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The current study reports on a synaptic mechanism through which D1-like receptors (D1LRs) modulate spinal nociception and plasticity
by regulating activation of the �-opioid receptor (MOR).

D1LR stimulation with agonist SKF 38393 concentration-dependently depressed C-fiber-evoked potentials in rats receiving spinal
nerve ligation (SNL), but not in uninjured rats. Depression was prevented by MOR- but not GABA-receptor blockade. Neurons expressing
the D1 subtype were immunopositive for met-enkephalin and vesicular glutamate transporter VGLUT2, but not for GABAergic marker
vGAT.

Nerve ligation was followed by increased immunoreactivity for D1 in synaptic compartment (P3) in dorsal horn homogenates and
presynaptic met-enkephalin-containing boutons. SNL led to increased immunoreactivity for met-enkephalin in dorsal horn homoge-
nates, which was dose-dependently attenuated by selective D1LR antagonist SCH 23390. During blockade of either D1R or MOR, low-
frequency (0.2 or 3 Hz) stimulation (LFS) to the sciatic nerve induced long-term potentiation (LTP) of C-fiber-evoked potentials,
revealing a constituent role of both receptors in repressing afferent-induced synaptic plasticity. LFS consistently induced NMDA
receptor-dependent LTP in nerve-injured rats. The ability of MOR both to prevent LTP and to modulate mechanical and thermal pain
thresholds in behavioral tests was preserved in nerve-ligated rats that were postoperatively treated with SCH 23390. D1LR priming for 30
min sufficed to disrupt MOR function in otherwise naive rats via a mechanism involving receptor overuse.

The current data support that, whereas D1LR-modulated MOR activation is instrumental in antinociception and endogenous repres-
sion of synaptic plasticity, this mechanism deteriorates rapidly by sustained use, generating increased vulnerability to afferent input.
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Introduction
The �-opioid receptor (MOR) is a major effector in endogenous
pain modulation, as well as the primary target of clinically used

opioid analgesics. The development of tolerance or decreased
responsiveness to MOR agonists following repeated treatments
poses a major limitation to the use of opioid analgesics for the
treatment of human chronic pain (Christie, 2008; Williams et al.,
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Significance Statement

The current study shows that dopamine D1-like receptors (D1LRs) and �-opioid receptors (MOR) in the spinal dorsal horn
constitutively repress the expression of synaptic long-term potentiation (LTP) of C-fiber-evoked potentials. Anatomical data are
provided supporting that the D1 subtype regulates MOR function by modulating met-enkephalin release. Sustained neuropathic
pain induced by spinal nerve ligation is accompanied by D1R and met-enkephalin upregulation, acquired D1LR-mediated anti-
nociception, and a loss of endogenous repression of further synaptic plasticity. We show that the ability of MOR to oppose LTP is
rapidly impaired by sustained D1LR activation via a mechanism involving sustained MOR activation.
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2013). Although prolonged exposure to opioid drugs agonists is a
widely recognized determinant of tolerance, several lines of evi-
dence suggest that neuroplastic changes underlying central sen-
sitization also may negatively condition MOR function. For
instance, cellular signaling pathways underlying central sensitiza-
tion in dorsal horn neurons, such as those mediated by the
NMDA receptor or protein kinase C (PKC), have been implicated
in opioid tolerance (Mao, 1999; Mao and Mayer, 2001; Joseph
and Levine, 2010). In addition, prolonged use of opioid drugs has
been linked both to chronification of acute or sporadic pain
(Wilkinson et al., 2001; Bigal and Lipton, 2009) and opioid-
induced hyperalgesia (Chu et al., 2008; Hay et al., 2009).

A relatively unexplored mechanism impinging upon MOR
function is the activity of descending pathways during central
sensitization and sustained pain. Descending pathways exert
both facilitatory and inhibitory control over centripetal progres-
sion of nociceptive signals through the dorsal horn and are cur-
rently known to play a critical role in generating and maintaining
pathologic pain in animal models (Kovelowski et al., 2000; Ossi-
pov et al., 2000; Burgess et al., 2002). Our recent work has shown
that plasticity of descending spinopetal noradrenergic, seroto-
nergic, and dopaminergic systems during sustained pain pro-
foundly alters spinal opioidergic neurotransmission (Aira et al.,
2012, 2014, 2015).

The dopamine receptor family comprises five distinct
G-protein-coupled receptors, viz. D1 through D5, that fall into
two classes on the basis of their biochemical and pharmacological
properties. Whereas D1-like receptors (D1LRs), including D1
and D5, activate the heterotrimeric proteins G�s and G�olf and
are positively coupled to activation of adenylyl cyclase (AC) and
protein kinase A (PKA), the members of the D2-like subfamily
(D2–D4) are linked to activation of G�i and G�o proteins and
are negatively coupled to AC and PKA (Neve et al., 2004; Beaulieu
and Gainetdinov, 2011). All five receptors have been found in the
spinal cord (Dubois et al., 1986; Schambra et al., 1994; Yokoyama
et al., 1994; van Dijken et al., 1996; Levant and McCarson, 2001;
Zhao et al., 2007; Zhu et al., 2007; Charbit et al., 2009). Dop-
aminergic innervation of the spinal dorsal horn is provided by
diencephalo-spinal neurons originating in the hypothalamic A11
cell group (Hökfelt et al., 1979; Skagerberg and Lindvall, 1985;
Qu et al., 2006; Barraud et al., 2010), and projections arising from
these neurons inhibit nociceptive transmission at the dorsal horn
level, mainly via D2 receptors (Fleetwood-Walker et al., 1988;
Tamae et al., 2005; Charbit et al., 2009; Lapirot et al., 2011; Tani-
guchi et al., 2011). Recently, we reported that dopaminergic
modulation of spinal nociception via receptors of the D2 subtype
is upregulated during sustained neuropathic pain, resulting in
dramatic enhancement of MOR-mediated antinociception (Aira
et al., 2014). Although data regarding a potential role of D1LRs in
modulating spinal nociception is scarce, the available evidence
suggests an involvement of the receptor in mechanisms related
with central sensitization rather than in direct modulation of
pain (Yang et al., 2005; Munro, 2007), and recent evidence sug-
gests that dopaminergic neurotransmission mediated by D1LRs
may critically participate in consolidation of neural plastic
changes triggered by inflammatory pain (Kim et al., 2015).

The current study was undertaken to explore the influence of
dopaminergic neurotransmission mediated by D1LRs in MOR

function in several distinct contexts of central nociception, in-
cluding afferent excitation by single noxious stimuli, synaptic
plasticity induced by repetitive noxious stimulation, and sus-
tained neuropathic pain following nerve injury. We used electro-
physiological techniques and behavioral assessment procedures
to evaluate MOR function, whereas neuroanatomical and quan-
titative aspects of receptor expression were addressed by using
confocal immunofluorescence and biochemical methods.

Materials and Methods
Animal experiments were performed according to the European Com-
munities Council Directive (86/609/ECC) on adult male Sprague Dawley
rats (250 –350 g). The protocols for animal care and use were approved by
the appropriate committee at the University of the Basque Country.

Spinal nerve ligation surgery. The left spinal L5 nerve root was ligated
under 4% chloral hydrate anesthesia (0.4 g/kg, i.p.), as previously de-
scribed by Kim and Chung (1992). After surgery, the animals were allo-
cated to individual cages to recover, with food and water available ad
libitum. Sham-operated animals received no nerve ligation, being other-
wise identically prepared and assessed. Successful nerve ligation was con-
firmed by decreased mechanical paw withdrawal thresholds.

Electrophysiology. Procedures were performed under urethane anes-
thesia (1.5 g/kg, i.p.). A tracheotomy was performed to maintain an open,
low-resistance airway, and cannulae were inserted into the left common
carotid artery and the right internal jugular vein for arterial blood pres-
sure monitoring (mean 80 –100 mmHg) and continuous infusion of Ty-
rode’s solution (in mM: 137 NaCl, 2.7 KCl, 1.4 CaCl2, 1 MgCl2, 6
NaHCO3, 2.1 NaH2PO4, pH 7.4) at 0.8 –1 ml/h, respectively. Colorectal
temperature was continuously monitored and euthermia (37°–38°C)
was maintained via a feedback-controlled underbody heating pad for the
duration of the experimental procedure. The left sciatic nerve was ex-
posed, gently freed from connective tissue, and placed onto platinum
hook electrodes for bipolar electrical stimulation. Bilateral dorsal lami-
nectomies were performed at vertebrae T13–L1, the vertebral column
was immobilized to a rigid frame, and the dura mater overlaying lumbo-
sacral spinal segments was carefully removed.

Electrophysiological setup was essentially as described previously (Az-
kue et al., 2003). Tungsten microelectrodes (5 M�) were placed into
laminae I–II (100 –300 �m deep and 1 mm lateral to the spinal mid-line).
The position of the tip of the recording electrode in the spinal cord was
marked with a small electrolytic lesion by delivery of an anodal current
through the recording electrode (50 �A anodal current for 10 s) and
histologically verified. Single monophasic, square-wave electrical pulses
were delivered as test stimuli to the sciatic nerve trunk at a midthigh level
on a per-minute basis by means of a current-controlled stimulus isolator,
and the elicited spinal field potentials were amplified (analog bandpass
set at 1–550 Hz), displayed on an oscilloscope, and digitized at 10 kS/s
and 12-bit resolution (PCI-MIO-16E acquisition card, National Instru-
ments). Field potentials were evoked in superficial laminae of the spinal
dorsal horn by suprathreshold, electrical C-fiber stimulation (3–3.5 mA
pulses of 0.5 ms duration) and quantified as described previously (Buesa
et al., 2006). Electrical stimulation of the sciatic nerve trunk did not
permit us to discern the relative contribution of cutaneous, muscle and
joint fibers to the recorded signals.

In experiments administering drugs via spinal superfusion (cf. below),
each drug concentration change lasted for 20 min, and only the last 10
evoked field potentials were extracted for analysis from the baseline con-
trol period and from each treatment period. The areas of field potentials
evoked during each treatment period were compared with those re-
corded during a control, artificial CSF (aCSF) superfusion period, by
using univariant ANOVA and post hoc Bonferroni’s or Tamhane’s
multiple-comparison tests.

In experiments aimed at inducing long-term potentiation (LTP) of
C-fiber-evoked field potentials, conditioning low-frequency stimulation
(LFS) consisted of two 30 s trains of 3 mA pulses of 1.5 ms duration at
either 0.2 or 3 Hz, 30 s apart.

Drug preparation and delivery. Drugs used included D-AP5 (NMDA
receptor antagonist), SCH 23390 (D1R antagonist), SKF 38393 (D1R
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agonist), [D-Ala2, N-MePhe4, Gly-ol]-enkephalin (DAMGO; MOR
agonist), D-Phe-c[Cys-Tyr-D-Trp-Orn-Thr-Pen]-Thr-NH2 (CTOP;
MOR antagonist), and [R-(R,S)]-6-(5,6,7,8-Tetrahydro-6-methyl-1,
3-dioxolo[4,5-g]isoquinolin-5-yl)furo[3,4-e]-1,3-benzodioxol-8(6H)-
one (bicuculline; GABAA receptor antagonist), all six from Tocris Bio-
science. Stock solutions were obtained by diluting drug powder in
double-distilled water, and working solutions were prepared in aCSF (in
mM: 130 NaCl, 3.5 KCl, 1.25 NaH2PO4, 24 NaHCO3, 1.2 CaCl2, 1.2
MgSO4, 10 D-(�) glucose, pH 7.4) immediately before delivery. For
spinal administration, drugs were applied in small volumes (10 –15 �l)
by controlled superfusion via a silicone, 40 –50 mm 2 pool attached to the
dorsal surface of the spinal cord (Beck et al., 1995).

To measure the ability of D1LRs to modulate C-fiber-evoked spinal
field potentials, these were recorded during spinal superfusion with suc-
cessively increasing, cumulative concentrations of D1LR agonist SKF
38393. The effects of SKF 38393 on evoked potentials were D1LR-
specific, as confirmed by blockade with D1LR antagonist SCH 23390
(data not shown).

To evaluate the influence of �-opioid- or GABA-receptor blockade on
the effects of SKF 38393 on evoked field potentials, the agonist was ad-
ministered in combination with subthreshold concentrations of CTOP
(100 nM) or bicuculline, respectively. Antagonist concentrations were
selected on the basis of preliminary experiments.

For chronic blockade of D1LRs, SCH 23390 was administered intra-
peritoneally on a daily basis at either 0.5 or 0.05 mg/kg. Intraperitoneally
delivered SCH 23390 could depress C-fiber-evoked spinal field potentials
(see Fig. 7), which served to confirm a spinal locus of action of SCH
23390 when using a systemic route of administration.

Subcellular fractionation of spinal cord tissue. Biochemical fraction-
ation of dorsal horn proteins was performed with minor variations ac-
cording to previous studies (Yang et al., 2009; Cao et al., 2011). Briefly,
rats were deeply anesthetized with sodium pentobarbital (50 mg/kg, i.p.)
and killed by decapitation. L4 –L5 segments were quickly extracted into
ice-cold aCSF. Tissue was separated and homogenized mechanically with
a motor-driven glass/glass tissue homogenizer in ice-cold lysis buffer (10
mM Tris, pH 7.6, 320 mM sucrose, 5 mM EDTA) containing protease
inhibitors (5 mM EGTA, 1 mM PMSF, 10 U/ml aprotinin, 0.0001% chy-
mostatin, 0.0001% leupeptin, and 0.0001% pepstatin). Dorsal horn sam-
ples ipsilateral and contralateral to surgery were taken and processed
separately. Homogenates were centrifuged at 1000 � g for 10 min to
remove cell nuclei (P1) from the low supernatant (S1). S1 was collected
and centrifuged at 10,000 � g during 15 min to separate a P2 pellet
containing the crude synaptosomal fraction and a cytoplasmic fraction
S2 with microsomes. The P2 pellet was incubated in the lysis buffer
containing 0.5% Triton and centrifuged at 32,000 � g for 20 min to
obtain the crude synaptic vesicle fraction (S3) and the final pellet con-
taining the synaptic fraction (P3). The latter was solubilized in resuspen-
sion buffer (10 mM Tris, pH 8.0, 1 mM EDTA, 2% SDS). All fractions were
stored at 80°C. We have shown previously that only P3 fraction is en-
riched with synaptic density proteins, such as postsynaptic density pro-
tein PSD-95 (Aira et al., 2013).

Western blot. BCA protein assay kit (Pierce) was used for determining
protein concentration. Identical amounts of protein (50 �g of spinal
cord subcellular fractions or 20 �g HEK293T cell membranes) were
loaded to SDS-PAGE using 8% or 10% running gels and transferred to
nitrocellulose membranes (GE Healthcare). After a blocking step with
5% nonfat milk in PBST for 1 h at room temperature, membranes were
incubated overnight at 4°C with primary antibody. We used an affinity-
purified goat polyclonal antibody against D1R (E-16; sc-31479 from
Santa Cruz Biotechnology) at 1:1000 and a rabbit polyclonal antibody to
met-enkephalin (Millipore) 1:1000 as primary antibodies. The goat poly-
clonal antibody to D1R was tested for band specificity and no cross-
reactivity with D5R (the other member of the D1R-like subfamily) in
samples from HEK293T cells transfected with either D1R-myc or D5R-
myc (cf. below). Antiserum specificity to met-enkephalin has been doc-
umented previously in KO mice (Chen et al., 2008). After incubation
with primary antibodies, membranes were washed three times in PBST
for 10 min and incubated with HRP-conjugated donkey anti-goat or
donkey anti-rabbit antisera (GE Healthcare) 1:5000 for 1 h at room tem-

perature. Thermo Fisher Scientific SuperSignal Chemiluminescent Sub-
strate was used to detect HRP on the blots. Spectrophotometry was used
to determine protein concentration in each sample, and the required
volume was then calculated to load the same amount of protein (50 �g)
to each lane. Reversible validated Ponceau staining was used to check
equal loading of gels (Aldridge et al., 2008; Romero-Calvo et al., 2010).
For quantitation, protein band densities were analyzed by using NIH
ImageJ software. The dorsal horn contralateral to surgery site in sham
condition was used as the reference to normalize protein band densities
in relative density analyses. Student’s t test was used for comparisons.

Immunofluorescence. Deeply anesthetized rats (sodium pentobarbital;
50 mg/kg, i.p.) were perfused transcardially with 250 ml of 0.9% saline
followed by 900 ml of 4% paraformaldehyde in phosphate buffer (PB;
0.1 M), pH 7.4. L4 –L5 segments were removed, postfixed with 4% para-
formaldehyde in PB for 4 h, and then cryoprotected for 48 h with 30%
sucrose in PBS at 4°C. Coronal, 40-�m-thick cryotome sections were
serially collected in PBS and preincubated with 1% bovine serum
albumin (Sigma-Aldrich) and 1% normal serum (1 h at RT).
Paraformaldehyde-fixed spinal cord tissue from wild-type and D1 recep-
tor knock-out (D1R �/�) mice (Xu et al., 1994) was sectioned in the
coronal plane and identically processed throughout as the tissue sections
from rat spinal cord. Five primary antibodies were used in triple immu-
nofluorescence experiments, namely rabbit and goat polyclonals to D1R
and met-enkephalin as above (at 1:1000 and 1:500, respectively), mouse
monoclonals to synaptophysin or vGAT (at 1:1000 or 1:500, respectively;
from Sigma-Aldrich and Synaptic Systems, respectively), and a poly-
clonal antibody raised in guinea pig against vesicular glutamate trans-
porter VGLUT2 (at 1:1000; Synaptic Systems). After preincubations with
normal serum of species other than those in which the secondary
antibodies were raised, sections were sequentially incubated with Cy5
650-conjugated donkey anti-rabbit, Dylight 549-conjugated donkey
anti-mouse, and AlexaFluor 488-conjugated donkey anti-goat fluores-
cent antibodies (1:200; Jackson ImmunoResearch) and mounted in
Mowiol (Vector Laboratories).

Paraformaldehyde-fixed HEK293T cells (either D1R-myc or D5R-
myc transfected) were treated with blocking buffer (0.066% saponin,
0.22% gelatin in PBS, 1% bovine serum albumin, 1% normal donkey
serum) for 1 h at RT, followed by incubation at 4°C with primary anti-
bodies diluted in blocking buffer: mouse monoclonal against c-myc (1:
1000; clone 9E10, Covance) combined with either goat polyclonal E-16
antibody against D1R (1:500; Santa Cruz Biotechnology) or goat poly-
clonal R-18 antibody against D5R (1:500; Santa Cruz Biotechnology;
sc-1441). Thereafter, cells were incubated for 1 h at RT in fluorescent-
conjugated secondary antibodies DyLight 549 donkey anti-mouse
F(ab�)2 fragment (1:400; Jackson ImmunoResearch) and AlexaFluor 488
donkey anti-goat IgG (1:400; Invitrogen). After extensive washing with
PBS containing 0.22% gelatin and counterstaining with Hoechst 333428
(Sigma-Aldrich) culture coverslips were mounted in Mowiol. Immuno-
labeled sections and HEK293T cells were viewed in a Fluoview FV500
Olympus confocal microscope, and digital photomicrographs were ac-
quired sequentially to avoid overlapping of fluorescent emission spectra.
NIH ImageJ software (Intensity Correlation plug-in; Li et al., 2004) was
used to adjust brightness and contrast, to obtain image colocalization
overlays, as well as to perform pixel-wise intensity correlation-based
analyses of confocal photomicrographs. Pearson’s correlation coefficient
and Fisher’s exact test were used to determine and contrast colocalization
values, respectively.

HEK293T cell culture and transfection. Human embryonic kidney 293T
(HEK293T) cells obtained from the American Type Culture Collection
(ATCC; CRL-3216) were maintained in DMEM (ATCC, 30-2002), sup-
plemented with 10% fetal bovine serum (Sigma-Aldrich) and antibiotics
(100 U/ml penicillin and 100 �g/ml streptomycin; Invitrogen, Life Tech-
nologies). Before transfection, cells were plated onto poly-D-lysine-
coated 18 mm glass coverslips (for fluorescence microscopy) or 60 mm
culture dishes (for Western blot analysis). When approaching 50 – 60%
confluence, the cells were transfected with pCMV6 plasmid (Origene)
carrying the coding sequence of C-terminal myc-tagged rat D1R or D5R
(1 �g DNA/cm 2) using Xfect Transfection Reagent (Clontech, 631317)
according to the manufacturer’s guidelines. Forty-eight hours after
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transfection, cells were either fixed for 10 min
at RT 4% phosphate-buffered paraformalde-
hyde and processed for immunofluorescence,
or harvested in ice-cold 750 �l hypotonic buf-
fer (5 mM Tris-HCl, pH 7.4, 1 mM MgCl2, 0.5
mM phenylmethylsulfonylfluoride, 50 �M io-
doacetamide) for Western blot analysis. The
cell suspension was homogenized by passage
through 20 and 21 gauge needles, and then
mixed with an equal volume of the same buffer
containing 0, 64 M sucrose and centrifuged at
1000 � g during 5 min to remove cell nuclei
and unbroken cells (P1) from the low superna-
tant (S1). S1 was then collected and centrifuged
at 37,000 � g during 15 min to obtain a P2
pellet enriched in plasma membrane, which
was subjected to denaturation and Western
blot analysis.

D1R antibody specificity tests. Specificity tests
for the goat polyclonal E-16 antibody to D1R
were performed in spinal cord sections from
mice deficient in D1R, as well as in HEK293T
cells transfected with either D1R-myc or D5R-
myc. Sections of paraformaldehyde-fixed
spinal cord tissue from wild-type and D1R �/�

mice were obtained and immunostained as de-
scribed above. Immunoreactivity for D1R was
found throughout the dorsal horn of wild-type
mice, including but not limited to superficial
laminae, whereas immunopositive signal was
virtually undetectable in spinal cord sections
from D1R �/� mice. This result supported that
the antibody could selectively recognize the D1
receptor in paraformaldehyde-fixed tissue
(Fig. 1).

Additional tests were performed to discard
cross-reactivity with D5R in either immunofluorescence or Western blot
analyses. In HEK293T cells cultured and transfected as described above,
immunofluorescence for c-myc was detected in every D1R- and D5R-
immunopositive cell, respectively, but not in nontransfected cells.
Colocalization of the immunofluorescence signals was virtually com-
plete, showing that both antibodies recognized the same protein pool.
In addition, neither D5R- nor D1R-immunoreactivity was detected in
D1R-myc and D5R-myc-expressing cells, respectively, demonstrating
that there was no cross-reactivity between D5R protein and the
D1R-specific antibody or between D1R protein and the D5R-specific
antibody. Consistent with these results, no D1R- or D5R-
immunoreactive bands in membranes prepared from nontransfected
HEK293T cells, whereas antibodies to D1R or D5R produced immu-
nopositive bands only in membranes from cells transfected with D1R-
myc or D5R-myc, respectively. Western blot against c-myc revealed
that recombinant D1R-myc migrated slightly below D5R-myc, con-
sistent with the calculated mass difference of 3.7 kDa. The results thus
supported that the antibody selectively recognized the D1 receptor
with no cross-reactivity to D5R, the other member of the D1LR
subfamily.

Behavioral assessment. For mechanical pain threshold evaluation, we
determined 50% mechanical paw withdrawal thresholds for the left hind-
paw to plantar stimulation with von Frey monofilaments (North Coast
Medical) according to an up– down algorithm (Chaplan et al., 1994). We
assessed thermal pain thresholds on a hotplate device (WPI; Almási et al.,
2003). Briefly, rats were placed in a Plexiglas chamber on the plate at 30°C
for 5 min for habituation, and plate temperature was raised at a rate of
6°C/min until the animal exhibited paw licking or withdrawal behaviors
(cutoff temperature 50°C). The heat pain threshold was calculated as the
mean temperature eliciting response from two repeated procedures, 30
min apart. The evaluator was blind to received treatments. Nonparamet-
ric Kruskal–Wallis one-way ANOVA and Mann–Whitney rank test were

used to compare thresholds with those before surgery and across time
points (SPSS, v15.0).

Results
D1LRs depress dorsal horn excitability after nerve injury
via MOR
To evaluate the ability of the spinal D1R to modulate peripheral
noxious input to dorsal horn neurons, we first recorded C-fiber-
evoked field potentials in superficial layers of the dorsal horn
during spinal superfusion with D1LR agonist SKF 38393. Admin-
istration of the drug failed to alter evoked potentials in uninjured
rats (Fig. 2). In nerve-injured rats, however, SKF 38393 signifi-
cantly and concentration-dependently decreased evoked poten-
tials. Reduction was statistically significant at 1 �M drug
concentration (48.18 � 0.26% reduction; p � 0.01; n � 6).

Recent reports have shown interactions of dopaminergic neu-
rotransmission with opioid analgesia (Becker et al., 2001; Aira et
al., 2014; Brewer et al., 2014). Here, we explored whether the
D1LR-mediated modulation of evoked potentials involved
activation of the spinal MOR. Coadministration of the selective
MOR antagonist CTOP at subthreshold concentration (100 nM),
ie, one not altering evoked potentials per se, completely blocked
depression of evoked potentials by 1 �M SKF 38393 (Fig. 2). In
contrast, SKF 38393-induced depression was unaffected by
GABA receptor antagonist bicuculline (100 nM; 45.89 � 0.19%
reduction; p � 0.01; n � 6).

D1R is expressed in glutamatergic, met-enkephalin-
containing neurons
The endogenous peptide met-enkephalin is abundantly ex-
pressed in the spinal dorsal horn (Todd and Spike, 1992; Mar-

Figure 1. D1R antibody specificity assays. A, B, Immunofluorescence for D1R in the spinal dorsal horns of wild-type and
D1R �/� mice. The superposed lines indicate the boundaries of the spinal gray matter. Scale bar, 200 �m. C, Double-
immunofluorescence by combining a mouse monoclonal antibody against the c-myc epitope (red) with goat polyclonal antibodies
against D1R or D5R (green) in HEK293T cells, transiently transfected with a plasmid encoding for either myc-tagged rat D1R or D5R.
Scale bar, 20 �m. D, Western blot analysis of membrane preparations from untransfected, D1R-myc transfected, and D5R-myc
transfected HEK293T cells using the same antibodies as for immunofluorescence.
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vizón et al., 2009) and presents high affinity for MOR (Delfs et al.,
1994; Raynor et al., 1994; Fields, 2004). Based on prior evidence
that presynaptic D1R can facilitate neurotransmitter release in
the CNS (Cameron and Williams, 1993), we hypothesized that
upregulation of D1R might occur in dorsal horn neurons con-
taining met-enkephalin. In addition, available evidence suggests
that both glutamatergic and GABAergic neurons in the dorsal
horn may contain met-enkephalin (Todd and Spike, 1992; Todd
et al., 2003; Marvizón et al., 2007, 2009). By using confocal triple
immunofluorescence we found that D1R was expressed in met-
enkephalin-containing neurons in the dorsal horn also express-
ing the vesicular glutamate transported VGLUT2 (Fig. 3), but not
in neurons containing vGAT, a marker for GABAergic synapses.

Spinal nerve ligation triggers presynaptic upregulation of
D1R in met-enkephalin-containing boutons
There is previous evidence that dopamine-enriched contexts may
favor D1R expression (Aubert et al., 2005), and that the release of
dopamine in the spinal dorsal horn is indeed increased in patho-

logic pain (Gao et al., 2001). We assessed whether changes in the
modulatory profile of D1R as shown above were accompanied by
increased expression of the receptor in dorsal horn neurons. To
this end, we assessed D1R expression in dorsal horn homogenates
extracted from nerve-injured rats 9 d after surgery. Western blots
showed an increase in D1R-like immunoreactivity in synaptic
fraction (P3) on the injury side, but not in cytoplasmic fraction
(S2) on either side. Relative density analysis quantified such in-
crease as over fourfold relative to immunoreactivity in P3 frac-
tion ipsilateral to injury in sham-operated rats (p � 0.01,
Student’s t test; Fig. 4).

By using confocal triple immunofluorescence microscopy and
synaptophysin as presynaptic marker, we found that presynaptic
densities immunopositive to met-enkephalin became highly en-
riched in D1R after spinal nerve ligation (SNL; Fig. 2). Compar-
isons of pixel-wise correlations by using the Fisher’ exact test
confirmed statistically higher correlation levels in nerve-injured
rats relative to sham-operated rats (Rr 0.73 vs 0.02; z � �75.72,
p � 0.01).

Sustained, endogenous activation of D1R following SNL
increases met-enkephalin levels in the dorsal horn
We performed Western blots on homogenates of dorsal horns
extracted from nerve-injured and sham-operated rats 9 d after
surgery. We found a dramatic increase in met-enkephalin-like
immunoreactivity in the homogenates from nerve-injured rats
compared with those from sham-operated controls. As assessed
by density analysis, such increase was statistically significant (p �
0.01, Student’s t test; Fig. 5).

Figure 2. D1R-mediated depression of C-fiber-evoked spinal field potentials after SNL is
mediated by MOR. Mean areas of C-fiber-evoked potentials are shown during spinal superfusion
with increasing, cumulative concentrations of D1R agonist SKF 38393 either alone or in combi-
nation with subthreshold concentrations of �-opioid antagonist CTOP or bicuculline. SKF 38393
effectively depresses evoked potentials in nerve-injured but not sham-operated rats. D1R-
mediated depression is blocked by coadministration of CTOP but not by that of bicuculline.
Asterisks indicate statistical significance at p � 0.01 using the post hoc Bonferroni test follow-
ing one-way ANOVA, when comparing field potential magnitudes during drug administration
to baseline control potentials before drug delivery (n � 6 each group; error bars indicate SEM).
For clarity, only the earliest statistically significant effects are labeled. Representative record-
ings shown at the top, gray traces representing baseline potentials, illustrate the effect of 1 �M

SKF 38393 on C-fiber-evoked field potentials in the absence (a) or presence (b) of 100 nM CTOP
(scale, 50 ms and 200 mV; horizontal bar indicates C-fiber latency).

Figure 3. Coexpression of D1R and met-enkephalin occurs in putative glutamatergic, but
not GABAergic neurons in superficial laminae of the dorsal horn. Triple immunofluorescent
labelings in lumbar histological sections are shown, revealing colocalization of D1R in enkepha-
linergic neurons also containing the vesicular glutamate transporter VGLUT2, a glutamatergic
neuron marker, but not in neurons containing vGAT, a marker of GABAergic terminals. Triple
merge channel is shown as white. Insets in low-power micrographs and diagrams at the top
indicate the locations of high-power micrographs. Scale bar, 10 �m.
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We next sought to determine whether sustained D1LR activa-
tion was required for augmenting met-enkephalin-like immuno-
reactivity. To this end, we blocked D1LRs by administering daily
intraperitoneal injections of the selective D1LR antagonist SCH
23390 during the next 9 d following nerve injury at either 0.5 or
0.05 mg/kg in separate groups. We found that chronic D1LR
blockade, but not vehicle administration (isotonic saline), dose-
dependently attenuated the increase in met-enkephalin-like im-
munoreactivity that ensued after nerve injury. As assessed by
density analysis, such attenuation was statistically significant af-
ter SCH 23390 treatment at either dose compared with immuno-
reactivity level in nerve-injured, vehicle-treated rats (p � 0.01,
Student’s t test; Fig. 5).

D1LR-regulated recruitment of MOR constitutively represses
afferent-induced synaptic plasticity
We applied low-frequency electrical pulses to the sciatic nerve at
either 0.2 or 3 Hz as conditioning input. Both stimulation pat-
terns failed to condition subsequently evoked potentials in naive
rats (Fig. 6). However, whenever the spinal MOR system was
blocked pharmacologically with CTOP (100 nM), conditioning
stimulation at either frequency consistently induced synaptic
LTP of C-fiber-evoked dorsal horn potentials (78.11 � 0.53%
increase; p � 0.01 relative to baseline; Fig. 6). The occurrence of
LTP thus exposed a constitutive role of the spinal MOR system in
repressing afferent activity-dependent synaptic plasticity in dor-
sal horn neurons. In subsequent experiments, the ability of con-
ditioning LFS to induce LTP was used as an end-point measure of
this repressing function of MOR.

In analogous experiments we blocked the spinal D1LRs in-
stead of MOR. We found that LTP consistently ensued after LFS
during D1LR blockade with SCH 23390 (58.42 � 0.39% increase;
p � 0.01; Fig. 6), thus also implicating D1LRs in endogenous
mechanisms constitutively repressing use-dependent synaptic
plasticity. If D1LRs operate here by regulating the release of en-
dogenous MOR ligand, as supported by the above anatomical
and pharmacological data, then blocking D1LR activation should
prevent endogenous recruitment of MOR, but not necessarily
MOR activation by an exogenous agonist. To test for this, we
applied the highly selective MOR agonist DAMGO by spinal su-
perfusion (100 �M) 2 min before LFS, during concomitant D1LR

Figure 4. Presynaptic upregulation of D1R and met-enkephalin following spinal nerve liga-
tion. A, Western blot of dorsal horn homogenates from nerve-injured and sham-operated rats
show increased presence of D1R-like immunoreactivity in synaptic compartment (P3) of the

4

dorsal horn on the injury side. Ponceau staining was used to confirm equal protein loading. Bars
show image analysis-based D1R band density quantitation normalized to P3 from uninjured
rats. Asterisks indicate statistical significance at p � 0.01 using Student’s t test. Error bars
indicate SEM. B, Confocal micrographs of the dorsal horns from sham-operated and nerve-
ligated rats showing immunoreactivities for D1R (red channel), met-enkephalin (blue channel),
and presynaptic marker synaptophysin (green channel). Insets in low-magnification micro-
graphs at the top row in each condition indicate the locations of high-power (scale bar, 5 �m)
micrographs below. The most conspicuous change following experimental nerve injury was a
dramatic increase in triple colocalization from a virtually null level in sham condition. Solid
boxes in the dorsal horn drawing indicate typical sites from which micrographs were taken for
analysis. Bar diagrams represent intensity correlation-based analyses in confocal triple-labeled
tissue photomicrographs, using the Pearson correlation coefficient as a measure of pixel-wise
colocalization. SNL was followed by a significant increase in intensity correlation coefficients
denoting colocalization of D1R, met-enkephalin and synaptophysin (**p � 0.01, Fisher exact
test relative to sham condition). A tentative interpretation of findings is summarized schemat-
ically. Although D1R expressed in presumed glutamatergic, met-enkephalin-containing bou-
tons is virtually absent from presynaptic active sites in the basal condition, both D1R and
met-enkephalin are upregulated to presynaptic specializations following nerve injury. Color
codes for presynaptic density, met-enkephalin, and D1R are consistent with immunofluores-
cence channels. Descending dopaminergic volume transmission (DA) presumably arising from
the A11 region is represented as a dopaminergic varicosity.
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blockade with SCH 23390. In confirmation of the above view, we
found that DAMGO effectively activated the MOR regardless of
D1LR blockade, indeed preventing LTP (Fig. 6).

Sustained D1LR activation following spinal nerve injury
impairs the ability of MOR to repress synaptic plasticity
We sought to determine whether the ability of the spinal MOR to
repress afferent-induced synaptic plasticity was preserved during
established central sensitization and sustained pain after periph-
eral nerve injury. To investigate for this, the occurrence of LTP
after conditioning LFS was assessed in rats that had been sub-
jected to SNL 9 d before. We found that LFS at either 0.2 or 3 Hz
consistently induced LTP of C-fiber-evoked potentials (by
54.12 � 0.51% or 68.89 � 0.39%, respectively; both p � 0.01, n �
6; Fig. 7A). Moreover, we found that LTP was effectively pre-

vented by spinal superfusion with the NMDA receptor antagonist
D-AP5 (100 �M).

If sustained activation of D1LRs following SNL was responsi-
ble for impairing the ability of MOR to prevent LTP, then keeping
D1LRs blocked after injury should predictably preserve MOR
function. This issue was addressed by attempting LTP induction
9 d after SNL in rats that had received daily intraperitoneal injec-
tions of D1LR antagonist SCH 23390 at either 0.05 mg/kg or 0.5
mg/kg. In addition, the effect of the same antagonist doses on
phasic activation of D1LRs during LTP induction, ie, in the ab-
sence of prior daily administration, was evaluated in non-injured
rats by administering the drug 20 min before LFS. In uninjured
rats, we found that an acute injection of SCH 23390 at 0.05 mg/kg
before LFS, ie, a dose effectively preventing met-enkephalin up-
regulation in dorsal horn neurons (compare Fig. 5), failed to
block phasic activation of D1LRs, thereby permitting LTP to oc-
cur (Fig. 7B). In contrast, LTP was prevented by the antagonist
only at the higher dose (0.5 mg/kg). These findings showed that a
higher antagonist dose was required to block phasic D1LR acti-
vation during LTP induction than to prevent sustained activation
leading to met-enkephalin upregulation following SNL. In nerve-
injured rats chronically treated with SCH 23390, we found that
the ability of the MOR to repress afferent-induced plasticity was
fully preserved by using the drug at 0.05 mg/kg, ie, at the dose
effectively blocking met-enkephalin upregulation but not pre-
venting phasic activation of D1LRs during LTP induction (Fig.
7B). A mild but statistically significant potentiation (26.79 �
0.50%, p � 0.01, n � 6; Fig. 5) after LFS was found in nerve-
ligated rats that had been treated with higher dose of SCH 23390
(0.5 mg/kg), presumably by effect of blockade of phasic D1LR
activation during application of the conditioning LFS.

Figure 5. D1LRs are responsible for upregulation of met-enkephalin after SNL. Western blot
of dorsal horn homogenates shows increased immunoreactivity for met-enkephalin in nerve-
injured rats compared with sham-operated ones, as well as the effect of postoperative treat-
ment with D1LR antagonist SCH 23390 during the next 9 d following injury. Ponceau staining
was used to confirm equal protein loading. Image-based quantitation of the immunoreactive
bands normalized to band density in the sham condition reveal a more than fourfold increase
after SNL. Met-enkephalin upregulation is significantly and dose-dependently attenuated by
SCH 23390 treatment. Asterisks indicate statistical significance at p � 0.01 using Student’s t
test. Error bars indicate SEM.

Figure 6. Conditioning LFS induces LTP during blockade of either D1LRs or MOR. Areas of C
fiber-evoked field potentials in the spinal dorsal horn are plotted against time prior and after
application of conditioning stimulation in the form of two 30 s trains of 3 mA, 1.5 ms duration
pulses administered at low-frequency (either 0.2 or 3 Hz), 30 s apart. The time axis is labeled
relative to the time-point of conditioning stimulation. Conditioning stimulation at 3 Hz induced
LTP of C-fiber-evoked potentials in the presence of either MOR- or D1LR antagonist drugs CTOP
or SCH 23390, respectively, whereas no change in evoked potentials occurred after conditioning
stimulation at either frequency during spinal superfusion with vehicle (aCSF). In rats receiving
spinal superfusion with SCH 23390, acute DAMGO administration starting 2 min before LFS
prevented the occurrence of LTP. Asterisks indicate statistically significant increase ( p � 0.01)
in evoked potentials compared with baseline recordings before conditioning stimulation, using
the post hoc Bonferroni test following one-way ANOVA (n � 6 in each experimental condition).
For clarity, only the first significantly increased potentials are labeled with asterisks. Individual
field potentials from representative experiments using CTOP (a) or SCH 23390 (b) are shown
above the plot. Error bars indicate SEM.
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In addition, we sought to ascertain whether abolishing sus-
tained synaptic activation of D1LRs after nerve injury would also
preserve MOR responsiveness to exogenous activation by an ag-
onist drug. To this end, in nerve-injured rats chronically treated
with SCH 23390 we assessed the ability of acutely administered
DAMGO (100 �M, via spinal superfusion) starting just before
conditioning stimulation to prevent the induction of LTP. We
found that DAMGO effectively prevented LTP in SCH 23390-
treated rats (0.5 mg/kg, i.p.) but not in vehicle-treated rats
(38.05 � 0.46% increase, relative to before LFS; p � 0.01, n � 6;
Fig. 7).

Enhanced synaptic activation of D1LRs following SNL
impairs MOR-mediated behavioral thermal and mechanical
analgesia
To better understand how upregulation of D1LRs following SNL
affects MOR antinociception, we evaluated the ability of an acute
administration of DAMGO (1.5 mg/kg, i.p.) to relieve behavioral
thermal and mechanical nociception 9 d after surgery in con-
scious, nerve-injured rats. Injured rats treated both chronically
and acutely with vehicle (isotonic saline) exhibited marked me-
chanical and thermal allodynia at the side of injury, as shown by
dramatic decrease in paw withdrawal thresholds both to plantar
stimulation with von Frey monofilaments and thermal simula-
tion in the hot plate test (mechanical threshold of 2.13 � 0.30 g vs
10.83 � 0.40 g in sham-operated rats, and thermal threshold of
39.09 � 0.27°C vs 48.13 � 0.31°C in the sham condition; p � 0.01
in both contrasts, Student’s t test, n � 6). In these rats, DAMGO
produced a statistically significant (4.91 � 0.42 g mechanical
threshold vs 2.13 � 0.30 g before DAMGO, and 42.48 � 0.23°C
thermal threshold vs 39.09 � 0.27°C before DAMGO; p � 0.01 in
both contrasts, Student’s t test, n � 6) but only partial reversal of
thermal and mechanical thresholds (Fig. 8). In contrast, in nerve-
injured rats that were chronically treated with SCH 23390, an
acute injection of DAMGO effectively increased mechanical
thresholds to a level close to that measured in sham-operated

Figure 7. D1LRs are responsible for the loss of endogenous repression of synaptic plasticity
after SNL. A, In rats subjected to SNL 9 d before, conditioning LFS induces NMDA receptor-
dependent LTP of C-fiber-evoked potentials. The time course of changes induced by condition-
ing stimulation is shown and two examples of enhanced potentials from representative
experiments are provided (gray traces correspond to control baseline recordings). B, Postoper-
ative blockade of D1LR activity after SNL by daily intraperitoneal injections of SCH 23390 pre-
serves the ability of endogenous repression of LTP. The phenomenon is best exemplified by
nerve-ligated rats (left graph) that had received 0.05 mg/kg SCH 23390 chronically, in which
phasic activation of D1LRs was however unaffected. The graph on the right represents data from
experiments in naive rats, demonstrating that phasic activation of D1LRs to repress LFS-induced
LTP is blocked by SCH 23390 only at 0.5 mg/kg but not at 0.05 mg/kg dose. C, Acute activation
of MOR by addition of DAMGO to the spinal superfusate 2 min before LFS prevents LTP formation
only in rats in which sustained D1R activation after SNL has been prevented by daily postoper-
ative injections of SCH 23390. In all four graphs, asterisks denote statistically significant increase
of mean potential areas ( p � 0.01) compared with potentials from the baseline control period
before LFS, using the post hoc Bonferroni test following one-way ANOVA. Only the first signifi-
cantly increased potentials have been labeled with asterisks. Error bars in all graphs indicate
SEM.

Figure 8. Thermal and mechanical MOR antinociception after SNL is preserved by D1LR
blockade. Heat pain thresholds assessed in the hot plate test and the 50% paw withdrawal
threshold to a static mechanical stimulus with von Frey monofilaments are shown 9 d after SNL.
Thermal and mechanical thresholds, both of which are significantly lowered after SNL on the
injury side 9 d after surgery, are significantly but only partially reversed by acute administration
of DAMGO (i.p.) before behavioral evaluation. However, DAMGO dramatically raises both ther-
mal and mechanical thresholds to near-normal levels in rats that have been treated with SCH
23390 but not with vehicle (isotonic saline) on a daily basis. Asterisks indicate statistical signif-
icance ( p � 0.01) at comparisons using the Student’s t test. Error bars indicate SEM.
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animals (9.49 � 0.43 g, p � 0.01, Student’s t test vs before
DAMGO), and thermal thresholds were fully restored to those
measured in sham-operated animals (47.52 � 0.35°C; p � 0.01,
Student’s t test vs before DAMGO, and p � 0.07 vs sham-
operated controls). The increases in thermal and mechanical
thresholds after DAMGO administration were significantly
higher in SCH 23390-treated rats than in those receiving only
vehicle as chronic treatment (p � 0.01, Student’s t test between
treatment conditions in both sensory modalities).

Rapid impairment of MOR function following
D1LR activation
To gain insight into the timing of functional MOR impair-
ment after the onset of sustained D1LR activation, we primed
D1LRs in the spinal dorsal horn by superfusion with SKF
38393 (100 �M) in naive rats, before applying conditioning
LFS. The results showed that priming D1LRs for 30 min was
sufficient to impair the ability of the MOR to prevent LTP after
conditioning, low-frequency input (53.02 � 0.51%, p � 0.01,
n � 6; Fig. 9). In separate experiments we found that simulta-
neous blockade of MOR with CTOP (10 �M; intensively
washed out for 5 min before LFS) during D1LR priming suc-
cessfully preserved the ability of MOR to prevent LTP, sug-
gesting that the functional impairment of MOR secondary to
D1LR priming was due to sustained MOR activation.

Discussion
D1LRs depress spinal excitability via MOR
The current study shows that D1LRs depress evoked excitation of
dorsal horn neurons, adding to previous evidence supporting
general antinociceptive actions of dopamine at the dorsal horn
(Tamae et al., 2005; Taniguchi et al., 2011). D1LR-mediated
modulation became operative in the nerve-injured condition,
which was consistent with the failure of D1R to modulate me-

chanical nociceptive thresholds or evoked responses to acute
C-fiber input in naive animals (Tamae et al., 2005; Yang et al.,
2005), as well as with the reported attenuation of nociceptive
behaviors by D1LR agonists only in the second phase of the for-
malin test in rats and mice (Zarrindast et al., 1999; Munro, 2007).
Considering that D1LRs can attenuate neuronal excitation by
enhancing opioid- or GABA-mediated inhibition (Schoffelmeer
et al., 2000; Mango et al., 2014), we assessed the ability of D1LRs
to depress evoked potentials in the presence of drugs reducing
endogenous activation of �-opioid or GABA receptors. Blockade
of the �-opioid, but not GABA receptor, abolished the depres-
sion of evoked potentials induced by D1LRs in nerve-ligated rats,
suggesting an intervening role for endogenous activation of the
MOR.

Dopamine D1 and D2 receptor families both have been im-
plicated in heterosynaptic regulation of neurotransmitter release
(Tritsch and Sabatini, 2012), and there is evidence supporting
heterosynaptic facilitation via D1LRs (Cameron and Williams,
1993; Trudeau et al., 1996; Chen and Regehr, 1997). We hypoth-
esized that dopaminergic input to the dorsal horn may interact
with the MOR by intermediation of enkephalinergic terminals,
because enkephalins are major opioid ligands in the spinal dorsal
horn (Marvizón et al., 2009; Huang et al., 2010), with high affinity
for MOR (Delfs et al., 1994; Raynor et al., 1994; Fields, 2004) and
enkephalin and D1LRs both are present in the dorsal horn (Todd
and Spike, 1992; Zhu et al., 2007). We found that D1R and met-
enkephalin colocalized with presynaptic marker synaptophysin,
supporting D1R expression in presynaptic enkephalinergic bou-
tons. The absence of D1R and met-enkephalin in GABAergic
neurons was consistent with the observed lack of physiological
interaction of D1LRs with GABA receptors. Enkephalin is present
in intrinsic excitatory and GABAergic neurons in the dorsal horn
(Todd and Spike, 1992, Todd et al., 2003; Marvizón et al., 2007,
2009; Huang et al., 2010), rather than in afferent C-fibers (Mar-
vizón et al., 2009). Our present confocal immunofluorescence
data reveal the presence of D1R and met-enkephalin in neurons
immunopositive for vesicular glutamate transporter VGLUT2, a
marker of glutamatergic neurons, but not in those containing
vGAT, a marker of GABAergic terminals. Probable postsynaptic
targets of enkephalinergic terminals may include primary affer-
ent terminals (Mansour et al., 1994, 1995; Ji et al., 1995; Li et al.,
1998) or excitatory interneurons in the dorsal horn (Arvidsson et
al., 1995; Kemp et al., 1996).

Because SCH 23390 targets both D1 and D5 receptor sub-
types, the observed depressing action of the drug did not permit
us to discriminate their relative contribution. In situ hybridiza-
tion signal for D5R is indeed reportedly present in the dorsal horn
(Zhu et al., 2007), and recent evidence suggests that D5R might
contribute to sustained pain (Kim et al., 2015). Nonetheless,
although we cannot rule out a contribution of D5 to D1LR–MOR
interaction, we present evidence that the polyclonal antibody to
D1R used here selectively recognized the D1 subtype, providing
strong support for the involvement of D1R in the plasticity phe-
nomena revealed by immunocytochemical and Western blot
data.

Upregulation of D1LRs increases met-enkephalin availability
We show here that SNL triggers changes in the expression and
subcellular organization of D1R and met-enkephalin. We found
an increase in D1R-like immunoreactivity in synaptic fraction
(P3) in dorsal horn homogenates from nerve-injured rats, which
confocal immunofluorescence located to presynaptic active
zones in met-enkephalin-containing neurons (Fig. 4). A probable

Figure 9. Rapid MOR dysfunction following sustained D1LR activation. Priming D1LRs with
SKF 38393 for 30 min before conditioning stimulation suffices to impair endogenous, MOR-
mediated repression of LTP. Blocking MOR activation (CTOP, intensively washed out for 5 min
before LFS) during D1LR priming preserves the ability of MOR to prevent the occurrence of LTP.
Asterisks indicate statistical significance ( p � 0.01) when field potential magnitudes prior and
after conditioning stimulation are compared using the post hoc Bonferroni test following one-
way ANOVA (n � 6 in each experimental condition; error bars � SEM). For clarity, only the
earliest statistically significant effects are labeled with asterisks.
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underlying mechanism may be a rise in spinal dopamine release
following SNL analogous to that observed after intraplantar car-
rageenan injections (Gao et al., 2001), because D1R responds to
prolonged exposure to dopamine by rapid recycling with high
rates of repositioning to the cell membrane (Ariano et al., 1997;
Bartlett et al., 2005).

We found an over fourfold increase in immunoreactivity for
met-enkephalin after SNL, in keeping with observations in dif-
ferent models of experimental pain (Sommer and Myers, 1995;
Calzà et al., 1998; Hossaini et al., 2014). Increased release of met-
enkephalin and sustained MOR activation (Buesa et al., 2008) are
conceivably compensatory changes for increased nociceptive in-
put. Attenuation of met-enkephalin upregulation as shown here
by postoperative blockade of D1LRs demonstrates that dopami-
nergic input to the dorsal horn is instrumental in sustaining in-
creased MOR activity.

D1LRs regulate the threshold for synaptic plasticity
Conditioning LFS consistently induced synaptic LTP of C-fiber-
evoked dorsal horn potentials in rats subjected to MOR blockade,
but not in untreated rats, unmasking a constitutive role of MOR
in repressing afferent-induced central plasticity. LTP at dorsal
horn synapses is considered as a major substrate of hyperalgesia
and central sensitization in the pain signaling pathway to the
brain (Ji et al., 2003; Sandkühler, 2007; Sandkühler and Gruber-
Schoffnegger, 2012). These findings suggest that the MOR may be
recruited endogenously by repetitive afferent input rather than
by single, acute stimuli, in line with previous observations that
the MOR specifically represses the wind-up response to repeated
noxious input (Guan et al., 2006) and interferes with the induc-
tion mechanisms of LTP following afferent high-frequency stim-
ulation in the in vitro slice preparation (Terman et al., 2001). The
permissive effect of MOR blockade on LTP induction could be
reproduced here by blocking D1LRs, supporting that dopami-
nergic input to the dorsal horn is integral to constitutive repres-
sion of spinal sensitization. Direct activation of MOR by
DAMGO prevented LTP occurrence regardless of D1LR block-
ade, indicating that D1LRs may not act by directly regulating
MOR responsiveness.

Dopaminergic A11-spinal neurons have been suggested to
mediate the so-termed diffuse noxious inhibitory controls via
recruitment of the D2 receptor subtype (Lapirot et al., 2011). Our
data extend those findings by showing that D1LRs are recruited
largely in response to either repetitive conditioning stimulation
at the C-fiber strength or afferent barrage associated with exper-
imental nerve injury.

Sustained D1LR activation impairs MOR function
Conditioning LFS consistently induced LTP of C-fiber-evoked
potentials in nerve-injured rats, demonstrating that endogenous
repression of synaptic plasticity is impaired during sustained
pain. LTP was NMDA receptor-dependent, as shown by the
blocking effect of D-AP5, in keeping with most prior reports
addressing this form of synaptic plasticity (Randić et al., 1993; Liu
and Sandkühler, 1995; Svendsen et al., 1998; Pedersen and Gjer-
stad, 2008; Zhou et al., 2008; Qu et al., 2009). Studies suggest that
tolerance to endogenous opioids secondary to augmented opioi-
dergic neurotransmission during sustained pain may decrease
sensitivity to opiate analgesics (Xu et al., 2004). SNL may provide
unique conditions by increasing met-enkephalin turnover as
found here. We show that D1LR upregulation leads to MOR
dysfunction via sustained activation of the receptor. Thus, en-
dogenous repression of LTP (Fig. 6) was fully preserved in nerve-

injured in rats that had been treated postoperatively with SCH
23390 at a sufficient dose to prevent met-enkephalin upregula-
tion. Furthermore, chronic D1LR blockade after SNL preserved
MOR responsiveness to opiate drugs, as supported by two lines of
evidence. First, MOR could be successfully activated in nerve-
injured rats that were chronically treated with SCH 23390, as
demonstrated by the effectiveness of MOR agonist DAMGO to
repress LTP induction. Second, the ability of DAMGO to raise
thermal and mechanical pain thresholds, which was significantly
impaired after SNL, could be preserved or restored to near-
normal levels in SCH 23390-treated rats (Fig. 8).

By pharmacologically stimulating D1LRs in naive rats, we re-
produced MOR dysfunction brought about by sustained endog-
enous D1LR activation. Priming D1LRs for 30 min by spinal
superfusion with SKF 38393 sufficed to disrupt the ability of
MOR to repress LTP (Fig. 9), revealing that the impairment of
this aspect of MOR function is actually a rapidly evolving phe-
nomenon that requires D1LR activation. Moreover, we found
that endogenous repression of LTP was preserved during D1LR
priming whenever sustained activation of MOR was simultane-
ously blocked with CTOP, further supporting that disruption of
MOR function was due to sustained receptor activation. This
time frame of D1LR priming is consistent with the reported rise
of extracellular dopamine in the dorsal horn in response to nox-
ious input (Gao et al., 2001). Furthermore, there are indications
that continued D1LR activation may lead to MOR dysfunction in
a progressive manner, because sustained D1LR stimulation by a
higher concentration of SKF 38393 (250 �M) may lead to late-
onset disinhibition of evoked potentials in the absence of condi-
tioning stimulation (Yang et al., 2005).

Central sensitization is characterized by increased gain of the
nociceptive system to afferent signals (Woolf and Salter, 2000;
Latremoliere and Woolf, 2009). We provide novel evidence that
MOR-mediated modulation of central excitability to noxious in-
put and MOR-mediated repression of synaptic plasticity both are
regulated by dopaminergic, D1R-mediated neurotransmission.
Whereas D1R-regulated recruitment of MOR is both an adaptive
mechanism compensating for increased nociceptive input after
peripheral nerve injury and instrumental in preventing central
sensitization, sustained activation of this mechanism impairs
MOR compliance and increases the probability for subsequent
milder, otherwise subthreshold afferent inputs to trigger changes
in sensory gain.
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