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D1/D5 Dopamine Receptors and mGluR5 Jointly Enable
Non-Hebbian Long-Term Potentiation at Sensory Synapses
onto Lamina I Spinoparabrachial Neurons

Jie Li,'! ““Theodore J. Price,> and ““Mark L. Baccei!
'Pain Research Center, Department of Anesthesiology, University of Cincinnati College of Medicine, Cincinnati, Ohio 45267, and *Center for
Advanced Pain Studies, Department of Neuroscience, University of Texas at Dallas, Richardson, Texas 75080

Highly correlated firing of primary afferent inputs and lamina I projection neurons evokes synaptic long-term potentiation
(LTP), a mechanism by which ascending nociceptive transmission can be amplified at the level of the spinal dorsal horn.
However, the degree to which neuromodulatory signaling shapes the temporal window governing spike-timing-dependent
plasticity (STDP) at sensory synapses onto projection neurons remains unclear. The present study demonstrates that activa-
tion of spinal D1/D5 dopamine receptors (D1/D5Rs) creates a highly permissive environment for the production of LTP in
male and female adult mouse spinoparabrachial neurons by promoting non-Hebbian plasticity. Bath application of the mixed
D1/D5R agonist SKF82958 unmasked LTP at STDP pairing intervals that normally fail to alter synaptic efficacy. Furthermore,
during D1/D5R signaling, action potential discharge in projection neurons became dispensable for LTP generation, and pri-
mary afferent stimulation alone was sufficient to induce strengthening of sensory synapses. This non-Hebbian LTP was
blocked by the D1/D5R antagonist SCH 39166 or genetic deletion of D5R, and required activation of mGIuR5 and intracellu-
lar Ca*" release but was independent of NMDAR activation. D1/D5R-enabled non-Hebbian plasticity was observed across
multiple neuronal subpopulations in the superficial dorsal horn but was more prevalent in spinoparabrachial neurons than
interneurons. Interestingly, the ability of neonatal tissue damage to promote non-Hebbian LTP in adult projection neurons
was not observed in D5R knock-out mice. Collectively, these findings suggest that joint spinal D1/D5R and mGluR5 activation
can allow unfettered potentiation of sensory synapses onto the output neurons responsible for conveying pain and itch infor-
mation to the brain.
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Synaptic LTP in spinal projection neurons has been implicated in the generation of chronic pain. Under normal conditions,
plasticity at sensory synapses onto adult mouse spinoparabrachial neurons follows strict Hebbian learning rules, requiring
coincident presynaptic and postsynaptic firing. Here, we demonstrate that the activation of spinal D1/D5Rs promotes a switch
from Hebbian to non-Hebbian LTP so that primary afferent stimulation alone is sufficient to evoke LTP in the absence of
action potential discharge in projection neurons, which required joint activation of mGIuR5 and intracellular Ca>" release
but not NMDARSs. These results suggest that D1/D5Rs cooperate with mGluR5 receptors in the spinal dorsal horn to power-
fully influence the amplification of ascending nociceptive transmission to the brain. j
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ignificance Statement

Introduction
Synaptic long-term potentiation (LTP) in the rodent dorsal horn
can be evoked by peripheral nerve or tissue damage (Sandkiihler
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humans (Ruscheweyh et al., 2011), further supporting the poten-
tial clinical relevance of LTP. Emerging evidence suggests that
synaptic plasticity occurs in a cell type-dependent manner in the
superficial dorsal horn (SDH), as the electrical stimulation proto-
cols that evoke LTP in projection neurons can evoke long-term
depression (LTD) in GABAergic interneurons (H. Y. Kim et al.,
2015; Li and Baccei, 2019). LTP at primary afferent synapses
onto lamina I projection neurons likely plays a critical role in the
amplification of ascending nociceptive transmission by the spinal
cord under pathologic conditions (Ikeda et al., 2003, 2006; Drdla
et al., 2009).

The tetanic stimulation protocols commonly used to examine
LTP provide little information regarding the precise temporal
rules governing the activity-dependent plasticity of sensory syn-
apses onto projection neurons. Under normal conditions, plas-
ticity at these synapses follows strict Hebbian learning rules.
Namely, spike-timing-dependent LTP (t-LTP) is only evoked if
the primary afferent input arrives during a brief time window
(~10ms) before the projection neuron fires but not if the order
of activation is reversed (Li and Baccei, 2016). Nonetheless, the
timing rules governing LTP at sensory synapses onto adult pro-
jection neurons can clearly be modified. As an example of such
metaplasticity, early life tissue damage can unmask non-Hebbian
LTP at these synapses as poorly correlated firing, or even paired ac-
tivity occurring in the reverse order, can evoke LTP in neonatally
incised mice (Li and Baccei, 2016).

Neuromodulators, including catecholamines, can profoundly
regulate spike-timing-dependent plasticity (STDP) in the brain
(Brzosko et al., 2019). For example, D1/D5 dopamine receptors
(D1/D5Rs) in the hippocampus convert LTD to LTP so that LTP
is observed regardless of the relative timing of presynaptic versus
postsynaptic activity (Zhang et al., 2009). Dopamine is released
in the spinal cord (Men and Matsui, 1994; Taepavarapruk et al.,
2008; Benade et al., 2017), predominantly from fibers descending
from the hypothalamic A11 nucleus that terminate through-
out the gray matter (Bjorklund and Skagerberg, 1979;
Qu et al., 2006; Koblinger et al., 2014). This can either
dampen nociceptive signaling via activation of D2 rec-
eptors (Fleetwood-Walker et al., 1988; Wei et al., 2009;
Taniguchi et al., 2011) or promote the sensitization of dor-
sal horn circuits via D1/D5Rs (J. Y. Kim et al., 2015; Megat
et al., 2018). Unfortunately, nothing is known about how
dopamine receptors shape STDP at primary afferent syn-
apses onto spinal projection neurons. This prevents a com-
plete understanding of the factors that govern the flow of
nociceptive and pruriceptive information from the spinal
cord to the brain.

In light of the documented ability of spinal D1/D5Rs to pro-
mote the transition from acute to chronic pain (J. Y. Kim et al,,
2015; Megat et al., 2018), and given that D1/D5Rs facilitate LTP
elsewhere in the CNS (Zhang et al,, 2009), the present study
tested the hypothesis that the timing rules governing STDP at
primary afferent synapses onto lamina I projection neurons are
modulated by D1/D5R-mediated signaling. The data clearly
demonstrate that spinal D1/D5R activation strongly promotes
non-Hebbian LTP at these synapses via mechanisms that depend
on the joint activation of mGluR5 and downstream intracellular
Ca’" release. The data also suggest that D5R signaling contrib-
utes to the long-term metaplasticity of sensory synapses observed
in the adult SDH following neonatal tissue injury. Collectively,
these findings indicate that alterations in spinal dopaminergic
tone could profoundly influence the gain of the SDH network as
an amplifier of pain and itch signals.
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Materials and Methods

Animals. All experiments were performed in accordance with ani-
mal welfare guidelines outlined by the Institutional Animal Care and
Use Committee at the University of Cincinnati. Adult [postnatal day
(P)63-80] male and female mice of the following genotypes were used
in this study: (1) FVB-Tg(GadGFP)4570Swn mice, which express
enhanced GFP (EGFP) in GABAergic neurons under the control of
the Gad67 promoter (The Jackson Laboratory; Oliva et al., 2000); (2)
wild-type (WT; i.e., Drd5"'") C57BL/6] mice; and (3) Drd5 '~ mice
lacking D5R expression in which a neomycin resistance gene was
ligated in reverse orientation into the unique Sfil site of the Drd5
gene to disrupt the reading frame within the coding region (Holmes
et al., 2001; Hollon et al., 2002).

Hindpaw surgical injury. Drd5~'~ mice or wild-type controls were
anesthetized with isoflurane (3-5%) at P3, and a small incision was
made through the skin and underlying muscle of the plantar hindpaw as
described previously (Brennan et al., 1996; Li et al., 2013). The skin was
immediately closed with a 7-0 suture (Ethicon), and the wound fully
healed in <2 weeks.

Retrograde labeling of spinoparabrachial neurons. Approximately 1
week before euthanasia, mice were anesthetized with a mixture of keta-
mine (90 mg/kg) and xylazine (10 mg/kg) given via intraperitoneal injec-
tion and secured in a stereotaxic apparatus. A single injection of FAST
Dil oil (100-150 nl; 2.5 mg/ml) was administered into the parabrachial
nucleus using a Hamilton micro-syringe (model #62RN; 2.5 pl volume)
equipped with a 28 gauge removable needle. Based on an atlas by
Paxinos and Franklin (2012), the following stereotaxic coordinates were
used (in mm) relative to bregma: 4.8-5.0 caudal, 1.0-1.3 lateral, and 4.0-
4.5 ventral.

Spinal cord slice preparation. Mice were deeply anesthetized with so-
dium pentobarbital (60 mg/kg) and perfused with ice-cold dissection so-
lution consisting of the following (in mm): 250 sucrose, 2.5 KCI, 25
NaHCO;, 1.0 NaH,PO,, 6 MgCl,, 0.5 CaCl,, and 25 glucose continu-
ously bubbled with 95% O,/5% CO,. The lumbar spinal cord was iso-
lated and immersed in low-melting-point agarose (3% in above solution;
Life Technologies) and cooled on ice. Parasagittal slices (350-400 pum)
with the L3-L4 dorsal roots attached (length 7-10 mm) were cut using a
vibrating microtome (model #7000smz-2, Campden Instruments). Slices
were incubated for 15-20 min in a recovery solution containing the fol-
lowing (in mm): 92 NMDG, 2.5 KCl, 1.2 NaH,PO,, 30 NaHCO3, 20
HEPES, 25 glucose, 5 Na ascorbate, 2 thiourea, 3 Na pyruvate, 10
MgSOy, and 0.5 CaCl, and then allowed to recover further in an oxygen-
ated artificial CSF (aCSF) solution containing the following (in mm): 125
NaCl, 2.5 KCl, 25 NaHCO3, 1.0 NaH,POy,, 1.0 MgCl,, 2.0 CaCl,, and 25
glucose for >1 h at room temperature.

Patch-clamp recordings. After recovery, slices (with attached dorsal
roots) were transferred to a submersion-type recording chamber
(RC-22, Warner Instruments) and mounted on the stage of an
upright microscope (BX51WI; Olympus). Slices were then per-
fused at room temperature with oxygenated aCSF at a rate of 2-4
ml/min. Lamina I spinoparabrachial neurons were identified via
Dil fluorescence, whereas GABAergic interneurons in laminae I-II
were identified via EGFP fluorescence, and both were visualized
for patch-clamp recording via infrared illumination.

Patch electrodes were constructed from thin-walled single-filamented
borosilicate glass (1.5 mm outer diameter, World Precision Instruments)
using a microelectrode puller (P-97, Sutter Instruments). Pipette resistances
ranged from 4 to 6 M(), and seal resistances were >1 G(). Patch electrodes
were filled with an intracellular solution containing the following (in mm):
130 K-gluconate, 10 KCl, 10 HEPES, 10 Na-phosphocreatine, 4 MgATP,
and 0.3 Na,-GTP, pH 7.2 (295-300 mOsm).

Whole-cell patch-clamp recordings were obtained from Dil-labeled
projection neurons, Gad67-EGFP-labeled neurons, or adjacent non-GFP
neurons in the L3/L4 dorsal horn using a Multiclamp 700B amplifier
(Molecular Devices). EPSCs were evoked from a holding potential of
—70mV by electrical stimulation of the dorsal root (10 pA-1mA, 100
us) delivered via a suction electrode connected to a constant-current
stimulator (Master-8). The threshold to evoke an EPSC was defined as
the current intensity that evoked a measurable EPSC in >50% of the
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trials. Monosynaptic EPSCs were defined by a stable onset latency
(<2ms) and an absence of failures during repetitive stimulation, as
described previously (Li and Baccei, 2016).

Induction of non-Hebbian LTP. Monosynaptic EPSCs were evoked
in spinoparabrachial neurons, or dorsal horn interneurons, from a hold-
ing potential of —70 mV by stimulation of the attached dorsal root (ev-
ery 15 s at an intensity of 1-1.2x threshold). Following the verification
of a stable baseline EPSC amplitude for >5 min, the same primary affer-
ent stimulus was paired with a postsynaptic action potential (AP) evoked
by direct intracellular current injection (150-800 pA, 5ms) at an interval
(At = tpre — tpost = —50, +10, or +20ms) that normally fails to alter the
efficacy of sensory synapses onto lamina I projection neurons (Li and
Baccei, 2016). After administration of the pairing protocol (30 pairs of
stimuli at 0.2 Hz), neurons were again voltage clamped (VC) at —70mV,
and the primary afferent-evoked EPSCs were recorded for >25min to
calculate a mean normalized change in EPSC amplitude (% baseline). In
other experiments, presynaptic (i.e., primary afferent) or postsynaptic
(projection neuron) stimulation was delivered alone (30 stimuli at
0.2 Hz). The above stimulation protocols were administered in the pres-
ence of vehicle or the mixed D1/D5R agonists SKF82958 (SKF) hydro-
bromide (100 nm or 10 um; Tocris Bioscience) or A68930 HCI (2 um;
Tocris Bioscience), which were added to the bath solution in the absence
or presence of the selective D1/D5R antagonist SCH 39166 (10 um;
Tocris Bioscience).

In a subset of experiments, the patch solution was supplemented
with GTPyS (100 uwm; Sigma-Aldrich) or GDPBS (2 mm; Sigma-
Aldrich) to manipulate G-protein signaling in spinoparabrachial neu-
rons. Alternatively, the intracellular solution was supplemented with
BAPTA (30 mm) to chelate Ca®>* in projection neurons, ryanodine
(RYAN; 100-200 um) to prevent intracellular Ca?" release from ryano-
dine-sensitive stores, MK801 (1 mm) to block postsynaptic NMDAR ac-
tivity, or equivalent vehicle solutions as a control. An additional
inhibitor of ryanodine-sensitive intracellular Ca®" release, dantrolene
(DANT; 30 um), was applied via bath perfusion. The potential role of
mGluR5 in the D1/D5R-enabled LTP was explored via the bath applica-
tion of the selective mGluR5 antagonist MPEP (10 um) or the selective
mGluR5 agonist 2-Chloro-5-hydroxyphenylglycine (CHPG; 10 um).

Membrane voltages were adjusted for liquid junction potentials
(approximately —-14mV) calculated using JPCalc software (P. Barry,
University of New South Wales, Sydney, Australia; modified for Molecular
Devices). Currents were filtered at 4-6 kHz through a -3 dB, four-pole low-
pass Bessel filter, digitally sampled at 20 kHz, and stored on a personal com-
puter (Dell) using a commercially available data acquisition system
(Digidata 1440A with pClamp 10.4 software, Molecular Devices).

Experimental design and statistical analysis. The following statistics
were performed on measurements obtained from individual lamina I
spinoparabrachial neurons rather than first averaging across all spino-
parabrachial neurons sampled in the same mouse, given the known het-
erogeneity present within this population in terms of their soma size,
dendritic morphology, expression of voltage-gated ion channels and
neurotransmitter receptors, intrinsic firing properties, and their func-
tional role in somatosensory coding (Cameron et al., 2015; Browne et al.,
2021; Chisholm et al,, 2021). As a result, in all figures, individual data
points correspond to a single neuron.

The electrophysiological results shown in Figure 1E were collected
from 17 neurons from 6 mice in the DMSO group (across three STDP
pairing intervals) and 16 neurons from 13 mice in the SKF82958 group.
Data were analyzed using two-way ANOVA with Drug and Pairing
Interval as factors and Sidak’s multiple-comparisons test. The effect of
SKF82958 on baseline EPSC amplitude (Fig. 1H) was examined in a sub-
set of experiments shown in Figure 1E (involving seven neurons from
four mice), and data were analyzed with the Wilcoxon matched pairs
test. Across two pairing protocols examined, the DMSO data displayed
in Figure 2E and F, were obtained from 13 neurons from 6 wild-type
mice and 13 neurons from 5 D5R knock-out mice, whereas the
SKF89258 results were collected from 17 neurons in 8 wild-type mice
and 15 neurons from 5 D5R knock-out mice. These data were analyzed
by three-way ANOVA with Drug, Pairing Interval, and Genotype as fac-
tors and Sidak’s multiple-comparisons test.
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For the study exploring the ability of D5R knock-out to modulate the
effects of neonatal injury on STDP (Fig. 3), data in the Naive group
encompassed recordings from 17 neurons from 8 wild-type mice and 20
neurons from 9 D5R knock-out mice (across two pairing intervals),
whereas the P3 incision dataset reflected results from 12 neurons from 6
wild-type mice and 14 neurons from 6 D5R knock-out mice. Data were
analyzed via three-way ANOVA with Injury, Genotype, and Pairing
Interval as factors and Sidak’s multiple-comparisons test. The experi-
ments illustrated in Figure 4A involved the following group sizes: SKF
Only: eight neurons from five mice, vehicle (VEH) + Pre only: 17 neu-
rons from six mice, SKF + Pre only [projection neurons (PN) in current
clamp (CC)]: six neurons from four mice; SKF + Pre only (PN in VC):
17 neurons from 10 mice, SKF + Pre only + SCH 39166: nine neurons
from four mice, and SKF + Post only: six neurons from four mice. Data
in Figure 4A were analyzed using one-way ANOVA with Dunnett’s mul-
tiple-comparisons test. Meanwhile, the studies investigating potential sex
differences in non-Hebbian plasticity (Fig. 4B) involved recording from
eight neurons in three male mice and nine neurons from three female
mice in the DMSO group, whereas the SKF82958 group involved nine
neurons from three male mice and eight neurons from seven female
mice. These data were analyzed using two-way ANOVA with Sex and
Drug as factors and Sidak’s multiple-comparisons test. Finally, the data
shown in Figure 4D reflected the sampling of 17 neurons from 10 wild-
type mice and 14 neurons from 9 D5R knock-out mice and were ana-
lyzed via repeated measures (RM) two-way ANOVA with Stimulation
and Genotype as factors and Sidak’s multiple-comparisons test.

The experimental groups displayed in Figure 5 involved sampling
(from left to right) seven neurons from five D5R knock-out mice, six
neurons from three D5R knock-out mice, six neurons from five D5R
knock-out mice, and eight neurons from four wild-type mice. These
results were analyzed with one-way ANOVA and Tukey’s multiple-com-
parisons test. For the studies illustrated in Figure 6C, seven neurons
were recorded from two mice in the Control (vehicle) group, six neurons
from three mice were treated with intracellular MK801, and data were
analyzed with the Mann-Whitney test. The dataset shown in Figure 6D
involved the following group sizes: VEH: eight neurons from seven
mice, MK801: eight neurons from four mice, BAPTA: 10 neurons from
six mice, and MPEP: seven neurons from four mice, and the results were
analyzed using one-way ANOVA and Dunnett’s multiple-comparisons
test. The data from Figure 6E originated from five neurons from two
mice in the VEH group, six neurons from three mice in the DANT
group, and seven neurons from three mice in the RYAN group and were
compared across groups using one-way ANOVA and Dunnett’s multi-
ple-comparisons test. Meanwhile, the data in Figure 6F were analyzed
with one-way ANOVA and Tukey’s post test and included six neurons
from three mice in the SKF only group, six neurons from five mice in
the CHPG only group, and eight neurons from five mice in the SKF +
CHPG group. Finally, the results shown in Figure 7 originated from the
sampling of 10 PNs from 6 mice in addition to 16 Gad67-EGFP neurons
and 15 non-GFP neurons from 11 mice. In Figure 7A, neurons were
classified as exhibiting LTP or LTD if the EPSC amplitudes at baseline
(in response to 20 consecutive stimuli delivered to the dorsal root) were
found to be significantly different from the EPSC amplitudes recorded at
t = 20-25min after administration of the STDP pairing protocol using a
paired ¢ test. Data in Figure 7B were analyzed via the Kruskal-Wallis test
with Dunnett’s multiple-comparisons test.

Results

Spinal D1/D5R activation facilitates spike-timing-dependent
LTP at primary afferent synapses onto lamina I projection
neurons

To begin determining the extent to which D1/D5R signaling
modifies the timing rules governing STDP at sensory synapses
onto lamina I spinoparabrachial neurons, primary afferent stim-
ulation was paired with AP firing in projection neurons (Fig. 14)
at intervals that we have previously shown to produce no
changes in synaptic efficacy (Li and Baccei, 2016) either in the
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presence of the mixed D1/D5R agonist
SKF82958 (10 um) or DMSO as a vehicle
control. In the presence of the vehicle solu-
tion, paired presynaptic and postsynaptic
stimulation at intervals (At = tp.. — tpost) Of
—50, +10, or +20ms failed to alter the
efficacy of primary afferent synapses onto
spinoparabrachial neurons (Fig. 1B,E).
Strikingly, the delivery of the same STDP
pairing protocols in the presence of
SKF82958 evoked clear LTP (Drug: F; »7)
= 38.12, p < 0.0001, two-way ANOVA;
Fig. 1C-E). To exclude the possibility that
SKF82958 caused a delayed increase in
EPSC amplitude independently of the
pairing protocol, primary afferent stimula-
tion at the baseline frequency (0.067 Hz)
was extended for 30 min in the continued
presence of SKF82958 before the adminis-
tration of the STDP pairing protocol (Fig.
1F). Importantly, the bath application of
SKF82958 alone did not alter the ampli-
tude of primary afferent-evoked EPSCs in
spinoparabrachial neurons (W = 7, p =
0.156, Wilcoxon matched pairs test; Fig.
1H), and LTP was only induced on the
subsequent administration of the pair-
ing protocol (Fig. 1F,G). Collectively,
these results suggest that activation of
spinal D1/D5Rs alone does not modu-
late the efficacy of sensory synapses
onto ascending projection neurons but
nonetheless significantly relaxes the
timing rules governing spike-timing-de-
pendent LTP within these key output
neurons of the dorsal horn network.

Because SKF82958 cannot distinguish
between DIRs and D5Rs, the dopamine
receptor subtypes that facilitate LTP at pri-
mary afferent synapses onto lamina I spi-
noparabrachial neurons remained unclear.
To address a potential role of D5Rs, we
repeated a subset of the above experiments
using mice with a global deletion of the
Drd5 gene encoding the D5R (Holmes et
al., 2001; Hollon et al., 2002). First, as seen
when recording from lamina I spinoparab-
rachial neurons from Gad67-EGFP mice
on the FVB genetic background (Fig. 1),
the bath administration of SKF82958 pro-
moted LTP at normally ineffective pairing
intervals in lamina I spinoparabrachial
neurons sampled from wild-type C57BL/6
mice (Fig. 2E). More importantly, the abil-
ity of SKF82958 to facilitate LTP was absent
across the population of spinoparabrachial
neurons sampled from DS5R knock-out
mice (Drug X Genotype Interaction: F(; 5
= 6.636, p = 0.013, three-way ANOVA; Fig.
2A-E). Overall, these results identify a key
role for spinal D5Rs in the production of
non-Hebbian LTP at sensory synapses in
the presence of SKF82958.
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D5R knock-out prevents the facilitation
of t-LTP at sensory synapses onto adult
spinoparabrachial neurons following
neonatal tissue damage

Our previous studies clearly showed that
neonatal hindpaw incision significantly
widened the temporal window governing
t-LTP at primary afferent synapses onto
adult lamina I spinoparabrachial neurons
sampled from mice on the FVB genetic
background (Li and Baccei, 2016). Simi-
larly, here we demonstrate that unilateral
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noparabrachial neurons.

o

Normalized
EPSC Amplitude (%)

. X . X Figure 2.
AP discharge in spinoparabrachial

neurons becomes dispensable for the
potentiation of sensory synapses in the
presence of D1/D5R activation

One mechanism by which D1/D5R signal-
ing could facilitate LTP at these synapses is
by removing the strict requirement that
the presynaptic (i.e, primary afferent)
input and postsynaptic neuron (ie., pro-
jection neuron) both fire within a certain
time window (Li and Baccei, 2016). This possibility was investi-
gated by examining the effects of presynaptic stimulation alone
(i.e., dorsal root stimulation at 0.2 Hz, 30 trials), or postsynaptic
stimulation alone (i.e., 30 APs elicited in the projection neuron
via intracellular current injections at 0.2 Hz) on the amplitude of
monosynaptic primary afferent-evoked EPSCs in lamina I spino-
parabrachial neurons from naive mice. As expected based on our
prior findings (Li and Baccei, 2016), primary afferent stimulation
alone in the presence of a control vehicle solution did not signifi-
cantly alter EPSC amplitude in projection neurons (VEH + Pre
only: 99.5 = 4.7% of baseline; Fig. 4A, green). However, in the
presence of the selective D1/D5R agonist SKF82958, dorsal root
stimulation alone was sufficient to evoke LTP at primary afferent
synapses onto spinoparabrachial neurons, regardless of whether
the projection neuron was VC at =70 mV throughout the experi-
ment (SKF + Pre only (PN in VC): 143.6 = 7.1% of baseline;
F(s57 = 14.59, p < 0.0001, one-way ANOVA; p < 0.0001 com-
pared with SKF only, Dunnett’s multiple-comparisons test; Fig.
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D3R activation is required for non-Hebbian LTP enabled by SKF82958. A, B, Representative primary afferent-
evoked EPSCs in lamina | spinoparabrachial neurons from D5R KO mice before (black) and after (gray) administration of STDP
pairing protocols at At = —50ms (A) or At = +20ms (B) in the presence of the D1/D5R agonist SKF82958. C, D,
Representative plots of normalized EPSC amplitude as a function of time for the corresponding neurons displayed in A and B,
showing that the joint application of SKF82958 and the indicated pairing protocol fail to induce LTP in projection neurons
from D5R KO mice. E, Although SKF82958 enabled LTP in response to normally ineffective pairing intervals in WT projection
neurons (Drug: F(; s) = 7.647, p = 0.008; Pairing Interval: F(; o) = 0.107, p = 0.745, three-way ANOVA; *p << 0.05, Sidak’s
multiple-comparisons test compared with corresponding DMSO control), this plasticity was abolished by the genetic deletion
of D5R (Drug x Genotype Interaction: F; 5 = 6.636, p = 0.013, three-way ANOVA).

4A, blue) or instead allowed to depolarize under CC conditions
during the dorsal root stimulation (SKF + Pre only (PN in CC):
138.8 = 9.3% of baseline; p = 0.0007 compared with SKF only;
Fig. 4A, yellow). This non-Hebbian LTP was abolished when the
selective D1/D5R antagonist SCH 39166 was coadministered
with the SKF82958 and presynaptic stimulation (Fig. 4A, or-
ange). Importantly, no change in synaptic strength was seen if
the SKF82958 application was paired with the direct induction of
AP discharge in the spinoparabrachial neuron (SKF + Post only:
102.3 £ 5.2% of baseline; Fig. 44, purple).

Given that spinal D1Rs and D5Rs can regulate spinal nocicep-
tive processing in a sex-dependent manner (Megat et al., 2018),
we next sought to determine whether the non-Hebbian LTP
unleashed by D1/D5R activation occurred in projection neurons
from both male and female mice. The combination of SKF82958
application (10 um) and primary afferent stimulation signifi-
cantly enhanced EPSC amplitude (Drug: F(; 30 = 25.95, p <
0.0001, two-way ANOVA) regardless of sex (Drug x Sex
Interaction: F(; 39y = 0.558, p = 0.461, two-way ANOVA; Fig. 4B).
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Figure 3.  Neonatal surgical injury fails to modulate t-LTP in adult projection neurons from

D5R knock-out mice. In adult lamina | spinoparabrachial neurons from WT mice, unilateral
hindpaw incision at P3 facilitated t-LTP at STDP pairing intervals that produced no LTP in na-
ive littermate controls (Injury: Fy 55 = 4.559, p = 0.037; Pairing Interval: F; 55y = 0.004,
p = 0.95, three-way ANOVA; *p << 0.05, Sidak’s multiple-comparisons test compared with
corresponding naive control). In contrast, in projection neurons sampled from D5R KO mice,
there were no observed differences in synaptic plasticity between P3-incised and naive litter-
mates at either pairing interval examined (Injury < Genotype Interaction: F(; 55 — 9.339,
p = 0.004, three-way ANOVA).

A lower concentration of SKF82958 (100 nm) failed to induce
LTP when combined with presynaptic stimulation (108.0 =
6.6% of baseline; n = 7, p > 0.05 compared with DMSO control,
one-way ANOVA; data not shown). Meanwhile the bath appli-
cation of A68930, another selective D1/D5R agonist that is
structurally dissimilar to SKF82958, was also able to potentiate
primary afferent synapses onto spinoparabrachial neurons
when combined with presynaptic stimulation (138.0 £ 9.9%
of baseline; n = 7; Fig. 4C) despite failing to alter EPSC ampli-
tude on its own. To further confirm that the non-Hebbian LTP
witnessed in the presence of SKF82958 resulted from activa-
tion of D1/D5Rs, dorsal root stimulation was jointly applied
with bath perfusion of SKF82958 (10 uMm) in lamina I spinopar-
abrachial neurons from D5R knock-out mice. The combina-
tion of primary afferent stimulation and SKF82958 failed to
evoke LTP at sensory synapses onto projection neurons from
D5R knock-out mice (Genotype x Stimulation Interaction:
Fii20) = 15.98, p = 0.0004, RM two-way ANOVA; Fig. 4D).
Notably, this suppression of non-Hebbian LTP was similar in
projection neurons from male (112.9 = 9.4% of baseline, n =
7) and female (108.5 = 8.1% of baseline, n = 8) D5R knock-
out mice (data not shown). Collectively, the above results
strongly indicate that spinal D1/D5R activation enables non-
Hebbian LTP at primary afferent synapses onto spinoparabra-
chial neurons by removing the need for postsynaptic firing.

In light of the known ability of D1/D5Rs to activate G,-medi-
ated signaling (Boyd and Mailman, 2012), we next sought to con-
firm that postsynaptic G-protein activity was required to evoke
non-Hebbian LTP at these synapses. Although the genetic dele-
tion of D5R prevented the SKF82958-evoked LTP across the
population of spinoparabrachial neurons as mentioned above
(Fig. 5A, white), the addition of GTPyS to the intracellular solu-
tion to stimulate G-protein signaling downstream of D1/D5R
activation restored the LTP evoked by primary afferent stimula-
tion alone (F3,3) = 5.2, p = 0.0069, one-way ANOVA; p = 0.049
compared with SKF + Pre only in D5R KO, Tukey’s multiple-
comparisons test; Fig. 5, light gray). Importantly, the intracellular
delivery of GTPyS to projection neurons was not itself sufficient
to evoke LTP in the D5R knock-out mice (Fig. 5, medium
gray), thereby demonstrating that a combination of primary
afferent input and postsynaptic G-protein activity is essential to
generate non-Hebbian plasticity at these synapses. Finally, in
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spinoparabrachial neurons from wild-type (WT) mice, the inclu-
sion of GDP S in the intracellular solution to block postsynaptic
G-protein activity prevented the synaptic strengthening normally
evoked by coupling dorsal root stimulation with bath application
of SKF82958 (Fig. 5, dark gray). These findings further support
the notion that sensory input and G-protein signaling cooperate
to strengthen primary afferent synapses onto ascending projec-
tion neurons in the absence of correlated presynaptic and postsy-
naptic firing.

D1/D5R-enabled non-Hebbian LTP requires joint activation
of mGluR5 and intracellular Ca*" release
Spike-timing-dependent LTP in projection neurons under naive
conditions critically depends on NMDARs (Li and Baccei, 2016).
To elucidate the extent to which NMDARs expressed by lamina I
spinoparabrachial neurons drives the non-Hebbian plasticity
observed in the presence of DI1/D5R activation, the selective
NMDAR antagonist MK801 was added to the patch solution to
selectively block postsynaptic NMDARSs. Intracellular MK801 (1
mw) effectively blocked NMDARs within the sampled projection
neurons as it largely prevented the enhancement of primary
afferent-evoked EPSCs following perfusion with an external bath
solution containing zero Mg”* (U = 1; p = 0.002 compared with
intracellular vehicle control; Mann-Whitney test; Fig. 6A-C). In
contrast, intracellular MK801 failed to prevent the LTP evoked
by primary afferent stimulation (i.e., Pre only) in the presence of
SKF82958 (p > 0.999, Dunnett’s multiple-comparisons test; Fig.
6D, light gray). Nonetheless, the non-Hebbian plasticity enabled
by D1/D5R signaling clearly required an elevation in intracellular
Ca®" within projection neurons as the addition of BAPTA to the
patch solution blocked the LTP (F3 50y = 4.481, p = 0.011, one-
way ANOVA; p = 0.033 compared with Vehicle, Dunnett’s post
test; Fig. 6D, medium gray). Collectively, these results suggest
that NMDARSs are not the key source of intracellular Ca** driv-
ing the activity-dependent strengthening of primary afferent syn-
apses in the presence of D1/D5R signaling.

Group I mGluRs (mGluR1/5) and downstream intracellular
Ca’" release can drive the generation of Hebbian spike-timing-
dependent LTP in rat substantia gelatinosa neurons following
highly correlated presynaptic and postsynaptic firing (At =
—5ms; Jung et al,, 2006). To determine whether mGIuR5 plays a
role in enabling non-Hebbian LTP within projection neurons in
the presence of D1/D5R activity, the selective mGIuR5 antagonist
MPEP was bath applied to the slice before the combined admin-
istration of primary afferent stimulation (ie., Pre only) and
SKF82958. Importantly, MPEP prevented the generation of non-
Hebbian LTP under these conditions (p = 0.042 compared with
vehicle, Dunnett’s post test; Fig. 6D, dark gray). In addition,
non-Hebbian LTP was not seen when intracellular Ca®" release
from ryanodine-sensitive stores was disrupted via the bath
administration of the ryanodine receptor (RyR) antagonist dan-
trolene (F, 5y = 5.613, p = 0.015, one-way ANOVA; p = 0.02
compared with vehicle, Dunnett’s multiple-comparisons test;
Fig. 6E, light gray). To explore the importance of postsynaptic
intracellular Ca®" release within spinoparabrachial neurons for
the non-Hebbian LTP seen during D1/D5R activation, parallel
studies involved the inclusion of the RyR antagonist ryanodine
in the patch solution. Internal delivery of ryanodine prevented
the LTP normally evoked by joint dorsal root stimulation
and SKF82958 application (p = 0.016 compared with vehicle,
Dunnett’s post test; Fig. 6E, dark gray).

The above data are consistent with the possibility that the
activation of mGIuR5 receptors by glutamate released from
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Figure 4. D1/D5R activation enhances LTP at sensory synapses onto spinal projection neu-
rons in both sexes by removing the need for postsynaptic firing. A, Plot of normalized EPSC
amplitude following administration of SKF alone (white), DMSO VEH solution combined with
primary afferent stimulation only (i.e., Pre only; green), SKF perfusion combined with primary
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Figure 5. Role of postsynaptic G-protein signaling in D1/D5R-mediated non-Hebbian LTP

in spinal projection neurons. Although genetic deletion of D5R (D5R KO) prevented the induc-
tion of LTP following joint application of SKF82958 and dorsal root stimulation (white), the
activation of postsynaptic G-protein signaling via the addition of GTPyS into the patch solu-
tion was sufficient to drive non-Hebbian LTP in presence of primary afferent input (light
gray) but did not alter synaptic efficacy on its own (medium gray). Meanwhile, the inclusion
of GDPBS in the patch solution abolished the LTP normally produced by combined
SKF82958 and dorsal root stimulation in projection neurons from WT mice (dark gray), fur-
ther supporting the importance of postsynaptic G-protein signaling for the non-Hebbian plas-
ticity enabled by D1/D5R activation (£33 = 5.2, p = 0.0069, one-way ANOVA; *p << 0.05,
*¥p < 0.01, Tukey’s multiple-comparisons test).

sensory neurons is essential for non-Hebbian LTP under condi-
tions of D1/D5R activity, which could explain why SKF82958
application alone is incapable of potentiating primary afferent
synapses onto lamina I spinoparabrachial neurons (Figs. 1H,
4A). To examine whether mGluR5 signaling is sufficient to evoke
non-Hebbian LTP in the presence of D1/D5R activation, projec-
tion neurons (under voltage clamp at —70mV) were perfused
with SKF82958 alone, the selective mGluR5 agonist CHPG alone,
or both SKF82958 and CHPG in the absence of dorsal root

«—

afferent stimulation only (i.e., no postsynaptic action potential) delivered with the PN in the
(C mode (yellow) or voltage clamped at —70 mV during dorsal root stimulation (blue), SKF
perfusion combined with primary afferent stimulation only in the presence of the selective
D1/D5R antagonist SCH 39166 (orange), or SKF perfusion combined with induced postsynap-
tic action potential discharge in the projection neuron (Post only; purple). For the groups in
white, green, and orange, projection neurons were voltage clamped at —70 mV throughout
the experiment. In the presence of D1/D5R signaling, primary afferent input alone was suffi-
cent to induce LTP regardless of the level of postsynaptic depolarization (F(ss; = 14.59,
p << 0.0001, one-way ANOVA; ***p = 0.0007, ****p << 0.0001 compared with SKF only,
Dunnett’s post test). B, Joint primary afferent stimulation and D1/D5R activation evoked LTP
in projection neurons from both males and females (Drug x Sex Interaction: f; 30 = 0.558,
p = 0461, two-way ANOVA; **p = 0.009, ***p = 0.0005 compared with DMSO, Sidak's
multiple-comparisons test). €, Representative plot of normalized EPSC amplitude as a func-
tion of time showing that the bath application of the D1/D5R agonist A68930 induced synap-
tic potentiation when paired with dorsal root stimulation (black bar). D, SKF82958 combined
with primary afferent stimulation evokes LTP in spinoparabrachial neurons from WT mice but
not in spinoparabrachial neurons from D5R knock-out mice (Genotype x Stimulation
Interaction: F; 29 = 15.98, p = 0.0004, RM two-way ANOVA; ****p < 0.0001, Sidak’s post
test); n.s., Not significant.



Lietal. @ D1/D5Rs Promote LTP in Spinal Projection Neurons

A

Control + MK801

+
<«— 0 Mg?
C D Pre only + SKF82958
—t
@ 20000 250
E . 9 M |
o . < |
2 S 15000- 23 200
2 g N2 450+
@ £ 10000 S5
¢ 5 EE
& 3 g £ 1001
e J 0
= 5000 . o 2 s
= °s° e w
z 0 ° 0
Control + MK801

m
M
*
*

Pre only + SKF82958

300~ . 200 —E*
oyl | |
s 3 ° o R 150+
giay T & o -
EE - ! 8 2 100 ¥
6 < 1004 -- . | Agha - . ©Ta . o ©
z9 . EE 5o
2 3™
wo .
) ) ) o
VEH DANT RYAN S & Qg
TS < Q"o
) (}b q,‘l‘
Figure 6. mGIuR5 activation and intracellular Ca®* release, but not NMDARs, are essential for D1/D5R-driven non-Hebbian

LTP in lamina | spinoparabrachial neurons. A, B, Representative primary afferent-evoked EPSCs recorded in projection neurons
perfused with normal aCSF (black) or a modified aCSF lacking extenal Mg™" (gray) when using an intracellular solution sup-
plemented with a vehicle control (A) or the NMDAR antagonist MK801 (B). C, Internal MK801 significantly reduced the area
under the Mg? * -sensitive EPSC in projection neurons (U = 1; **p = 0.002; Mann—Whitney test) suggesting an effective block
of postsynaptic NMDARs. D, Although internal MK801 failed to block non-Hebbian LTP in the combined presence of SKF82958
and dorsal root stimulation, this plasticity was blocked by either addition of the Ca®™ chelator BAPTA to the patch solution or
bath perfusion with the selective mGluR5 antagonist MPEP (F(3 50 = 4.481, p = 0.011, one-way ANOVA; *p << 0.05, Dunnett's
multiple-comparisons test). £, Blocking ryanodine receptors via either bath application of DANT or the intracellular delivery of
RYAN suppressed non-Hebbian LTP driven by D1/D5R activation (F515) = 5.613, p = 0.015, one-way ANOVA; *p << 0.05 com-
pared with vehicle control, Dunnett’s post test). F, The joint bath application of the D1/D5R agonist SKF82958 and the mGIuR5
agonist CHPG enhanced the amplitude of monosynaptic primary afferent-evoked EPSCs in lamina | projection neurons compared
with the administration of either agonist alone (F,17) = 9.402, p = 0.002, one-way ANOVA; **p < 0.01, Tukey’s multiple-
comparisons test).

stimulation. Although neither SKF82958 nor CHPG altered syn-
aptic efficacy when applied in isolation, the combination
of SKF82958 and CHPG significantly increased the amplitude of

monosynaptic primary afferent-evoked EPSCs (F(,,17) = 9.402, p Discussion
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Regulation of synaptic plasticity by
D1/D5 receptors varies across
neuronal populations in the mouse
SDH

Mounting evidence suggests that synap-
tic plasticity occurs in a cell type-de-
pendent manner in the SDH (Ikeda et
al., 2003; H. Y. Kim et al,, 2015). This
includes spike-timing-dependent plas-
ticity at sensory synapses onto SDH
neurons, as highly correlated Pre—Post
pairings almost exclusively evoke LTP
in lamina I spinoparabrachial neurons
(Li and Baccei, 2016) but evoke a mix-
ture of LTP, LTD and no change in syn-
aptic efficacy in GABAergic neurons
from Gad67-EGFP mice (Li and Baccei,
2019). To determine whether the ability
of D1/D5R signaling to drive non-
Hebbian plasticity at primary afferent
synapses varies across different neuro-
nal subpopulations within the spinal
nociceptive circuit, we compared the
effects of combining the aforemen-
tioned primary afferent stimulation (30
stimuli delivered at 0.2 Hz) with bath
application of SKF82958 (10 um) in the
following: (1) lamina I spinoparabra-
chial neurons, (2) Gad67-EGFP neu-
rons, and (3) non-GFP neurons, the
majority of which correspond to gluta-
matergic interneurons (Dougherty et
al., 2009; Li et al., 2013) within the same
spinal cord slices. Notably, non-Hebbian
LTP was more frequently observed
in lamina I spinoparabrachial neurons
(90%; n = 10 neurons sampled) than ei-
ther adjacent Gad67-EGFP neurons
(25%; n = 16) or putative glutamatergic
interneurons (40%; n = 15), with both
populations of interneurons commonly
exhibiting either LTD or no change in
synaptic efficacy (Fig. 7A). Therefore,
the prevalence of non-Hebbian LTP was
significantly higher in spinoparabrachial
neurons compared with interneurons in
the SDH (p = 0.003; Fisher’s exact
test). Overall, the effects of combined
primary afferent stimulation and D1/
D5R activation on the strength of sen-
sory synapses in the SDH varied sig-
nificantly as a function of neuronal
cell type (Kruskal-Wallis statistic =
13.78, p = 0.001; Fig. 7B).

=0.002, one-way ANOVA; p < 0.01 compared with SKF only or
CHPG only, Tukey’s multiple-comparisons test; Fig. 6F). These
findings further support the notion that cooperation between
spinal mGluR5 receptors and D1/D5Rs can strongly modulate
the strength of sensory inputs onto ascending projection
neurons.

Our findings demonstrate that spinal D1/D5Rs and mGluR5
jointly govern a switch between Hebbian and non-Hebbian LTP
at primary afferent synapses onto lamina I spinoparabrachial
neurons. Non-Hebbian plasticity within the dorsal horn has
been proposed as a potential mechanism driving secondary
hyperalgesia and mechanical allodynia after tissue injury (Naka
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Figure 7.  Non-Hebbian LTP enabled by D1/D5R activation is more prevalent in spinopar-
abrachial neurons than intemeurons in the spinal dorsal horn. 4, Plot of the percentage of
neurons that exhibited LTP in the combined presence of SKF82958 and primary afferent stim-
ulation within the sampled populations of projection neurons (PN), GABAergic interneurons
(Gad67-GFP), and putative glutamatergic interneurons (Non-GFP). B, The overall magnitude
of synaptic potentiation evoked by SKF82958 combined with primary afferent stimulation was
significantly greater in lamina | projection neurons compared with GABAergic and presumed
glutamatergic interneurons within the same spinal cord slices (Kruskal-Wiallis statistic = 13.78,
p = 0.001; *p = 0.028, ***p = 0.007, Dunn’s multiple-comparisons test).

et al., 2013). Collectively, the available evidence points to the ex-
istence of multiple forms of non-Hebbian plasticity within the
SDH. Although sustained postsynaptic depolarization of uniden-
tified rat lamina I neurons is sufficient to induce non-Hebbian
LTP mediated by L-type voltage-gated Ca®* channels (Naka et
al., 2013), the plasticity induced in projection neurons by D1/
D5R signaling occurred independently of postsynaptic depolari-
zation and was not observed when the D1/D5R agonist was com-
bined with postsynaptic firing alone (Fig. 4).

D1/D5Rs evoke LTP of C fiber-evoked field potentials in the
spinal dorsal horn (Yang et al, 2005; Buesa et al, 2016).
However, given that projection neurons represent <5% of all
neurons in the region (Spike et al., 2003; Cameron et al., 2015),
their activation likely makes a negligible contribution to such
extracellular potentials, which predominantly reflect the firing of
dorsal horn interneurons. It is difficult to confidently extrapolate
findings obtained using field potentials to sensory synapses onto
projection neurons in light of the emerging evidence suggesting
that the same pattern of electrical stimulation can evoke opposite
effects on synaptic efficacy in spinal interneurons versus projec-
tion neurons (H. Y. Kim et al, 2015; Li and Baccei, 2019).
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Indeed, our data show that although D1/D5Rs enable non-
Hebbian LTP at sensory synapses onto multiple subpopulations
of dorsal horn neurons, this form of plasticity was significantly
more prevalent in spinoparabrachial neurons compared with ad-
jacent interneurons (Fig. 7).

It remains unclear if D1/D5R activation must occur con-
currently with sensory input to evoke non-Hebbian LTP.
Interestingly, activating D1/D5Rs even minutes after the electri-
cal stimulation protocol has been completed can elicit LTP in the
hippocampus but only at synapses that were periodically active
following the initial pairing protocol (Brzosko et al, 2015).
Meanwhile, the activation of S -adrenergic receptors in the pre-
frontal cortex can favor the subsequent induction of spike-tim-
ing-dependent LTP even if the pairing protocol is administered
40-50 min later (Seol et al., 2007; Brzosko et al., 2019). This
raises the intriguing, as yet untested, possibility that D1/D5R sig-
naling in the SDH can retroactively and/or proactively potentiate
sensory inputs to the spinal nociceptive network. If so, this would
suggest that dopamine release in the SDH need not occur simul-
taneously with the arrival of nociceptive inputs in order for those
same inputs to be strengthened. Instead, primary afferent activity
could trigger dopamine release via supraspinal loops involving
descending pathways originating from the A1l nucleus, which
then not only retrospectively potentiates sensory synapses that
were recently active but also primes previously inactive synapses
to undergo LTP following subsequent noxious stimulation,
thereby potentially creating a vicious cycle of synaptic potentia-
tion. Although the A1l nucleus is thought to be the dominant
source of spinal dopamine (Skagerberg et al., 1982; Skagerberg
and Lindvall, 1985), neurons residing in other brain regions such
as the A10 nucleus (Lindvall et al., 1983; Qu et al., 2006) might
also contribute to the release of dopamine into the dorsal horn.
Furthermore, tyrosine hydroxylase-expressing cells are found
in the dorsal root ganglia (DRG; Price and Mudge, 1983;
Brumovsky et al., 2006) and dorsal horn (Hou et al., 2016) which
could potentially influence dopaminergic tone within spinal
nociceptive circuits.

Although the results from D5R knock-out mice strongly im-
plicate D5Rs in the generation of non-Hebbian LTP at primary
afferent synapses (Fig. 2), D1Rs are also expressed in the SDH
(Megat et al.,, 2018), and it remains possible that the observed
plasticity requires both D5R and D1R activation. D1/D5Rs can
regulate synaptic efficacy via the activation of downstream G-
adenylate cyclase-cAMP/protein kinase A signaling (Otmakhova
and Lisman, 1998; Nomura et al., 2014; Rozas et al., 2015). The
present study raises the interesting question of whether other
Gq-linked receptors may induce similar non-Hebbian LTP at
sensory synapses onto spinal projection neurons. Notably, the
activation of the EP2 subtype of prostaglandin E, receptor also
strengthens sensory synapses onto lamina I spinoparabrachial
neurons (Li et al.,, 2018). The reduction of SKF82958-enabled
LTP by disrupting G-protein signaling (Fig. 5) or intracellular
Ca®" release (Fig. 6D,E) within projection neurons is consistent
with the possibility that the D1/D5Rs that cooperate with
mGIuR5 to drive non-Hebbian plasticity are located postsynapti-
cally. Nonetheless, both DRG (Xie et al., 1998) and spinal dorsal
horn neurons (Zhu et al., 2007) reportedly express all five known
subtypes of dopamine receptors, although projection neurons
have yet to be specifically examined. The relative importance of
presynaptic versus postsynaptic D1/D5Rs could be addressed in
future studies via the conditional deletion of these receptors
from spinoparabrachial neurons (Ford et al., 2018) or DRG neu-
rons (Kim et al,, 2016) using available Drd5"" and Drd1d""
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mice. In addition, a potential role for spinal glia cannot be
excluded because they express D1/D5Rs (Zhu et al., 2007) and
can promote non-Hebbian LTP in the dorsal horn via the release
of neuromodulators such as p-serine, TNFe, and IL1 3 (Gruber-
Schoffnegger et al., 2013; Kronschldger et al., 2016).

Prior studies have elucidated sex-dependent roles of D1/D5Rs
in the transition from acute to chronic pain, with global D5R
knock-out reducing hyperalgesic priming in males but not
females (Megat et al., 2018). Meanwhile, D1/D5R activation sim-
ilarly enables non-Hebbian LTP in projection neurons from
males and females (Fig. 4B). Furthermore, the genetic deletion of
D5R decreased SKF82958-driven LTP in both males and females,
pointing to sex-independent effects of D1/D5R on the plasticity
of sensory synapses onto spinal projection neurons. This suggests
the possibility that the observed sex differences in the pain
behaviors related to hyperalgesic priming may instead reflect the
differential activation of other neuronal populations within the
spinal nociceptive network, such as GABAergic neurons residing
in deeper laminae of the dorsal horn (Megat et al., 2018). Indeed,
deep dorsal horn neurons seem to be required for hyperalgesic
priming in mice (J. Y. Kim et al., 2015).

Although our data strongly suggest that D1/D5R agonists
facilitate LTP at sensory synapses onto spinoparabrachial neu-
rons, it should be noted that D3Rs and D4Rs can dampen pri-
mary afferent signaling onto lamina I neurons via a reduction in
presynaptic glutamate release (Lu et al., 2018). Therefore, it will
ultimately be important to identify the net effects of dopamine
released into the SDH on the efficacy of sensory synapses onto
projection neurons, which could be addressed using optogenetic
stimulation of the descending All pathway (Koblinger et al,
2018; Liu et al., 2019). The level of dopamine in the SDH could
determine whether the pro-nociceptive effects of D1/D5Rs or the
antinociceptive effects of D2-D4Rs dominate as D2Rs possess a
higher affinity for dopamine than D1/D5Rs (Richfield et al,
1989; Gerlach et al,, 2003). In addition, D2Rs can be degraded
following their activation by dopamine, whereas DI1Rs are
recycled to the plasma membrane (Bartlett et al., 2005). As a
result, it has been proposed (Liu et al., 2019) that although low
dopamine levels may stimulate D2Rs and inhibit pain, an
increased dopaminergic tone in the CNS could eventually favor
the activation of D1/D5Rs (Bartlett et al., 2005; Paulus and
Trenkwalder, 2006; Dias et al, 2015) and thereby exacerbate
pain. Notably, dopamine levels in the dorsal horn can be elevated
under pathologic conditions (Gao et al., 2001), which could serve
to promote non-Hebbian synaptic plasticity within spinal noci-
ceptive circuits.

Our data point to a key role for D5Rs in the relaxation of the
timing rules governing spike-timing-dependent LTP following
neonatal tissue damage (Fig. 3), but the underlying circuit mech-
anisms remain to be elucidated. For example, it is currently
unclear if early life injury elevates dopamine release in the
mature SDH, which could favor D1/D5R activation and thereby
unleash non-Hebbian LTP at sensory synapses onto ascending
projection neurons. This issue could be addressed via measures
of spinal dopamine release in naive and neonatally injured adult
mice using fast-scan cyclic voltammetry (Qiao et al, 2021),
HPLC (Takeuchi et al., 2007; Zhao et al., 2007), or the fluorescent
imaging of dopamine signaling using the recently developed
dLight or GRAB-DA (GPCR-activation-based-dopamine) sen-
sors (Patriarchi et al., 2018; Sun et al., 2018). Indeed, other de-
scending inputs to the dorsal horn are strengthened after
neonatal tissue damage, such as those originating from the ros-
tral ventromedial medulla (Zhang et al., 2010; Walker et al,
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2015). Alternatively, early life surgical injury could persistently
alter spinal dopaminergic tone by modulating the local expres-
sion of dopamine transporters (Hou et al., 2016) or dopamine re-
ceptor expression within the DRG and/or SDH.

In summary, the current findings demonstrate that the timing
rules governing LTP at sensory synapses onto the major output
neurons of the SDH network are subject to strong control by spi-
nal D1/D5Rs. A switch from Hebbian to non-Hebbian plasticity,
whereby primary afferent activity alone suffices to strengthen
their synapses onto spinoparabrachial neurons, could favor the
excessive amplification of ascending nociceptive transmission to
the brain and thereby promote the generation of chronic pain af-
ter peripheral nerve or tissue damage.
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