis Procedure

Microdialysis experiments were carried out in anesthetized
rats 48 hours after the last injection (8th) (Figure 1). Rats were
anesthetized with chloral hydrate (400 mg/kg) and placed in a
stereotaxic apparatus (Stoelting). Anesthesia was maintained
by supplemental administration of chloral hydrate as required
to maintain the suppression of limb compression withdrawal
reflex. Body temperature was maintained by keeping the animals
over a controlled heating pad. Microdialysis was carried out as
previously described (Escobar et al., 2015). A microdialysis probe
2 mm long (CMA 11; CMA Microdialysis AB) was placed primar-
ily into the NAc core by using the following coordinates relative
to Bregma: A.P.: +1.2 to 1.5 mm; M.L.: 1.4 mm; D.V.: 7.4 mm. The
microdialysis probe was continuously perfused with Krebs solu-
tion at a flow rate of 2 pL/min, and samples were taken every 10
minutes. After 3 baseline levels were taken and to test the effect
of KOR activation, U69593 (0.3 mg/kg) was injected 30 min before
QNP (0.5 mg/kg) (Figure 1). To stimulate dopamine release, 70 mM
K* Krebs-Ringer phosphate was perfused through the microdi-
alysis probe for 10 minutes. The same microdialysis procedure
was performed in a separate group of rats that received U69593
and/or QNP for the first time during the procedure. Microdialysis
samples were immediately analyzed for dopamine content as
previously described (Escobar et al., 2015). Probe localization was
determined using a rat brain atlas (Paxinos and Watson, 2007)
on cresyl-stained brain slices. Only data resulting from correct
probe placement were considered for further analysis.

Fast Scan Cyclic Voltammetry (FSCV) Procedure

FSCV experiments were carried out in urethane (1.5 g/kg)-
anesthetized rats 48 hours after the last injection (8th). FSCV
experiments were carried out as we have described (Escobar
et al., 2015). A working electrode (glassy-carbon microelec-
trode) was dropped down into the NAc core by using the
following coordinates AP: +1.3 to 1.5 mm; ML: 1.3 mm; DV:
6.5 mm. A stimulating electrode (Plastics One) was lowered
into the VTA with the following coordinates AP: -5.2 mm,;
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ML: 1.1 mm; DV: 7.5 mm. Electrical stimulation was delivered
every 5 minutes; 3 baseline collections were conducted, and
U69593 (0.15 mg/kg i.v.) or vehicle was injected. At 30 minutes
later, QNP (0.25 mg/kg i.v.) or saline was injected. Data were
analyzed with Demon Voltammetry and Analysis software
as described (Yorgason et al., 2011). Working electrodes were
calibrated using aCSF containing 3 pM dopamine. On average,
the sensitivity obtained was 7 nA/pM. To assure that the elec-
trode was collocated in the appropriate position, a histological
inspection of the scar left by the widest part of the glass elec-
trodes in the dorsal part of the coronal slice was performed. In
addition, dopamine recapture slope was monitored while the
electrode went from the striatum to the NAc. Since dopamine
transporter expression is higher in striatum, dopamine recap-
ture is faster in this nucleus compared with the NAc.

Immunofluorescence in Mouse Brain

C57BL/6 mice were anesthetized with a mixture of ketamine/
xylazine (50/5 mg/kg, respectively) and fixed by cardiac perfu-
sion with 2% paraformaldehyde. Immunofluorescence studies in
brain slices of 40 pm were performed with the following antibod-
ies: goat polyclonal anti-D2R antibody (1:250, sc-7522, Santa Cruz
Biotechnology) and rabbit polyclonal anti-KOR antibody (1:1000,
Ab10566, Abcam), followed by AlexaFluor 488-conjugated don-
key anti-goat IgG antibody (1:1000, Jackson Immunoresearch)
and CY3-conjugated donkey anti-rabbit IgG antibody (1:1000,
Jackson Immunoresearch). Fluorescence imaging was acquired
on a laser-scanning confocal microscope (Olympus, Fluoview
1000) coupled to Fluoview v6.0 software Olympus. Images were
obtained with a 100x oil immersion objective.

Data Analysis and Statistics

Statistical analyses were performed using Prism 5 Graphpad
software. Differences in locomotor activity and tonic and phasic
dopamine release were analyzed by 2-way repeated-measures
ANOVA (groupx time) followed by Bonferroni post-test. Changes
in basal dopamine levels, as in the average of phasic dopamine
released, was analyzed by 1-way ANOVA. Data are reported as
mean + SEM. Values of P<.05 were considered significant.

Results

Repeated KOR Coactivation Potentiates D2R-Induced
Locomotor Sensitization

We assessed horizontal locomotor activity in 3 experimental
groups. The first group of rats was repeatedly co-treated with
U69593 and QNP or with either drug plus the corresponding
vehicle to confirm that KOR agonists enhance D2R-induced sen-
sitization. Two-way ANOVA revealed a significant effect of treat-
ment group (F, ,,, =137.05, P<.0001), time (F, ,,, = 18.42, P<.0001),
and interaction (F,, ,,, = 8.57, P<.0001). Bonferroni post-test indi-
cates that the U69-QNP group displays significantly higher loco-
motor activity, beginning at the fourth injection, compared with
Veh-QNP-treated rats (Figure 2A).

To assess whether endogenous KOR mediates QNP-induced
locomotor sensitization, the second group of rats received a sin-
gle dose of the long-lasting KOR antagonist nor-BNI (Horan et al.,
1992) 24 hours before QNP treatment. Two-way ANOVA showed
a significant effect of time (F,, = 45.44, P<.0001) but no effect
of pretreatment (F , ,, = 0.73, P¥.4054) or interaction (F, , = 0.65,

1,18
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Figure 2. Repeated kappa opioid receptor (KOR) activation potentiates quin-
pirole (QNP)-induced locomotor sensitization. (A) Rats were s.c. injected twice
per week until 8 injections were completed with a mixture of U69593 (0.3 mg/
kg) or an equivalent volume of vehicle, and with QNP (0.5 mg/kg) or an equiva-
lent volume of saline. **P<.01; **P<.001 compared with Veh-Sal group; #P<.05;
###P<.001 compared with Veh-QNP, according to 2-way ANOVA and Bonferroni
post-test. Veh-Sal (n=12); Veh-QNP (n =14); U69-Sal (n=14); U69-QNP (n= 16). (B)
Twenty-four hours before the initiation of repeated administration of QNP, rats
were preinjected with the long-lasting KOR antagonist, nor-binaltorphirmine
(Nor-BNI) (10 mg/kg), or Veh. Veh-QNP (n = 14); Nor-BNI-QNP (n = 6). (C) Rats were
repeatedly treated with QNP (0.5 mg/kg), and on the last QNP injection rats were
divided into 2 groups: one group received U69593 (0.3 mg/kg) in co-administra-
tion with QNP and the other group received an equivalent volume of vehicle in
co-administration with QNP. Chronic QNP, acute Veh (n = 6); Chronic QNP, acute
U69 (n = 7). Horizontal locomotor activity was quantified for 60 minutes imme-
diately after each injection.

P=.65). Bonferroni post-test showed no significant differences
(Figure 2B). These data eliminate a role of endogenous KOR
mediating QNP-induced locomotor sensitization.

Next, we examined whether potentiation of QNP-induced
locomotor sensitization requires repeated KOR activation or its
acute activation is sufficient. Therefore, the third group of rats
was repeatedly treated with QNP, and on the last injection (8th)
they were co-injected with QNP and either U69593 or vehicle.
Two-way ANOVA showed a significant effect of time (F, = 7.17,
P<.0001) and no effect of treatment (F, ,,=0.16, P=.69) or interac-
tion (F,,,=0.62, P=.74). Bonferroni post-test showed no signifi-
cant effect (Figure 2C). These data indicate that QNP-induced
locomotor sensitization is potentiated by KOR only when both
receptors are repeatedly co-activated, suggesting that a slow,
enduring incubation of neuroplastic modification underlies KOR
enhancement of D2R-induced sensitized behaviors.

Presynaptic Colocalization of KOR and D2R in
Dopamine Terminals of the NAc

To quantify presynaptic colocalization of KOR and D2R in the
NAc, we used a synaptosomal preparation devoid of post-
synaptic elements (Slater et al.,, 2016). The ratio between
PSD95 (postsynaptic marker) and Synapsin 1 (Syn) (presyn-
aptic marker) was used in each synaptosomal preparation to
control for postsynaptic contamination. Only synaptosomal
preparations with PSD95/Syn <5% were considered (Rodrigues
et al., 2005). KOR and D2R colocalize in presynaptic synapto-
somes as shown by positive Syntaxin 1 signaling (Figure 3A).
Quantitative analysis showed that 9.67 + 2.50% of D2R-positive
synaptosomes are also positive for KOR immunostaining, and
22.82 + 7.14% of KOR positive synaptosomes are also D2R pos-
itive (Figure 3C). To investigate whether KOR and D2R colo-
calize in dopamine terminals, triple colocalization assays
including also tyrosine hydroxylase (TH) were carried out.
Most KOR-D2R double-positive synaptosomes were positive
for TH immunostaining (82.53 + 11.53%) (Figure 3B-C). These
data indicate that even though there is scarce colocalization
of KOR and D2R in the NAc presynaptic terminals, KOR-D2R
colocalization occurs preferentially in TH-positive terminals,
supporting a direct role of KOR regulating D2R autoreceptor
function.

Lower Dopamine Extracellular Levels but Preserved
D2R and KOR Presynaptic Inhibitory Action in the
NAc of QNP- and U69593/QNP-Repeated Treated Rats

The colocalization of KOR and D2R in TH terminals of the NAc
prompted us to study their functional interaction regulating
dopamine. First, we carried out in vivo microdialysis to moni-
tor tonic release that allows determining basal dopamine extra-
cellular levels. A significant reduction of basal extracellular
dopamine levels in the NAc was found for Veh-QNP- and U69-
QNP-repeatedly treated rats (Table 1). The extent of the reduction
was similar between QNP and U69-QNP groups, indicating that
lower extracellular dopamine levels are required for D2R-induced
locomotor sensitization, but not for KOR potentiating this effect.
Previous behavioral work suggested that a reduction of pre-
synaptic inhibitory D2R autoreceptor function might mediate
locomotor potentiation induced by KOR activation (Perreault
et al., 2006). To test this hypothesis, we studied the role of D2R-
inhibiting basal and -stimulated dopamine release. Rats were
injected (9th injection) with the same drugs that they received
during repeated protocol while microdialysis samples of the
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Figure 3. Kappa opioid receptor (KOR) and dopamine D2 receptor (D2R) colocalize presynaptically in tyrosine hydroxylase (TH) terminals of the nucleus accumbens
(NAc). (A) Representative 60x images of KOR and D2R colocalization in rat NAc synaptosomes positive for presynaptic marker syntaxin (STX). (B) Representative 60x
images of KOR and D2R colocalization in rat NAc synaptosomes positive for the dopamine marker TH. White arrowheads indicate synaptosomes where triple label
was found. Yellow arrowheads indicate magnified synaptosomes where triple label was found. (C) Quantification of colocalization of three independent experiments.
Black bar = percent of D2R synaptosomes positive for KOR, white bar = percent of KOR synaptosomes positive for D2R, gray bar = percent of synaptosomes positive for

both KOR and D2R that are also TH positive.

Table 1. Lower Basal Extracellular Dopamine Levels in the NAc of
Rats Repeatedly Treated with Veh-QNP or U69-QNP

Repeated Treatment Dopamine (fmol/pL)
Veh-Sal 0.86 + 0.21
Veh-QNP 0.47 £0.11*

U69-Sal 0.80 £ 0.21

U69-QNP 0.45 + 0.11*

*P<.01 compared with Veh-Sal, according to 1-way ANOVA and Bonferroni post-
test.Veh-Sal n=7, U69-Sal n=4, Veh-QNP n=6, U69-QNP n=6.

NAc were taken. To discriminate between KOR and D2R inhibi-
tory action, U69593 was injected first, followed 30 minutes later
by QNP injection. A within-subjects 2-way ANOVA showed a
significant effect of treatment group (F, ,;= 11.65,P=.0001), time
(F, 5 = 44.83, P<.0001), and interaction (F,,, = 6.74, P<.0001).
A Bonferroni post-test showed that there were no significant
differences in QNP inhibitory effect on basal dopamine levels

of U69-QNP- and Veh-QNP-repeatedly treated rats (Figure 3A).
Similarly, U69593 injection decreased dopamine levels to the
same extent in U69-Sal and U69-QNP-repeatedly treated rats
(Figure 4A). The magnitude of the inhibitory action of U69593
and QNP in naive rats is similar to that found for rats repeat-
edly treated with the drugs (supplementary Figure 1). A 70-mM
K+ stimulus was used to assess KOR and D2R presynaptic inhib-
itory function during depolarization. A 2-way ANOVA showed
a significant effect of time (F,,,, = 67.31, P<.0001), treatment
(F;,4, = 9.28, P<.0001), and interaction (F1511,=5-26, P<.0001).
A Bonferroni post-test showed significant differences in
maximal dopamine release reached by each group. QNP and
U69593 injected to Veh-QNP- and U69-Sal-repeatedly treated
rats, respectively, inhibited to the same extent K*-stimulated
dopamine release (Figure 4B). Rats repeatedly co-treated with
U69-QNP showed no significant differences in inhibition of K*-
induced dopamine release after coactivation of KOR and D2R
compared with Veh-QNP-repeatedly treated rats (Figure 4B).
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Figure 4. Preserved dopamine D2 receptor (D2R) presynaptic inhibition of tonic
dopamine levels after kappa opioid receptor (KOR) potentiation of quinpirole
(QNP) locomotor sensitization. (A) Effect of acute U69593, QNP, or both on basal
dopamine levels. Data are expressed as the percentage of basal dopamine levels
*P<.05, U69-Veh and U69-QNP compared with Sal-Veh, **P<.001 Veh-QNP and
U69-QNP compared with Veh-Sal, according to 2-way ANOVA and Bonferroni
posttest. (B) Temporal course of the K*-stimulated dopamine release after the
activation of KOR and D2R on chronically treated rats. **P<.001, Veh-Sal com-
pared with U69-Sal, Veh-QNP, and U69-QNP; #P<.05, U69-QNP compared with
U69-Sal, according to 2-way ANOVA and Bonferroni posttest. Veh-Sal n=7, U69-
Sal n=4, Veh-QNP n=6, U69-QNP n=6.

However, the inhibitory effect was significantly lower com-
pared with U69-Sal-repeatedly treated rats, suggesting occlu-
sion between agonists. Altogether, these data eliminate the
loss of D2R autoreceptor function as an explanation for KOR
potentiation of QNP-induced sensitization. It is interesting to
note that the inhibitory effects exerted by KOR and D2R did
not add or synergize, indicating that these receptors share the
same mechanism to inhibit dopamine release.

Faster D2R Inhibition of Dopamine Release after
Repeated Coactivation of KOR and D2R

Microdialysis experiments do not allow for detection of rapid
changes in dopamine neurotransmission. Therefore, we used
FSCV to investigate phasic dopamine release by directly stimulat-
ing VTA cell bodies to induce dopamine release in NAc terminals.

Similar to microdialysis procedure, a 9th injection following the
same treatment that each rat received repeatedly was carried
out during the FSCV. A within-subjects 2-way ANOVA showed
a significant effect of time (F,,,, = 24.62, P<.0001), treatment
(F, 4, = 6.67, P=.0050), and interaction (F,, ., =3.98, P<.0001), thus
in&icating that U69593 and QNP injectioh induced a significant
decrease in electrically evoked dopamine release in all groups
(Figure 5B), supporting microdialysis data indicating intact KOR
and D2R inhibitory presynaptic function of dopamine in the NAc,
after their independent repeated activation.

Unexpectedly, KOR and D2R presynaptic inhibitory function
was enhanced during the first minutes in rats repeatedly treated
with U69-QNP, as indicated by Bonferroni posttest. Temporal
courses of electrically evoked dopamine release show that the
inhibitory effect of U69593 and QNP reached their maximum
faster in rats co-treated with U69593 plus QNP than single drug-
treated rats (Figure 5B). Altogether, the data show that repeated
KOR and D2R coactivation results in an enhanced and faster pre-
synaptic inhibitory action of both KOR and D2R in the NAc, sug-
gesting that these receptors are more available or have a better
coupling to second messenger system after their coactivation.

KOR and D2R Colocalize Postsynaptically in MSN
Neurons of the NAc

The colocalization of KOR and D2R on TH terminals supports
KOR enhancing D2R presynaptic inhibitory function that associ-
ates with the acceleration of D2R-induced locomotor sensitiza-
tion. However, it does not explain KOR potentiating D2R-induced
locomotor activity. To assess this possibility, immunofluores-
cence assays were carried out in the core and shell subregions
of the NAc. The experiments were performed in mice instead
of rats, since the quality of immunofluorescence signals was
significantly better. High magnification images of the NAc core
and shell show a strong signal for KOR in D2R-positive as well
as in D2R-negative MSN of the NAc (Figure 6). These anatomi-
cal data prove that KOR and D2R are in the same MSN neurons,
supporting a role for KOR potentiating D2R-inducing locomotor
sensitization.

Discussion

Here, we replicated previous data showing that coactivation
of KOR accelerates and potentiates locomotor sensitization
induced by repeated administration of QNP. Our neurochemi-
cal data show that decreased extracellular dopamine levels in
the NAc are associated with D2R sensitization, and KOR coac-
tivation accelerates the inhibitory action of D2R autoreceptors.
Anatomically, we found that the highest KOR and D2R presynap-
tic colocalization occurs in the same dopamine terminals, sup-
porting a role for KOR in regulating D2R presynaptic function in
the NAc. Also, we found high postsynaptic localization of KOR
in D2R-positive MSN cell bodies of the NAc, supporting a role of
KOR potentiating D2R inhibition of the indirect pathway.
D2R-induced locomotor sensitization, defined as an
increased response to the same stimulus, has pre- and post-
synaptic components. On one hand, we and others have shown
a significant decrease of synaptic dopamine in the NAc after
repeated QNP treatment (Koeltzow et al., 2003; Escobar et al.,
2015). In fact, QNP-sensitized rats show decreased burst activ-
ity of VTA dopamine neurons, which may explain less synaptic
dopamine in the NAc (Sesia et al., 2013). On the other hand, less



Escobaretal. | 667

A Veh-Sal UB9-QNP
2 2
& A &
- Baseline — Baseline
- Veh — UB9
- Sal - QNP
-0.4V 0.6V 1.2V

TuM

-0.4V 0.6V 1.2V

VTA Stim

VTA Stim

B
1504 Us9 QNP
or or
Veh Sal
o
£ 100+
]
7]
©
m
g
< -
o 50
+ -©- Veh-Sal
e -~ Veh-QNP
#H# -4 U69-Sal
0- -¥ UB9-QNP

L N e e e e e e e g |
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Time (min)

Figure 5. Faster and higher dopamine D2 receptor (D2R) presynaptic inhibition of dopamine release in U69-quinpirole (QNP)-repeatedly treated rats. (A) Examples
of dopamine release dynamics, expressed as dopamine concentration vs time in control (Veh-Sal) and U69-QNP-repeatedly treated rats. Baseline conditions (black
trace) and first injection (red trace) and second injection (blue trace). Insets show cyclic voltammograms in response to applied potential, left panels represent the
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Figure 6. Kappa opioid receptor (KOR) and dopamine D2 receptor (D2R) co-localize in nucleus accumbens (NAc) cell bodies. Representative 100x images of a section
of NAc core, upper panel, and NAc shell, lower panel. Yellow square represents a magnified section of the image from which a merge has been made. White asterisks
represent cell bodies positive for both KOR and D2R. Brains of 3 mice were used for immunofluorescence experiments.



668 | International Journal of Neuropsychopharmacology, 2017

dopamine induces supersensitivity of dopaminergic receptors,
leading to an overinhibition of the indirect pathway of motor
control with each QNP challenge. Which of these components
is accelerated and potentiated with the concomitant activation
of KOR receptors?

Initially, we tested the hypothesis that KOR endogenous activ-
ity could underlie locomotor sensitization induced by repeated
stimulation of D2R. The results showed that KOR blockade did not
prevent enhancement in horizontal locomotion induced by QNP,
indicating that endogenous KOR signaling does not mediate the
induction of locomotor sensitization by repeated D2R activation.
Consistent with this finding, no increase in the endogenous KOR
agonist, dynorphin, was observed after repeated D2R activation
(Engber et al., 1992; Perreault et al., 2007a).

We then tested the hypothesis that KORs have an immediate
effect enhancing locomotor sensitization induced by repeated
activation of D2R. Indeed, it was reported that enhancement of
QNP-induced locomotor activity starts from the first co-injec-
tion with U69593 (Perreault et al., 2006), which suggested that
the KOR effect enhancing QNP-induced locomotor sensitization
does not require time to develop. Two pieces of data showed
that this is not the case. First, our behavioral data showed that
the KOR effect is not immediate. Horizontal locomotor activity
was significantly greater by the fourth injection in rats treated
with U69-QNP compared with control rats. Second, no differ-
ences were found on QNP-induced locomotor activity in QNP-
sensitized rats acutely injected with U69593 or vehicle. These
observations indicate that KOR-dependent potentiation of QNP-
sensitized locomotion requires repeated KOR coactivation.

Our behavioral and neurochemical data indicate that KOR
enhancement of D2R-induced locomotor sensitization involves
both pre- and postsynaptic components. To obtain a neuro-
anatomical substrate for the functional presynaptic interac-
tion between KOR and D2R, we studied whether KOR and D2R
are colocalized in dopamine terminals of the NAc. We found
that the highest colocalization of D2R and KOR in the NAc
was in synaptosomes containing TH, supporting a role of KOR
regulating D2R autoreceptor function. FSCV data showed that
KOR acceleration of QNP-induced locomotor sensitization is
accompanied by faster inhibitory response of presynaptic D2R
decreasing electrically evoked dopamine release. In conclusion,
the data indicate that the acceleration of D2R-dependent loco-
motor sensitization induced by KOR coactivation is due to its
presynaptic action reinforcing the decrement of phasic dopa-
mine release.

The effect of KOR potentiating D2R-dependent locomotor
sensitization, that is, reaching more locomotor activity, can
have 2 possible explanations: recruiting more MSN efferent
cells of the indirect pathway or enhancing postsynaptic D2R
action on these same neurons. We reject that KOR coactivation
increases postsynaptic D2R sensitization, since steady-state
extracellular dopamine levels in the NAc were reduced to the
same extent in U69-QNP and Veh-QNP. Therefore, to further
investigate the mechanism underlying KOR potentiation of
D2R-dependent locomotor sensitization, we studied colocaliza-
tion of these receptors postsynaptically in the NAc. As expected,
D2R is localized in some MSN cell bodies of striatum and NAc.
Unexpectedly, we found large KOR-like immunolabeling in
postsynaptic MSN cell bodies of the NAc. More important and
supporting a role of KOR potentiating D2R-induced locomotor
sensitization, a subpopulation of MSN of the NAc was positive
for both KOR and D2R. It is worth mentioning that immuno-
fluorescent assays were performed in mice instead of rats to
have better quality anatomical data. Even though it is possible

that the distribution of the receptors could be different in both
species, behavioral and neurochemical studies indicate that
mice and rats share molecular mechanisms regarding loco-
motor sensitization. For instance, similar to rats, mice develop
locomotor sensitization induced by drugs of abuse and QNP
(Thompson et al., 2010), and D2R and KOR activation decrease
dopamine release in the NAc (Ehrich et al., 2014).

Altogether, we propose that potentiation of D2R-dependent
sensitization by KOR coactivation is due to stabilizing D2R inhib-
itory action on efferent MSN of the NAc. However, we cannot
exclude that dorsal striatum or other brain nuclei play impor-
tant roles in KOR enhancing D2R-induced compulsive behaviors.
Indeed, KOR and D2R have a similar role regulating dopamine
neurotransmission in dorsal striatum and locate presinapti-
cally in dopamine terminals and postsynaptically in MSN (data
not shown), where they can also interact. Further studies are
required to test the role of dorsal striatum in KOR enhancing
D2R-mediated sensitization.

In conclusion, the diminution of the extracellular levels of
dopamine and consequently the sensitization of the D2R seem
to be key elements in the maintenance of compulsive behaviors.
Our data show that repeated coactivation of KOR potentiates
D2R-induced locomotor sensitization by increasing the effi-
cacy of D2R pre- and postsynaptic inhibitory action, suggesting
that repeated activation of KOR stabilizes D2R in the plasmatic
membrane or the coupling to secondary messenger system.
Increasing data show that KOR activation enhances motivation
for drugs of abuse and mediates the effect of stress associated
with chronic abuse of drugs (Koob et al., 2014). Our data pro-
vide a mechanism by which KOR modifies the action of D2R that
could be the basis of lasting changes observed in compulsive
behaviors.
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