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ARTICLE INFO ABSTRACT

Keywords: The clinical efficacy of opioid-based therapies is severely limited by the emergence of maladaptive neuro-
Dopamine D, receptor plasticity which drives both analgesic tolerance and paradoxical pain sensitization. Although these processes
Mo.rp_hine involve spinal nociceptive circuits, the endogenous modulatory systems capable of selectively restraining mal-
Opl.md t.OIerénce adaptive plasticity without compromising opioid analgesia, remain incompletely characterized. The dopamine
Antinociception

Dorsal horn

D4 receptor (D4R) has been previously shown to constrain morphine-induced neuroadaptations within supra-

spinal circuits that underlie addiction, positioning it as a compelling candidate to regulate opioid-induced
plasticity at the spinal level. Here, we investigated whether D4R activation modulates spinal mechanisms un-
derlying morphine tolerance and hyperalgesia. Using integrated behavioral, molecular, and neuroanatomical
approaches in rats, we show that D4R activation preserves morphine antinociception while attenuating tolerance
and preventing hyperalgesia. This effect is mediated by selective reshaping of dorsal horn circuitry, including
modulation of non-peptidergic C fibers afferents, enhancement of catecholaminergic tone, and a shift of the
excitatory-inhibitory balance toward inhibition. At the cellular level, D4R activation attenuates CREB-dependent
signaling and reduces neurokinin-1 (NK1) receptor availability in lamina I projection neurons, which constitute
the main spinal output to supraspinal nociceptive centers. Together, these findings identify D4R as a state-
dependent modulator of spinal nociceptive circuitry that selectively contains opioid-induced maladaptive plas-
ticity while sparing analgesic signaling. These results extend the regulatory role of D4R from supraspinal
addiction-related circuits to spinal pain pathways, highlighting its potential as a therapeutic target to improve

the long-term safety of opioid analgesia.

Perspective: D4R emerges as a key regulator linking supraspinal addiction-related circuits and spinal nociceptive
pathways. By restraining maladaptive plasticity while preserving opioid analgesia, D4R offers a state-dependent
mechanism to prevent tolerance and hyperalgesia. Targeting D4R could thus provide a novel strategy to enhance

the long-term safety and efficacy of opioid therapies.

Introduction opioid-induced hyperalgesia (OIH) and allodynia.” These phenomena
reflect the engagement of coordinated neuroadaptive processes that

Repeated opioid exposure produces a characteristic dissociation be- reshape nociceptive circuits, extending beyond mere opioid receptor
tween analgesic efficacy and the progressive emergence of hypersensi- desensitization. A major site where these adaptations converge is the
tivity states." While antinociceptive responses are initially striking, spinal dorsal horn, where chronic opioid exposure promotes a mal-
sustained administration precipitates tolerance alongside paradoxical adaptive reorganization of local circuitry. This remodeling is
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characterized by a shift in the excitatory-inhibitory balance driven by
enhanced glutamatergic excitability,” and increased pro-inflammatory
signaling.”

Spinal lamina I neurokinin-1 receptor-expressing (NK1+) projection
neurons constitute a major output pathway conveying nociceptive in-
formation to supraspinal centers.” Evidence from selective NK1+ pro-
jection neuron ablation, pharmacological blockade, or genetic silencing
demonstrates that these neurons are essential for the full expression of
hypersensitive pain behaviors.’® Under physiological conditions, spinal
inhibitory tone tightly constrains NK1+ projection neuron excitability.
However, chronic opioid exposure disrupts this regulation, promoting a
hyperexcitable state in which NK1+ projection neurons aberrantly
engage supraspinal centers.®’ Subsequent feedback via descending
facilitatory pathways establishes a maladaptive spino-bulbo-spinal loop
that contributes to both the development and maintenance of
opioid-induced hyperalgesia and tolerance.'’

While significant research has focused on the mechanisms driving
spinal sensitization, it remains unclear whether endogenous neuro-
modulatory systems can selectively constrain these adaptations without
compromising opioid-mediated analgesia. Identifying such regulatory
mechanisms is essential for uncoupling opioid efficacy from its long-
term liabilities. Descending monoaminergic systems exert potent con-
trol over spinal nociceptive processing.'''> However, whereas norad-
renergic and serotonergic pathways have been extensively
characterized, dopaminergic modulation remains comparatively poorly
understood, particularly in the context of opioid-induced plasticity.]2
Spinal dopamine signaling exerts a complex, bidirectional influence on
nociception through the opposing actions of D1- and D2-like receptors.
While activation of D1-like receptors typically promotes pro-nociceptive
states,'® the D2-like receptors predominantly mediate antinociceptive
effects.'* Despite these insights, the specific functional contribution of
individual receptor subtypes within these families remains largely un-
resolved, limiting our ability to determine whether discrete dopami-
nergic targets can differentially regulate opioid analgesia and
maladaptive plasticity.

The dopamine D4 receptor (D4R) emerges as a compelling candidate
for modulating spinal opioid-induced neuroplasticity. In supraspinal
circuits, D4R has been shown to constrain the molecular and cellular
adaptations associated with opioid-related habit formation and the
consolidation of addiction.'>'® Given its expression within the dorsal
horn,'? and its well-established inhibitory role in C-fiber nociceptors,*’
we hypothesized that selective activation of D4R could regulate the
maladaptive spinal plasticity underlying opioid-induced sensitization
and the progressive loss of analgesic efficacy. Through selective phar-
macological activation, D4R was targeted to assess its ability to modu-
late excitatory-inhibitory balance, dorsal horn circuitry, and nociceptive
output under morphine administration.

Methods
Animals

Adult male Sprague-Dawley rats (Janvier Labs, Le Genest-Saint-Isle,
France), weighing 180-200 g at the beginning of the experiments, were
housed in standard conditions (22 + 2 °C room temperature, 55-60%
relative humidity) with environmental enrichment and a 12 h light/dark
cycle including simulated dawn/dusk transitions. Tap water and stan-
dard rodent chow were available ad libitum. Animal care and experi-
mental procedures complied with the European Union Council Directive
(2010/63/EU) and Spanish Government regulations (RD 53/2013), and
were approved by the Ethical Committee of the University of Malaga
(CEUMA 79-2019-A). All animal experiments were designed and re-
ported in accordance with the ARRIVE guidelines. The number of ani-
mals used and their suffering were minimized in accordance with the
3Rs principles. Experiments were conducted exclusively on male rats to
maintain consistency with our previously published results.'>'® The
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potential influence of sex as a biological variable is addressed in the
Discussion. No animals were excluded from data analysis.

Drug treatments

Morphine sulfate was obtained from Alcaliber S.A. (Madrid, Spain)
following authorization from the Spanish Agency of Medicines and
Medical Devices (Spanish Government). PD168,077 maleate (D4R
agonist) and L745,870 (D4R antagonist) were supplied by Tocris
Bioscience (Bristol, UK). All drugs were dissolved in a vehicle solution
consisting of 0.9% NaCl and 2% DMSO. DMSO was required due to the
low aqueous solubility of PD168,077, following manufacturer recom-
mendations. Previous work from our laboratory confirmed that this
vehicle solution does not affect receptor function.”’

The dose of PD168,077 (1 mg/kg) was selected based on its
demonstrated efficacy in counteracting cellular, molecular, and behav-
ioral effects of morphine in addiction-related paradigms.'>'® The
morphine dose (7 mg/kg) was determined in a pilot study showing
maximal acute analgesic effect and induction of antinociceptive toler-
ance following daily administration for 8 consecutive days
(Supplementary Figure S1A-B).

Animals were randomly assigned to treatment groups to receive
vehicle, morphine, PD168,077, L745,870, or morphine + PD168,077.
Experimenters were blinded to the identity and experimental conditions
of the animals and tissues. Treatments were administered intraperito-
neally (i.p.) once daily for 8 consecutive days. Sample sizes (n) for each
experiment were determined based on prior experience with similar
protocols.

Anti-nociception assessment

To assess the impact of D4R activation on morphine-induced anal-
gesia and tolerance development, nociceptive responses to thermal (tail
flick test) and mechanical (von Frey test) stimuli were measured. Rats
were habituated to the testing procedures for two consecutive days prior
to experimental assignment. Baseline measurements were obtained
30 min before the first drug administration. Antinociceptive effects were
evaluated on the first (acute) and eighth (chronic) days of treatment.

Tail flick test

The tail flick test was performed using a tail flick apparatus (LE106,
Panlab, Barcelona, Spain) following previously described procedures.'”
Rats (n = 8-12 per group) were restrained to limit mobility, with their
tails positioned on the apparatus platform. A halogen lamp beam was
directed at the dorsal surface of the tail, and the withdrawal latency was
recorded. Stimulus intensity was adjusted to achieve baseline latencies
of 3-5 s. To prevent tissue damage, a cut-off of 15 s was imposed. La-
tency was measured at 30-min intervals for 150 min following treatment
administration. The time course of the thermal antinociceptive response
for each drug treatment was plotted as the percentage of anti-
nociception, calculated using the following formula: % antinociception
= [(test response time — basal response time) / (cut-off time - basal
response time)] x 100. Overall antinociception, encompassing both
magnitude and duration, was assessed by calculating the area under the
curve (AUCQC).

von Frey test

The von Frey test was conducted using the ascending force para-
digms?? to determine the paw withdrawal threshold of animals. Rats (n
= 8-11 per group) were individually placed in transparent plastic
chambers (17-cm long x 22-cm wide x 14-cm high) on a wire grid
platform and allowed to habituate for at least 30 min. The mid-plantar
surface of the hind paw was stimulated using a series of eight von
Frey filaments (Ugo Basile, Gemonio, Italy; calibrated forces ranging
from 1.4 to 26.0 g) applied perpendicularly from beneath the mesh floor.
The experimental cut-off was set at 26.0 g. Starting with the lowest force



M. Ponce-Velasco et al.

filament, each filament was applied five times with 1-min intervals. In
the absence of paw withdrawal response, the next filament in ascending
order of force was presented. This process continued until paw with-
drawal occurred in 40% of the trials. The time course of mechanical
antinociception was measured at 30-min intervals for 150 min
post-administration and plotted as the percentage of antinociception,
calculated with the formula: % antinociception = [(test threshold — basal
threshold) / (cut-off filament - basal threshold)] x 100. Overall me-
chanical antinociception was also assessed as the AUC.

Immunostaining

Spinal cord tissue was collected from a subset of rats (n = 3-7 per
treatment group) previously subjected to the tail flick test. Animals were
sacrificed either 90 min (for double immunofluorescent labeling) or 4 h
(for single immunohistochemical staining) after the final drug admin-
istration on day 8. Rats were anesthetized with sodium pentobarbital
(60 mg/kg, i.p.) until loss of reflexes, and perfused transcardially with
0.1 M phosphate buffered saline (PBS, pH 7.4). Spinal cords were
extracted via hydraulic extrusion, post-fixed in 4% paraformaldehyde
for 24 h, cryoprotected with a solution of 30% sucrose in PBS for 72 h,
and then frozen in dry ice. Lumbar spinal cord segments (L4-6) were
coronally sectioned at 30 pm thickness using a freezing microtome (CM
1325, Leica, Wetzlar, Germany) and collected as free-floating sections
for subsequent immunostaining.

Details regarding the primary and secondary antibodies used are
listed in Table 1 and Supplementary Table S1, respectively. Optimal
concentrations of primary antibodies were determined empirically to
enable semi-quantitative evaluation of immunolabeling®’ and to iden-
tify double-labeled neurons. To ensure staining consistency, sections
from all experimental groups were processed simultaneously using the
same reagent batches.

For single antigen immunohistochemistry, sections were processed
for standard avidin-biotin peroxidase methods following a previously
described protocol.?® Peroxidase activity was developed with 0.05% 3,
3’-diaminobenzidine (DAB, Sigma-Aldrich, St. Louis, MO, USA), 0.08%
nickel ammonium sulfate and 0.02% H,0,. Immunostained sections
were mounted on gelatin-coated slides, air dried, dehydrated through
grade alcohols, and coverslipped using DPX mounting medium.

Double antigen immunolabeling for P-CREB (phosphorylated cAMP
response element-binding protein) in combination with NK1 receptor,
calbindin (CB), calretinin (CR), or parvalbumin (PV) was performed as
previously described.'® NK1 staining was revealed using an indirect

method with a  biotinylated secondary antibody and
Table 1
Primary antibodies list.

Primary antibodies Host Source Dilution

Calbindin (CB) mouse Sigma Aldrich 1:50,000 (IMQ)

Calbindin (CB) rabbit Swant 1:5000 (IF)

Calcitonin gene-regulated mouse Merk 1:100,000 (IMQ)
peptide (CGRP)
Calretinin (CR) goat Swant 1:20,000 (IMQ) /

1,5000 (IF)

Mu opioid receptor (MOR) rabbit Calbiochem 1:10,000 (IMQ)

Neurokinin-1 receptor guinea Merk 1:5000 (IMQ) /
(NK1) pig 1:3000 (IF)

Parvalbumin (PV) mouse Sigma Aldrich 1:5000,000 (IMQ)

Parvalbumin (PV) rabbit Inmunostar 1:5000 (IMF)

Phospho-CREB (P-CREB) mouse Santa Cruz 1:750 (IF)

Substance P rabbit Inmunostar 1:6000 (IMQ)

Vesicular GABA mouse Synaptic 1:5,000 (IMQ)
transporter (VGAT) Systems

Vesicular glutamate guinea Synaptic 1:100,000 (IMQ)
transporter 2 (vGluT2) pig Systems

Lectin IB4 biotinylated Vector 1:10,0000 (IMQ)

Laboratories

Abbreviations: IMQ: immunohistochemistry; IF: immunofluorescence.
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streptavidin-conjugated Alexa 594, whereas P-CREB, CB, CR and PV
were directly labeled with appropriate Alexa 647- or Alexa 488-conju-
gated secondary antibody. Sections were mounted on glass slides, cov-
erslipped with aqueous-based mounting medium, and imaged using a
Leica Sterallis DMi8 confocal microscope.

Semi-quantitative evaluation of immunoreactivity

Immunoreactivity (IR) in the neuropil (CGRP, calcitonin gene-
related peptide; MOR, mu opioid receptor; SP, substance P; vGluT2,
vesicular glutamate transporter isoform 2; vGAT, vesicular GABA
transporter), neuronal somata/dendrites (CB, CR, PV, NK1), and axonal
varicosities (TH, tyrosine hydroxylase), as well as isolectin B4 (IB4)
binding, was semi-quantified by measuring optical density (OD) using
ImageJ software (version 1.53k, NIH). For P-CREB-, CB-, CR-, and PV-
positive neurons, nuclear/cell density (number of nuclei/cells per
mm?) was also determined. For each animal, a minimum of five lumbar
dorsal horn sections were analyzed to ensure reliable data acquisition.
Grayscale photomicrographs were captured with a VC50 digital camera
mounted on an Olympus VS120 optical microscope (Hamburg, Ger-
many) at appropriate magnifications (10x, 60x, or 100x objectives). OD
values were background-corrected using measurements from an
immunohistochemically negative region. Data were expressed as mean
percentage OD relative to the vehicle-treated control group across the
entire superficial dorsal horn; lamina I and lamina II were subsequently
analyzed separately to assess the relative distribution of each marker.
For TH IR varicose terminal-like fibers, morphological features (area and
circularity) were assessed. Data were collected from a minimum of 10
clearly focused fibers (each containing five to nine varicosities) per
section.

For double immunofluorescence experiments, the proportion of NK1-
, CB-, CR-, and PV-positive neurons co-expressing P-CREB was quanti-
fied and expressed relative to the total number of each respective
neuronal population.

High-performance liquid chromatography (HPLC) analysis

Rats (n = 5 per treatment), previously subjected to the von Frey test,
were sacrificed by decapitation 1 h after the final drug injection,
following 8 days of daily administration of vehicle, morphine, and/or
PD168,077. The L4-6 segments of the lumbar spinal cord were dissected
as described above, and the dorsal portion was isolated for subsequent
homogenization, metabolite extraction, and quantification of the ami-
noacids glutamate, GABA, and glycine. Briefly, each dorsal spinal cord
extract was homogenized in 5% perchloric acid and centrifuged at
15000 rpm for 10 min. The resulting pellets were washed, resuspended
in 1 N NaOH, and subjected to total protein quantification using the
Qubit protein assay (Thermo Fisher Scientific, Waltham, MA, USA) to
normalize neurotransmitter levels. The supernatant was incubated (70
°C, 45 min) with a derivatizing reagent consisting of a dansyl chloride
solution (3 mg/mL 5-dimethylaminonaphthalene-1-sulfonyl chloride in
acetonitrile), an internal standard (0.04 nM a-aminoisobutirico in 5%
perchloric acid), and 0.1 M sodium hydrogencarbonate buffer (pH 9).
HPLC analyses were performed using an Ultimate 3000 UHPLC-Dionex
(Thermo Fisher Scientific), equipped with a reverse-phase AcclaimTM
120-18 column (3 pm 4.6 x 100 mm; Thermo Fisher Scientific). Stan-
dard curves were generated using known concentrations of glutamate,
GABA, and glycine. Chromatographic data were processed using Chro-
meleon 7 Software (Thermo Fisher Scientific). Neurotransmitter levels
were expressed as nanograms per milligram of total protein.

RNA isolation and quantitative polymerase chain reaction (qPCR)
Spinal cord segments (L4-6) and the cerebral cortex were collected

from a subset of rats (n = 5 per treatment) previously subjected to the
tail flick test. Animals were sacrificed by decapitation 4 h after the final
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drug administration on day 8. Total RNA was extracted using E.Z.N.A
total RNA kit II (Omega Bio-tek, Norcross, GA, USA) following the
manufacturers recommendations. RNA purity (260,/280 ratio > 1.8) and
concentration were measured using the Nanodrop One spectrophotom-
eter (Thermo Fisher Scientific). Total RNA was stored at -80 °C. Prior to
cDNA preparation, genomic DNA was removed by DNAse treatment
(Thermo Fisher Scientific). cDNA synthesis was performed using 500 ng
of total RNA per sample using the iScript™ cDNA Synthesis Kit (Bio-Rad,
Hercules, CA, USA).

Primers (Table 2) were designed using Primer-Blast (GeneBank,
National Centre for Biotechnology Information, Bethesda, MD, USA)
based on rat nucleotide sequences from the NCBI Nucleotide database,
and validated with Oligoanalyzer v3.1 (Integrated DNA Technologies,
Coralville, IA, USA).

qPCR reactions contained cDNA equivalent to 5 ng of initial RNA, 0.5
uM final concentration of forward and reverse primers, and FastStart
Essential DNA Green Master mix (Roche, Basel, Switzerland). Amplifi-
cation was performed on a LightCycler 96 instrument (Roche) using the
following protocol: 95 °C for 5 min, followed by 45 cycles of 95 °C for
10, 60 °C for 20 s, and 72 °C for 20 s. Product specificity was confirmed
by melting curve analysis (LightCycler480, Roche) and size fraction-
ation by 3% agarose gel electrophoresis (Supplementary Figure S2A-C).

To ensure precise quantification in the qPCR experiments, a stability
analysis of reference genes was performed. Several candidate (Eeflel,
Hprtl, H2az1, Pgkl, Pppia, Rpl13a, Tbp) were selected as potential
reference genes based on previous studies,” and their stability was
evaluated across the combination of eight experimental conditions,
including drug treatment and tissue sample types, as previously
described.?* This analysis identified EefIel and Thp as the most suitable
combination of reference genes.

Data from amplification curves were exported to LinRegPCR program
to determine PCR efficiency and initial cDNA quantity (NO). NO values
were normalized using the geometric mean of the two selected reference
genes for each sample. Systematic differences between runs were cor-
rected using the Factor-gPCR program.

Statistical analysis

Data are presented as mean + SEM. Statistical comparisons were
performed using Students t-test, one-way or two-way analysis of variance
(ANOVA) followed by Bonferroni post hoc test (parametric data) or
Kruskal-Wallis analysis followed by Dunns post hoc test (nonparametric
data). Two-way repeated-measures ANOVA was applied when the same
animals were measured repeatedly over time. Statistical significance
was set at p < 0.05. All analyses were conducted using SigmaStat 3.5
software (Systat Software, San Jose, CA, USA).

Results

D4R activation attenuates morphine-induced antinociception tolerance and
hyperalgesia

To investigate the influence of D4R on morphine-induced anti-
nociception and tolerance development, behavioral responses to ther-
mal and mechanical stimuli were evaluated using the tail flick and von

Table 2
PCR primers and amplicon information.
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Frey tests, respectively, following acute and chronic (8-day) drug
administration. Consistent with previous findings,'® neither acute nor
chronic administration of the D4R agonist PD168,077 elicited detectable
nociceptive effects (Fig. 1A-B, A’-B’). In contrast, chronic D4R blockade
with the selective antagonist L745,870 induced mechanical allodynia in
the von Frey test (Fig. 1B).

Acute co-administration of PD168,077 with morphine produced an
antinociceptive time-course comparable to morphine alone in both as-
says (Fig. 2A, B), characterized by peak analgesia between 30- and 60-
min post-injection, followed by a gradual decline over 150 min.
Notably, in the von Frey test, D4R activation prolonged the duration of
morphine's analgesic effect, with antinociception remaining signifi-
cantly higher (by ~25%) at the 120-min time point compared to
morphine alone (Fig. 2B).

After 8 days of chronic treatments, rats receiving morphine alone
exhibited pronounced tolerance, evidenced by a substantial reduction in
analgesic efficacy (Fig. 2A°, B’). This effect, consistently observed in
both the tail flick and von Frey assays, was markedly attenuated by co-
administration of morphine + PD168,077 (Fig. 2A°, B’). Comparison of
overall treatment effectiveness through AUC calculation further sup-
ported these findings. Chronic morphine administration led to a sub-
stantial reduction in AUC compared to the acute treatment (~70%
decrease in tail flick, Fig. 2A”’; ~48% decrease in von Frey, Fig. 2B%),
indicative of tolerance development. In contrast, chronic co-
administration of morphine + PD168,077 produced a significantly
smaller reduction in AUC (~40% decrease in tail flick, Fig. 2A”%; ~25%
decrease in von Frey, Fig. 2B”).

We next investigated the role of D4R in modulating morphine-
induced peripheral sensitization and associated sensory alterations.
Our results show that chronic morphine exposure significantly triggered
thermal hyperalgesia, which was completely prevented by the co-
administration of the D4R agonist (Fig. 3A). No significant mechanical
allodynia was observed (Fig. 3B).

Collectively, these findings indicate that D4R activation does not
interfere with acute morphine analgesia but effectively attenuates
tolerance development and prevents morphine-induced thermal hyper-
algesia following chronic administration.

Chronic D4R activation during morphine treatment does not alter spinal
expression of opioid or D2-like dopamine receptors

Previous studies indicate that selective activation of D4R can
modulate MOR expression and signaling within the rat caudate puta-
men,'®2! contributing to the antagonistic effects of D4R activation on
morphine-induced addiction.'® Given the well-established role of opioid
receptors in morphine analgesia®® and our observation that D4R acti-
vation attenuates the development of tolerance to morphine, we hy-
pothesized that D4R could influence opioid analgesic efficacy,
potentially through the regulation of opioid receptor genes expression.
To test this, we examined mRNA expression levels of MOR, DOR (delta
opioid receptor), and KOR (kappa opioid receptor) in the dorsal horn
following chronic treatment. qPCR analysis revealed no significant
changes in Oprm1 (MOR; Fig. 4A), Oprd1 (DOR; Fig. 4B), or Oprk1 (KOR;
Fig. 4C) mRNA levels compared to vehicle controls.

Since MOR protein distribution exhibits laminar specificity, with

Gene Accession number  Description Sequence (5’ to 3’) Amplicon (bp)
Drd2 NM_001409379 Dopamine D, receptor FW: AGACACCACTCAAGGGCAACRV: CGCCTGTTCACTGGGAAACT 94
Drd4 NM_012944 Dopamine D4 receptor FW: CATCAGCGTGGACAGGTTTGRV: GACAGGGCAGGAAGAAGGAA 227
Eeflel NM_001106106.1 Eukaryotic translation elongation factor 1 epsilon 1 ~ FW CAGACTCTGCTGAAGGATCTCARV: AATGTGGCAAAACCAGCGAG 174
Oprd1 NM_012617.1 Delta opioid receptor (DOR) FW: GGTCTTGGCTTCAGGTGTTGRV: ACGGTGATGATGAGAATGGGC 173
Oprk1 NM_001318742.1 Kappa opioid receptor (KOR) FW: TGGTGTTTGTGGTGGGCTTARV: GCACTCTGGAAGGGCATAGT 148
Oprml  NM_001038597.2 Mu opioid receptor (MOR) FW: GCCATCGGTCTGCCTGTAATRV: GGAGAACGTGAGGGTGCAAT 77
Tbp NM_001004198.1 TATA box binding protein FW: GCACAGGAGCCAAGAGTGAARV: CTGAACTGCTGGTGGGTCAA 181
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Fig. 1. Evaluation of D4R stimulation and blockade in thermal and mechanical nociception. Time course of percentage of nociceptive responses following acute (A,
B) and chronic (8-day) (A’-B’) administration of the D4R agonist PD168,077 or the D4R antagonist L745,870 in tail flick (A-A’) and von Frey (B-B’) test. Neither acute
nor chronic PD168,077 elicited antinociceptive effects, whereas chronic D4R blockade induced mechanical sensitization. Data are expressed as mean + SEM (n = 8-9
per group). Statistical significance was determined by two-way repeated measures ANOVA followed by Bonferroni’s post hoc test; *p < 0.05 vs. vehicle.

significantly lower density in lamina I compared to lamina II (lamina I,
88.7% =+ 2.8; lamina II, 111.3% + 2.8; p < 0.001, Student’s t test; data
represent mean OD values + SEM expressed as percentage of the whole
superficial dorsal horn) (Fig. 4D), we performed a lamina-specific
analysis to assess potential microscale changes. Consistent with the
mRNA data, chronic treatment with morphine and/or PD168,077 did
not significantly alter MOR IR (Fig. 4D).

Given that spinal D2-like receptors are involved in dopamine-
mediated modulation of pain”® and have been shown to be upregu-
lated by chronic morphine,27 we then measured mRNA levels for Drd2
(D2R, dopamine D, receptor) and Drd4 (D4R). No significant changes in
Drd2 or Drd4 transcript levels were observed following any chronic drug
treatment (Fig. 4E, F).

D4R activation alters neurochemical markers associated with non-
peptidergic IB4+ C fibers and catecholaminergic projections within the
dorsal horn

Chronic opioid administration induces maladaptive plasticity in
primary afferent nociceptors projecting to the dorsal horn, affecting
both peptidergic and non-peptidergic C fibers,”®?° thereby contributing
to tolerance and opioid-induced sensitization. To address whether D4R
activation could affect these processes, we analyzed changes in the
neurochemical markers CGRP, SP, and IB4 within the superficial dorsal
horn.

As previously described, CGRP IR (Fig. 5A) and SP IR (Fig. 5B) were
predominantly localized to laminae I and the outer part of lamina II
(Ilo), whereas IB4 binding (Fig. 5C) was enriched in the inner part of
lamina II (I1i).°° Chronic morphine treatment administered either alone
or in combination with PD168,077, did not significantly alter CGRP IR
in the dorsal horn (Fig. 5A). In contrast, both chronic morphine and

morphine combined with PD168,077 significantly increased SP IR
within the neuropil (~20% and ~25% increase vs. vehicle, respectively;
Fig. 5B). Regarding non-peptidergic C fibers afferents, chronic treatment
with PD168,077 alone led to a ~40% increase in IB4 binding, with a
similar effect (~48% increase) observed under co-administration with
morphine (Fig. 5C).

Considering the critical role of the catecholaminergic system,
including descending projections from supraspinal regions and fibers
from primary nociceptors in modulating nociceptive processing within
the dorsal horn,'' we next investigated whether chronic morphine
treatment and/or concomitant D4R stimulation might induce adaptive
changes in this system. To this end, we analyzed catecholaminergic fi-
bers in laminae I-II, focusing on TH expression and the morphological
features of axonal varicosities, which are widely recognized as a reliable
indicator of functional neuronal activity. Mirroring the previously
observed increase in IB4 binding, a slight but significant increase in TH
IR was observed following chronic treatment with PD168,077 alone
(~10%) and with combined morphine + PD168,077 (~17%) (Fig. 5D).
However, morphological analysis revealed no significant changes in the
average size (Fig. 5E) and circularity (Fig. 5F) of TH IR axonal vari-
cosities across treatment groups.

These findings collectively indicate that D4R activation is associated
with changes in neurochemical markers of specific primary afferent
populations, particularly non-peptidergic IB4+ C fibers, as well as
catecholaminergic projections in the superficial dorsal horn, potentially
influencing nociceptive processing during chronic morphine exposure.

D4R activation counteracts morphine-induced downregulation of vGluT2
but upregulates vGAT in the superficial dorsal horn

The balance between glutamatergic excitation and GABAergic/
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glycinergic inhibition in the dorsal horn determines nociceptive pro-
cessing and transmission.” Dysregulated neurotransmitter release,
particularly of glutamate, has been implicated in the development of

morphine tolerance.! We therefore measured overall neurotransmitter
levels in dorsal horn homogenates to evaluate whether D4R-mediated
attenuation of morphine-induced tolerance correlated with changes in
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glutamate, GABA, or glycine signaling. Chronic administration of
morphine, PD168,077, or their combination did not significantly alter
total tissue concentrations of glutamate (Fig. 6A), GABA (Fig. 6B), or
glycine (Fig. 6C) relative to vehicle controls.

Despite the absence of detectable changes in the levels of these
neurotransmitters in the HPLC experiments, we hypothesized that al-
terations might occur at the microscale level and/or within specific
laminae of the dorsal horn. To test this hypothesis, we assessed vGluT2
and vGAT IR density in laminae I-II of the dorsal horn, given their roles
in loading of glutamate and GABA/glycine into presynaptic vesicles at
excitatory and inhibitory terminals, respectively.’! > A widespread
punctate labeling for vGluT2 IR (Fig. 6D) and vGAT IR (Fig. 6E) was
observed throughout the spinal cord neuropil. Both markers were more
highly expressed in lamina I compared to lamina II (vGluT2: lamina I,

118.5% + 1.0; lamina II, 82.4% + 2.3; p < 0.001, Student’s t test; VGAT:
lamina I, 115.0% =+ 1.9; lamina II, 85.0 + 1.9; p < 0.01, Student’s t test;
data represent mean OD values + SEM expressed as percentage of total
IR in the superficial dorsal horn).

As shown in Fig. 6D, an 8-day chronic morphine treatment induced a
significant decrease in vGluT2 IR in both lamina I (~25%) and lamina II
(~20%), which was completely counteracted by co-administration with
PD168,077. In contrast, VGAT IR remained unchanged following
chronic morphine alone but exhibited a significant increase in animals
receiving both morphine and PD168,077 (lamina I: ~88%; lamina II:
~78%) (Fig. 6E). Chronic PD168,077 alone produced a modest but
significant decrease in vGluT2 in lamina I (~13%), whereas no signifi-
cant changes were observed in lamina II or in vGAT IR in either lamina
relative to vehicle controls.
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Morphometric analysis of TH IR varicosities in laminae I-II, showing the frequency

distribution (as percentage of total varicosities) categorized by area (pmz) (E) and circularity (F) following the same chronic treatment regimens. Data are expressed
as mean + SEM (n = 5-7 per group). Statistical analyses were performed using one-way ANOVA followed by Bonferronis post-hoc test or Kruskal-Wallis test followed
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Thus, despite apparently stable global neurotransmitter levels, D4R
activation appears to be associated with changes in the expression of
vesicular transporters involved in glutamate and GABA/glycine loading,
suggesting a shift toward a more inhibitory microenvironment in the
superficial dorsal horn.

D4R activation during chronic morphine treatment reduces NK1 receptor
expression and CREB-dependent activation in lamina I projection neurons

Given that chronic morphine increases P-CREB expression in the
dorsal horn, a key driver of opioid tolerance,*® we hypothesized that
D4R-mediated attenuation of morphine tolerance might involve regu-
lation of this transcription factor. Supporting this hypothesis, D4R acti-
vation not only counteracted the morphine-induced rise in P-CREB
(~39%) but also reduced its expression below control levels (~40%)

(Fig. 7A).

Together with the marked upregulation of VGAT, these results
prompted us to ask which second-order dorsal horn neurons might
mediate D4R-driven shift toward inhibition. In light of the remarkable
complexity and still incomplete characterization of spinal dorsal horn
circuits,>® we approached this question as a proof of concept by exam-
ining potential changes in the expression of calcium-binding proteins in
spinal interneurons, as calcium homeostasis critically shapes the
intrinsic spinal circuitry involved in pain processing.>” Accordingly, we
quantified the number of CB, CR and PV interneurons in the superficial
dorsal horn and assessed protein expression at the single-cell level. As
shown in Supplementary Figure S3A-C, A’-C’, neither chronic morphine
nor PD168,077 treatment altered the IR of these calcium-binding pro-
teins. However, significant changes in interneuron numbers were
observed in some cases (Supplementary Figure 3A"’-C’’). Specifically,
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chronic PD168,077 treatment decreased the number of CR interneurons Figure S3A”%).

~25% (Supplementary Figure S3B”’), whereas both morphine and We next evaluated whether these interneurons engage CREB-
morphine + PD168,077 treatments increased the number of PV in- dependent signaling by analyzing P-CREB co-expression. We found
terneurons ~85% (Supplementary Figure S3C”’). The number of CB that ~50% of CB (Fig. 7B) and CR (Fig. 7C) interneurons were P-CREB+
interneurons was unaffected by any treatment (Supplementary in controls, and this proportion remained unchanged following chronic
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morphine or PD168,077 treatment. Interestingly, combined morphine +
PD168,077 selectively reduced the proportion of CB interneurons
colocalized with P-CREB (~30%) (Fig. 7B), whereas CR interneurons
were unaffected (Fig. 7C). In contrast, PV interneurons rarely exhibited
P-CREB expression across all treatment groups (Fig. 7D).

Lastly, we investigated the impact of D4R activation during chronic
(8-day) morphine treatment on lamina I NK1+ projection neurons,
which constitute the main output of dorsal horn nociceptive circuitry.”
We assessed NK1 IR, given that its availability and trafficking critically
regulate neuronal excitability,® and examined P-CREB expression
within these same neurons to determine their activation state. Chronic

10

8-day treatment with either morphine or PD168,077 alone did not
significantly alter NK1 IR (Fig. 7E) or the proportion of NK1+ projection
neurons expressing P-CREB (Fig. 7F). Strikingly, combined chronic
treatment with morphine and PD168,077 produced a concurrent
downregulation of NK1 IR (~23%; Fig. 7E) and reduced the fraction of
NK1+ projection neurons positive for P-CREB from ~50% to ~20%
(Fig. 7F).

Together, these results suggest that D4R activation may attenuate
morphine-induced tolerance by reducing NK1 receptor expression and
CREB-dependent signaling in lamina I projection neurons, thereby
potentially contributing to reduced nociceptive output to supraspinal
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Discussion

The progressive decline in opioid analgesic efficacy, together with
the emergence of adverse effects such as tolerance, OIH, and addiction,
strongly limits the long-term clinical use of opioids.?® While the precise
mechanisms remain elusive, accumulating evidence indicates a func-
tional divergence between the neural substrates mediating opioid
analgesia and those driving maladaptive neuroplasticity and adverse
effects.' Thus, identifying the molecular and cellular components that
differentially regulate these processes is essential for developing safer
therapeutic strategies. Within this framework, the present study inves-
tigated the role of D4R in modulating morphine analgesia and its po-
tential to mitigate adverse effects associated with chronic morphine
exposure.

Our previous work identified the D4R as a negative modulator of
morphine-induced molecular and cellular neuroadaptations within
striatal circuits, preventing the development and consolidation of
addiction.'>'%1%2% Here, we extended these findings by showing that
concomitant administration of the D4R agonist PD168,077 with
morphine preserves analgesia, markedly attenuates analgesic tolerance,
and completely prevents OIH. Furthermore, pharmacological blockade
with the selective antagonist L745,870 induced mechanical hypersen-
sitivity, suggesting that endogenous D4R signaling is required to main-
tain normal mechanical thresholds.

D4R modulation of descending catecholaminergic control

Noradrenaline and serotonin are well-established modulators of pain
via descending projections arising from the locus coeruleus and raphe
nuclei, respectively. In contrast, dopaminergic control has received less
attention despite compelling evidence of its functional relevance.>® This
is particularly evident in Parkinson’s disease, where degeneration of
dopaminergic pathways alters both pain perception and nociceptive
processing.40

Dopaminergic innervation of the spinal cord primarily originates
from hypothalamic A11 neurons*' and inhibits responses to noxious and
innocuous stimuli by reducing dorsal horn excitability via D2-like re-
ceptors.'* Our results expand on this framework by showing that D4R
activation increases spinal TH IR, suggesting enhanced catecholamine
tone. Since D4R expression is absent in A1l and locus coeruleus neu-
rons,*? this effect likely arises via D4R-expressing neurons in the
cingulate and prefrontal cortices,”® which innervate A11** and locus
coeruleus,* respectively. A discrete subpopulation of catecholaminergic
neurons also exists in the dorsal root ganglia, ***® which may provide an
additional peripheral site for D4R-mediated modulation of sensory
signaling.

Dopamine receptors are widely expressed in pain circuits.'**” It has
been described that D2-like receptors mediate antinociception and
engage in functional crosstalk with opioid receptors, thereby modu-
lating opioid-induced analgesia and tolerance.'*°°°? However, the
relative contribution of the different D2-like receptors subtypes—DsR,
D3R, and DsR—remains controversial due to their distinct actions”® and
the lack of selective pharmacological tools. Anatomical '° and func-
tional’*°">% evidence indicates that D4R is expressed at both pre- and
postsynaptic sites in the spinal cord, supporting a role in modulation of
both primary afferent nociceptors and second-order dorsal horn neu-
rons. Nevertheless, neither previous studies nor our PCR-based analysis
has resolved its precise subcellular localization, which remains an
important issue for future high-resolution studies.

D4R drives structural remodeling of non-peptidergic C afferents

A key finding of this study is the selective alteration of markers
associated with non-peptidergic C fibers, while peptidergic subtypes

11
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remained unchanged. Long-term D4R activation increased IB4 binding
in presynaptic terminals, even under chronic morphine. This aligns with
previous studies showing that D4R activation reduces high-voltage-
gated Ca®* currents in these fibers via Cav2.2 Ca®* channels, limiting
neurotransmitter release.”® D4R also mediates dopamine-induced inhi-
bition of excitatory transmission from Ad- and C nociceptors onto lamina
I projection neurons.’

To define the structural basis for this modulation, we propose that
the enhanced IB4 binding may reflect a remodeling of presynaptic
microarchitecture. IB4 recognizes molecules bearing terminal o-D-
galactose, including globoside-type glycosphingolipids,®® with iGb3
representing a likely target,”” and cytoskeletal components such as light
and medium neurofilament subunits.”® Globosides are key components
of lipid rafts and contribute to the organization of higher-order clus-
tering of raft-associated proteins.®” Accordingly, D4R-mediated changes
in these molecules could alter raft architecture and downstream
signaling.°® This concept is exemplified by diseases like Fabry disease,
where altered Gb3/iGb3 homeostasis disrupt lipid raft organization and
impairs nociceptor function.”® Likewise, changes in neurofilament
composition or organization can influence presynaptic terminal struc-
ture and stability, thereby affecting neurotransmitter release.’® In
summary, these observations suggest that D4R is associated with struc-
tural changes in non-peptidergic C fibers, potentially involving the
reorganization of membrane microdomains and the cytoskeletal archi-
tecture of presynaptic terminals, a mechanism that warrants further
high-resolution investigation.

D4R promotes an inhibitory state in dorsal horn circuitry and reduces
NK1+ projection neuron excitability

Nociceptive signaling within the spinal dorsal horn is defined by the
dynamic interplay between glutamatergic excitation, originating from
primary afferents and spinal second-order neurons, and GABAergic/
glycinergic inhibition, mediated primarily by local interneurons.” Hy-
perexcitability, due to increased glutamate®"®? or reduced inhibition,°
54 underlies opioid-induced tolerance and sensitization.

Vesicular neurotransmitter transporters (vGluTs and vGAT) serve as
pivotal regulatory points in this balance, determining synaptic efficacy
by controlling the loading of glutamate and GABA/glycine into pre-
synaptic vesicles, respectively.®>°® vGluT2 has been critically impli-
cated in maladaptive opioid-induced plasticity, with its upregulation
consistently reported in paradigms associated with a complete loss of
analgesia.®” In contrast, our results show a significant downregulation of
vGluT2 in the superficial dorsal horn following chronic morphine
administration. This reduction likely represents a compensatory attempt
to limit presynaptic excitatory drive, consistent with our observation
that analgesia is not yet fully abolished. However, the simultaneous
emergence of hyperalgesia indicates that this compensatory vGluT2
reduction is insufficient to prevent sensitization, likely to other
converging maladaptive processes, such as increased SP expression (own
result)®® and enhanced NMDA receptor function.®’

Strikingly, D4R agonism not only prevented the morphine-induced
reduction in vGluT2 expression but also promoted a robust upregula-
tion of vGAT. This dual action on the vesicular machinery (i.e., main-
taining excitatory homeostasis while dramatically enhancing inhibitory
potential) strongly suggests that D4R activation shifts dorsal horn cir-
cuitry toward a predominantly inhibitory state. A central feature of this
regulation is the broad suppression of P-CREB signaling, a well-
established marker of spinal sensitization and tolerance.’® While
chronic morphine pathologically induces P-CREB, D4R activation sup-
pressed this response to levels below baseline. Importantly, this mo-
lecular inhibition correlates with the behavioral preservation of
analgesia and prevention of opioid-induced hyperalgesia. By mapping
P-CREB modulation across distinct spinal neuronal populations, we
identified two converging postsynaptic mechanisms through which D4R
may impose an inhibitory bias on dorsal horn circuitry.
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First, in CB interneurons, critical mediators of nociceptive trans-
mission,”® the reduction of CREB-dependent transcription likely
constrain pro-nociceptive relay activity. Second, in lamina I NK1+
projection neurons, the maintenance of P-CREB expression in
morphine-tolerant animals at levels comparable to control indicates
sustained transmission to supraspinal targets. Given that NK1 upregu-
lation and SP release are hallmarks of hyperalgesia,” these active NK1+
projection neurons likely sustain the nociceptive drive to higher centers,
thereby contributing to tolerance. Notably, D4R-mediated down-
regulation of NK1 receptors mirrors the functional effect of the selective
ablation of neurons in preventing opioid-induced hyperalgesia and
tolerance,>® effectively silencing spinal pain-output gateway. Mecha-
nistically, this downregulation is likely mediated by the presence of a
functional CRE binding site in the Tacrl (NK1 receptor) promoter.71
Consequently, the suppression of P-CREB within these projections neu-
rons provides a molecular link between D4R signaling and the decreased
excitability of lamina I output neurons.”>”>

Despite these findings, some limitations should be considered. Ex-
periments were conducted exclusively in male rats to maintain consis-
tency with prior work, and it remains to be determined whether the
effects of D4R activation extend to females, given well-established sex
differences in pain processing and opioid responses. In addition, the
present study relies primarily on neurochemical and anatomical mea-
sures and does not directly assess neuronal activity. Future studies
incorporating both sexes and functional approaches, such as calcium
imaging, electrophysiological recording, or assays of neurotransmitter
release in spinal cord slices or cultured DRG neurons, will be required to
further define de underlying mechanisms.

In summary, our findings position D4R as a central integrator of
spinal nociceptive control during chronic morphine exposure. Through
presynaptic regulation of sensory inputs and postsynaptic enforcement
of an inhibitory state, D4R activation rebalances excitatory-inhibitory
signaling. Notably, these postsynaptic effects emerge selectively under
opioid challenge, pointing to a state-dependent cross-talk with opioid
receptors that limits maladaptive, but not analgesic, signaling. Together,
this dual and conditional mode of action identifies D4R as a strategically
positioned modulatory target to preserve opioid analgesia while
restraining its long-term liabilities.
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