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Presynaptic Inhibition of Primary Nociceptive Signals to
Dorsal Horn Lamina I Neurons by Dopamine

Yong Lu, Maksym Doroshenko, Justas Lauzadis, Martha P. Kanjiya, X Mario J. Rebecchi, Martin Kaczocha,
and Michelino Puopolo
Department of Anesthesiology, Stony Brook Medicine, Stony Brook, New York 11794

The dorsal horn of the spinal cord represents the first relay station in the pain pathway where primary nociceptive inputs are modulated
by local circuits and by descending signals before being relayed to supraspinal nuclei. To determine whether dopamine can modulate
primary nociceptive A�- and C-fiber signals, the effects of dopamine were tested on the excitatory postsynaptic currents (EPSCs) re-
corded from large lamina I neurons and from retrograde-labeled spinoparabrachial lamina I neurons upon stimulation of the L4/L5
dorsal root in horizontal spinal cord slices in vitro. Dopamine inhibited the EPSCs in a dose-dependent manner, with substantial
inhibition (33%) at 1 �M and maximum inhibition (�70%) at 10 –20 �M. Dopamine reduced the frequency of miniature EPSCs recorded
from large lamina I neurons, increased the paired pulse depression ratio of paired EPSCs, and induced similar inhibition of EPSCs after
dialysis of large lamina I neurons with GDP-�-S, consistent with actions at presynaptic sites. Pharmacological experiments suggested that
the inhibitory effects of dopamine were largely mediated by D4 receptors (53%). Similar inhibition (66%) by dopamine was observed on
EPSCs recorded from ipsilateral large lamina I neurons 6 d after injection of complete Freund’s adjuvant in the hindpaw, suggesting that
dopamine downregulates primary nociceptive inputs to lamina I neurons during chronic inflammatory pain. We propose that presyn-
aptic inhibition of primary nociceptive inputs to lamina I projection neurons is a mechanism whereby dopamine can inhibit incoming
noxious stimuli to the dorsal horn of the spinal cord.
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Introduction
Lamina I projection neurons in the dorsal horn of the spinal cord
primarily receive monosynaptic A�- and C-fiber nociceptor in-

puts (Mantyh et al., 1995; Doyle and Hunt, 1999; Grudt and Perl,
2002; Ikeda et al., 2003; Labrakakis and MacDermott, 2003;
Torsney, 2011) and represent the main output for the pain path-
way to brainstem and thalamic nuclei (Marshall et al., 1996; Todd
et al., 2000; Spike et al., 2003; Li et al., 2015a). Selective ablation of
lamina I and III neurons expressing the neurokinin 1 (NK1) re-
ceptor attenuates allodynia/hyperalgesia in chronic pain models
(Mantyh et al., 1997; Nichols et al., 1999; Khasabov et al., 2002,
2005; Suzuki et al., 2002), suggesting a major role for these neu-
rons in the development of injury-induced hypersensitivity and
central sensitization.
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Significance Statement

Lamina I projection neurons represent the main output for the pain signals from the dorsal horn of the spinal cord to brainstem
and thalamic nuclei. We found that dopamine inhibits the nociceptive A�- and C-fiber synaptic inputs to lamina I projection
neurons via presynaptic actions. Similar inhibitory effects of dopamine on the EPSCs were observed in rats subjected to complete
Freund’s adjuvant to induce peripheral inflammation, suggesting that dopamine inhibits the synaptic inputs to lamina I neurons
in the setting of injury. A better understanding of how primary nociceptive inputs to the dorsal horn of the spinal cord are
modulated by descending monoaminergic signals may help in the development of new pharmacological strategies to selectively
downregulate the output from lamina I projection neurons.
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Spinal nociceptive signals are subject
to extensive modulation by monoamin-
ergic neurotransmitters (Fields et al.,
1991; Millan, 2002). Although the con-
tribution of noradrenaline and sero-
tonin to pain modulation have been
extensively investigated, the contribu-
tion of dopamine remains poorly un-
derstood (Basbaum and Fields, 1984;
Fields et al., 1991; Porreca et al., 2001;
Millan, 2002; Wood, 2008; Bannister
and Dickenson, 2016).

Hypothalamic A11 dopaminergic neu-
rons provide the main source of spinal do-
pamine (Skagerberg et al., 1982; Ridet et
al., 1992; Holstege et al., 1996; Qu et al.,
2006; Benarroch, 2008; Koblinger et al.,
2014). In vitro recordings have shown that
dopamine inhibits the EPSP and the ex-
tracellular field potential recorded from
deep dorsal horn neurons upon stimula-
tion of the dorsal root (Garraway and
Hochman, 2001; García-Ramírez et al.,
2014). Similarly, dopamine downregu-
lates the evoked firing of trigeminocervi-
cal complex neurons (Bergerot et al.,
2007). Electrical or pharmacological stim-
ulation of the A11 nucleus in vivo inhibits
the nociceptive response recorded from
spinal dorsal neurons and trigeminocervi-
cal complex neurons (Fleetwood-Walker et al., 1988; Charbit et
al., 2009; Taniguchi et al., 2011), suggesting a role for the A11
nucleus to modulation of pain signaling in the dorsal horn of the
spinal cord.

Dopamine receptors are expressed both in the dorsal root gan-
glia (DRG) and in the spinal cord (Matsumoto et al., 1996; Xie et
al., 1998; Levant and McCarson, 2001; Zhu et al., 2007; Galbavy et
al., 2013). Many studies support the idea that dopamine exerts
anti-nociceptive effects mediated by postsynaptic D2-like recep-
tors in the spinal cord (Jensen and Yaksh, 1984; Barasi and Dug-
gal, 1985; Fleetwood-Walker et al., 1988; Gao et al., 2001; Tamae
et al., 2005; Wei et al., 2009; Cobacho et al., 2010; Taniguchi et al.,
2011; Keeler et al., 2012; Almanza et al., 2015). There can also be
pro-nociceptive effects mediated by postsynaptic D1/D5 recep-
tors (Gao et al., 2001; Yang et al., 2005), and recent studies have
shown a role for the descending dopaminergic system and post-
synaptic D1/D5 receptors in promoting the transition to chronic
pain in a model of hyperalgesic priming (Kim et al., 2015; Megat
et al., 2018). In contrast to these studies of the postsynaptic effects
of dopamine, the contribution to pain modulation by presynaptic
dopamine receptors expressed in DRG neurons has remained largely
unexplored. Our previous work has shown functional effects of do-
pamine receptors on small-diameter DRG neurons (Galbavy et al.,
2013; Chakraborty et al., 2016), raising the possibility that presynap-
tic dopamine receptors in terminals of primary nociceptors could
help to regulate pain signaling in the dorsal horn of the spinal cord.

Here, we used patch-clamp electrophysiology in a newly devel-
oped horizontal spinal cord slice preparation in vitro to determine
whether dopamine might act through presynaptic dopamine recep-
tors to modulate nociceptive synaptic inputs to lamina I projection
neurons. By combining analysis of mEPSCs, paired stimuli of the
L4/L5 dorsal root, and dialysis of postsynaptic lamina I projection
neurons with GDP-�-S, we found that dopamine strongly down-

regulates (by �70%) the EPSCs recorded from lamina I projection
neurons upon stimulation of the L4/L5 dorsal root and that this
effect is largely mediated by presynaptic dopamine receptors.

Materials and Methods
Animals. Sprague Dawley rats (both males and females) at postnatal day
18 (P18) to P27 for horizontal spinal cord slices and P56 –P63 for coronal
slices were used in this study. All procedures were performed in strict
accordance with the recommendations in the Guide for the Care and Use
of Laboratory Animals of the National Institutes of Health and were ap-
proved by Stony Brook University Institutional Animal Care and Use
Committee. The effect of dopamine was the same in males and females
(see Fig. 3G) and results were pooled together.

Horizontal and coronal spinal cord slices. Horizontal spinal cord slices
were made from P18 –P27 rats. Rats were deeply anesthetized with iso-
flurane before decapitation. After decapitation, the ventral aspect of the
vertebral column was exposed and immersed in ice-cold dissecting solu-
tion containing the following (in mM): 87 NaCl, 2.5 KCl, 1.25
NaH2PO4.H2O, 26 NaHCO3, 6 MgCl2, 0.5 CaCl2, 20 Glucose, 77 sucrose,
and 1 kynurenic acid, oxygenated with 95/5% O2/CO2. Using a bilateral
ventral laminectomy, the lumbar part of the spinal cord was exposed and
carefully removed with L4 and L5 dorsal roots attached. Horizontal slices
were made manually. First, the spinal cord was cut in half with a micro-
ophthalmic scissor through the parasagittal plane to produce a he-
misected spinal cord. With a second cut, an �30° to 45° angle with
respect to the parasagittal plane, the ventral part of the hemisected cord
was removed such that the result was a horizontal slice (400 –500 �m
thick) with the L4 –L5 dorsal roots (7–10 mm length) attached (see Fig.
1). Horizontal spinal cord slices, in contrast to coronal or parasagittal
slices, offer the unique advantage that afferent fibers, dorsal horn neu-
rons, and dorsal spinal circuits are preserved virtually intact. In horizon-
tal slices, lamina I neurons were visualized through the white matter
using infrared light-emitting diode (IR-LED) illumination (Safronov et
al., 2007; Szucs et al., 2009; Li et al., 2015b), a CCD video camera (Oly
150; Olympus), and a 40� water-immersion objective mounted on an
upright microscope (BX51WI; Olympus). At P18 –P27, the postnatal

Figure 1. Horizontal spinal cord slices in vitro. A, Horizontal spinal cord slice in vitro with dorsal root (L4) attached. The dorsal
root was stimulated with a suction electrode (flamed Pasteur pipette) connected to an isolated current stimulator. The dorsal root
was flipped over to expose the dorsal aspect of the spinal cord to approach dorsal horn neurons with a patch pipette (recording
electrode). B, Pyramidal large lamina I neuron located at the border of the white/gray matter.
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development of dorsal horn sensory processing is mostly complete
(Fitzgerald, 2005), although afferent synaptic inputs are further refined
into adulthood (Park et al., 1999; Nakatsuka et al., 2000). After P27, with
increasing myelination, it is very challenging to visualize lamina I neu-
rons through the white matter. Therefore, to address possible develop-
mental change after P27, a series of experiments were performed in older
rats (P56 –P63) using coronal slices of the spinal cord. For coronal slices,
the lumbar spinal cord was embedded in low-melting-point agarose (3%
in dissecting solution) and cut in coronal slices (500 �m) with the L4/L5
dorsal root (�10 mm length) attached (Labrakakis and MacDermott,
2003; Daniele and MacDermott, 2009). Spinal cord slices, either horizon-
tal or coronal, were then immersed in oxygenated recovery solution
(same as dissecting solution, but without kynurenic acid) at 35°C and
allowed to recover for 1 h. After 1 h, the slices were transferred to a
storage solution (same as recovery solution, at room temperature) and
kept for the next 4 –5 h.

Identification of lamina I projection neurons. The majority (�80%) of
lamina I projection neurons express the NK1 receptor (Marshall et al.,
1996; Cheunsuang and Morris, 2000; Todd et al., 2000; Al-Khater et al.,
2008). It has been shown that the cell bodies of NK1 � neurons in lamina
I have a bimodal size distribution that is related to the presence or ab-
sence of retrograde labeling from the caudal ventrolateral medulla
(CVLM) and/or the lateral parabrachial area (LPb), with the majority

(�90%) of NK1 � neurons retrograde-labeled
(i.e., projection neurons) showing soma cross-
sectional area larger than 200 �m 2 (Al Ghamdi
et al., 2009) and a larger cell capacitance (70 pF
or larger) than lamina I non-projection neu-
rons (37 pF or less) (Ikeda et al., 2003). Large
NK1 � neurons have a soma of pyramidal,
multipolar, or bipolar shape and are located in
the outer part of lamina I at the white/gray
matter border, whereas small NK1 � neurons
have a soma of fusiform shape oriented rostro-
caudally and lie �50 �m deeper than the large
cells (Cheunsuang and Morris, 2000). To re-
strict the analysis mainly to lamina I projection
neurons, large neurons with soma cross-
sectional area larger than 250 �m 2 and cell ca-
pacitance larger than 75 pF located in the outer
portion of lamina I just below the white matter
were selected for recording. To further confirm
the effects of dopamine on ascending lamina I
neurons, in a series of experiments (see Fig. 4),
3– 4 d before euthanasia animals received a sin-
gle injection of the fluorescent FAST DiI oil
(100 nl, 2.5 mg/ml) in the lateral PB nucleus
(see Fig. 4A) using a Hamilton microsyringe
equipped with a 32 Ga needle (Ikeda et al.,
2003; Clark et al., 2015; Li et al., 2015a). For rats
at P18 –P24, the following stereotaxic coordi-
nates were used (in millimeters relative to
lambda): 0.3– 0.4 posterior, 1.4 –1.5 lateral,
and 6.4 – 6.5 ventral (Paxinos and Watson,
1998). Four days after injection, large lamina I
projection neurons could be identified for re-
cording by retrograde transport of the fluores-
cent dye to the cell body (see Fig. 4D).

Patch-clamp electrophysiology. After recov-
ery, slices were transferred to a submersion re-
cording chamber and mounted on the stage of
an upright microscope (BX51WI; Olympus)
equipped with epifluorescence. Slices were
then perfused with artificial CSF (aCSF) con-
taining the following (in mM): 125 NaCl, 2.5
KCl, 26 NaHCO3, 1.25 NaH2PO4, and 20 glu-
cose oxygenated with 95/5% O2/CO2. Whole-
cell voltage-clamp recordings were made with a
Multiclamp 700B amplifier (Molecular De-
vices, San Jose, CA). Patch pipettes were pulled

from borosilicate glass (WPI, Sarasota, FL) using a Sutter P97 puller
(Sutter Instrument, Novato, CA). The resistance of the patch pipette was
1.3–1.8 M� when filled with the standard internal Cs-methanesulfonate-
based solution. The shank of the patch pipette was wrapped with Para-
film to reduce pipette capacitance. In whole-cell mode, the capacity
current was reduced by using the amplifier circuitry. To reduce voltage
errors, 40 –50% of series resistance compensation was applied. For re-
cording EPSCs in voltage clamp, the external solution was the oxygen-
ated aCSF, supplemented with 10 �M bicuculline and 5 �M strychnine;
the internal solution was as follows (in mM): 125 Cs-methanesulfonate,
10 NaCl, 2 MgCl2, 14 phosphocreatine, 4 Mg-ATP, 0.3 Na-GTP, 10
EGTA, 10 HEPES, and 5 QX-314, pH 7.2 with CsOH. EPSCs in voltage
clamp were recorded at �70 mV. Substance P-induced current (see Fig.
8) was recorded in voltage clamp at Vh � �70 mV from large lamina I
neurons dialyzed with the intracellular solution for 30 min to allow dial-
ysis of both the cell body and dendrites (see Fig. 8C). The external solu-
tion was the oxygenated aCSF, supplemented with 1 �M TTX; the
internal solution was as follows (in mM): 125 K-methanesulfonate, 10
NaCl, 2 MgCl2, 14 phosphocreatine, 4 Mg-ATP, 0.3 Na-GTP (see Fig.
8D) or 0.6 mM GDP-�-S (see Fig. 8E), 10 EGTA, and 10 HEPES, pH 7.2
with KOH. Drugs were dissolved in the aCSF and applied to the spinal
cord slice through the perfusion system at a speed of 2 ml/min. Record-

Figure 2. EPSCs recorded from large lamina I neurons. Here and in the following figures, EPSCs were recorded in the presence
of 10 �M bicuculline and 5 �M strychnine at 35°C unless otherwise stated. A, EPSCs were elicited by stimulation of the L4 or L5
dorsal root with increasing amount of current of 25, 80, 200, and 500 �A (0.1 ms duration). A small polysynaptic component was
elicited with 25 �A of current, consistent with synaptic inputs from low-threshold A�/� fibers (Aa). Increasing the stimulus to 80
�A elicited a component of the EPSC suggestive activation of synaptic inputs from A�-fibers (Ab). By increasing the stimulus to 200
�A, in addition to the A� component, a delayed second component of the EPSC was elicited, consistent with activation of synaptic
inputs from C-fibers (Ac). Both the A�- and the C-fiber components were maintained when the stimulus was increased to 500 �A
(Ad). The high threshold component (A� � C components) shown in Ae was isolated by subtracting the average of three
consecutive traces elicited with 25 �A of current (A�/� component) from the average of three consecutive traces elicited with 500
�A of current (A�/� � A� � C components). The A� component shown in Af (black trace) was isolated by subtracting the
average of three consecutive traces elicited with 25 �A of current (A�/� component) from the average of three consecutive traces
elicited with 80 �A of current (A�/� � A� components); the C component shown in Af (gray trace) was isolated by subtracting
the average of three consecutive traces elicited with 80 �A of current (A�/� � A� components) from the average of three
consecutive traces elicited with 500 �A of current (A�/� � A� � C components). B, Left, Examples of monosynaptic EPSCs
recorded from a large lamina I neuron. EPSCs were elicited by stimulating the dorsal root (L4) with 500 �A of current (0.1 ms).
EPSCs were classified as monosynaptic based on the absence of synaptic failures and low variability (	15%) in synaptic delay
during 15 consecutive stimuli at 2 Hz. Middle and right, Examples of polysynaptic EPSCs recorded from two different large lamina
I neurons. EPSCs were elicited by stimulating the dorsal root (L4) with 500 �A of current (0.1 ms). In both cells, there were synaptic
failures and high variability in synaptic delay during 15 consecutive stimuli at 2 Hz.
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ings were made at 35 
 1°C by heating the
solutions with a temperature controller (TC-
344B; Warner Instruments, Hamden, CT,
USA).

Dorsal root stimulation. EPSCs were evoked
by stimulating the dorsal root with a suction elec-
trode connected to an isolated current stimulator
(ISO-Flex Stimulus Isolator; A.M.P.I., Jerusalem,
Israel). The dorsal root was stimulated at 0.016
Hz (duration 0.1 ms). The stimulus intensity
was gradually increased to recruit fibers with
increasing threshold. Stimulation of the dorsal
root started with 25 �A of current to test for
synaptic inputs from A�/�-fibers (Torsney
and MacDermott, 2006; Betelli et al., 2015; Li et
al., 2015a). At this low-intensity stimulation,
only 4% (3/82) of large lamina I neurons tested
showed a monosynaptic A�/� component,
consistent with large lamina I neurons receiv-
ing inputs mainly from high threshold A�- and
C-fiber nociceptors (Mantyh et al., 1995; Doyle
and Hunt, 1999; Grudt and Perl, 2002; Ikeda et
al., 2003; Labrakakis and MacDermott, 2003;
Torsney and MacDermott, 2006; Torsney,
2011). A polysynaptic A�/� component was
observed in 50% (41/82) of large lamina I neu-
rons tested, with a synaptic delay of 22 
 18
ms, consistent with previous results obtained
in the presence of bicuculline and strychnine
(Torsney and MacDermott, 2006). The stimu-
lus intensity was then gradually increased to 80,
200, 300, 400, and 500 �A of current to recruit
A�- and C-fibers and until the maximum EPSC
was elicited. Once the maximum EPSC was
elicited, the stimulus intensity was set at 30%
higher (usually between 400 and 500 �A). To
restrict the study only to high-threshold noci-
ceptive inputs, large lamina I neurons receiving
a low-threshold monosynaptic A�/� input
were not included in the analysis. For large
lamina I neurons receiving a low-threshold
polysynaptic A�/� component, the EPSC elic-
ited with 25 �A of current was subtracted from
the EPSC elicited with high-threshold current
(400 or 500 �A) as shown in Figure 2Ae. Only
monosynaptic responses were included in the
analysis. Monosynaptic responses elicited by
stimulation of A�- and C-fibers were identified
based on the absence of synaptic failures and
low variability (	15%) in synaptic delay dur-
ing 15 consecutive stimuli: 80 �A, 2 Hz for
A�-fibers and 500 �A, 1 Hz for C-fibers (see
Fig. 2B) (Nakatsuka et al., 2000; Torsney and
MacDermott, 2006; Clark et al., 2015; Li et al.,
2015a).

Isolation of A�- and C-fiber components.
EPSCs were elicited by stimulating the dorsal
root with increasing amount of current: 25, 80,
and 500 �A. The high-threshold component (A� � C components)
shown in Figure 2Ae was isolated by subtracting the average of three
consecutive traces elicited with 25 �A of current (A�/� component)
from the average of three consecutive traces elicited with 500 �A of
current (A�/� � A� � C components). The A� component shown in
Figure 2Af (black trace) was isolated by subtracting the average of three
consecutive traces elicited with 25 �A of current (A�/� component)
from the average of three consecutive traces elicited with 80 �A of cur-
rent (A�/� � A� components); the C component shown in Figure 2Af
(gray trace) was isolated by subtracting the average of three consecu-
tive traces elicited with 80 �A of current (A�/� � A� components)

from the average of three consecutive traces elicited with 500 �A of
current (A�/� � A� � C components).

Inflammatory pain model. Peripheral inflammation was induced by
intraplantar injection under isoflurane anesthesia of 1 �l/g body weight
of complete Freund’s adjuvant (CFA) into the right hindpaw of Sprague
Dawley rats of both sexes at P18 –P19 to match the age and experimental
conditions of a previous study and to facilitate comparison of results
(Torsney, 2011). Following CFA injection, the animals were allowed to
recover and were kept for 6 d, during which timeframe there was a clear
increase of hindpaw diameters and mechanical hypersensitivity of the
injected hindpaw (Torsney, 2011). Animals were euthanized at P24 –P25

Figure 3. Dopamine inhibition of synaptic inputs to large lamina I neurons. Here and in the following figures, EPSCs were
elicited by stimulating the L4 or L5 dorsal root with 400 or 500 �A of current, 0.1 ms duration, at 0.016 Hz. A, EPSC recorded in
control. B, A 20 �M concentration of dopamine inhibited the EPSC by 92%. C, EPSC upon washing out dopamine. D, EPSC was
completely blocked by 20 �M D-AP5 � 10 �M CNQX. E, Summary data: 20 �M dopamine inhibited the EPSCs by 71 
 17% (n �
31), repeated-measures one-way ANOVA followed by Dunnett’s post hoc test (*p 	 0.05). F, Dose-dependent inhibition of EPSCs
by dopamine. Each bar represents an independent experiment. For each concentration, statistical significance was assessed with
a paired t test by comparing the effect of dopamine to its own control. The EPSC was reduced by 33 
 10% (n � 10) by 1 �M

dopamine (*p 	 0.05); 57 
 9% (n � 12) by 3 �M dopamine (*p 	 0.05); 74 
 16% (n � 8) by 10 �M dopamine (*p 	 0.01),
and 71 
 17% (n � 31) by 20 �M dopamine (*p 	 0.05). G, Effects of dopamine in males versus females. Summary data: 20 �M

dopamine inhibited the EPSCs by 61 
 15% (n � 14, from 7 rats) in males and by 63 
 18% (n � 12, from 7 rats) in females.
H, Inhibition of A�- and C-fiber components by dopamine. The A�- and the C-fiber components were isolated as described in
Figure 2Af. The effect of dopamine on the A�- and C-fiber components was determined by comparing the EPSCs at the correspond-
ing stimulating current before and after addition of dopamine. Summary data: 20 �M dopamine inhibited the A� component by
65 
 20% and the C component by 56 
 19% (n � 22). I, Summary data: 20 �M dopamine applied in the presence of 10 �M

naloxone reduced the EPSC by 66 
 21% (n � 7), repeated-measures one-way ANOVA followed by Dunnett’s post hoc test (*p 	
0.05). J, Summary data: 20 �M dopamine applied in the presence of 10 �M phentolamine reduced the EPSC by 64 
 15% (n � 7),
repeated-measures one-way ANOVA followed by Dunnett’s post hoc test (*p 	 0.05). K, Summary data: 20 �M dopamine applied
in the presence of 10 �M methysergide reduced the EPSC by 56 
 14% (n � 8), repeated-measures one-way ANOVA followed by
Dunnett’s post hoc test (*p 	 0.05).
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for electrophysiology. Recordings of EPSCs were performed as described
above in horizontal spinal cord slices from large lamina I neurons ipsi-
lateral to the site of CFA injection.

Data acquisition and analysis. Currents and voltages were controlled
and sampled using a Digidata 1440A interface and pCLAMP 10.3 soft-
ware (Molecular Devices). In voltage-clamp conditions, currents were
filtered at 2 kHz (3 dB, 4-pole Bessel) and digitized at 50 kHz. Analysis
was performed using Clampfit 10.3 and IGOR Pro (version 6.2; Wave-
Metrics, Portland, OR) using DataAccess (Bruxton, Seattle, WA) to im-
port pCLAMP files into IGOR. Analyses of evoked synaptic currents
and paired-pulse ratio (PPR) were performed by measuring the peak
current of three averaged consecutive traces in each condition. For analysis of

mEPSCs, the threshold was set at twice the aver-
age noise. Frequency and peak of mEPSCs were
determined during a 1 min period in each condi-
tion. Reported voltages were corrected for �8
mV junction potential (pipette relative to bath for
the methanesulfonate-based internal solution)
which was measured using a flowing 3M KCl ref-
erence electrode (Neher, 1992).

Statistics. Statistical differences between da-
tasets were analyzed using Student’s t test or
one-way ANOVA followed by Dunnett’s post
hoc comparison or comparable nonparametric
tests, including Wilcoxon matched pairs and
Kolmogorov–Smirnov tests. Differences were
considered significant at *p 	 0.05. Data are
reported as mean 
 SD or, as median, first
quartile (25 th percentile), and third quartile
(75 th percentile), where appropriate.

Results
Horizontal spinal cord slice
preparation in vitro
We developed a new horizontal spinal
cord slice preparation in vitro with at-
tached L4/L5 dorsal root. Horizontal spi-

nal cord slices were prepared manually in a manner that
optimally preserved large diameter lamina I projection neurons
and their inputs from the dorsal root. After removing the dura
and pia mater, the dorsal root (L4 or L5) attached to the spinal
cord slice was flipped over to expose the dorsal aspect of the
spinal cord to enable direct access to lamina I neurons (Fig.
1A). Large lamina I neurons located just below the white mat-
ter could be visualized for patch clamping using IR-LED illu-
mination (Safronov et al., 2007; Szucs et al., 2009; Li et al.,
2015b) and a CCD video camera (Fig. 1B). Manually prepared
horizontal spinal cord slices offer the great advantage compared with

Figure 4. Dopamine inhibition of synaptic inputs to retrograde-labeled large lamina I projection neurons. A, Coronal section of a P26 rat brain illustrating the unilateral DiI injection (100 nl, 2.5
mg/ml) in the lateral PB nucleus using a Hamilton microsyringe equipped with a 32 Ga needle. The following stereotaxic coordinates were used (in millimeters relative to lambda): 0.3– 0.4 posterior,
1.4 –1.5 lateral, and 6.4 – 6.5 ventral. B, Fluorescent image showing the localization of FAST DiI in the dorsal horn of the spinal cord 4 d after injection. C, Large lamina I neuron visualized using IR-LED
illumination. D, Merge. E, EPSC recorded from the retrograde-labeled lamina I neuron shown in D. F, A 20 �M concentration of dopamine inhibited the EPSC by 67%. G, EPSC upon washing out
dopamine. H, Summary data: 20 �M dopamine inhibited the EPSCs by 65 
 10% (n � 10), repeated-measures one-way ANOVA followed by Dunnett’s post hoc test (*p 	 0.05).

Figure 5. Dopamine inhibition of synaptic inputs to lamina I neurons in 8- to 9-week-old rats. A, EPSC recorded from a lamina
I neuron in a coronal slice of the spinal cord in vitro from a 58-d-old rat. B, 20 �M dopamine inhibited the EPSC by 85%. C, EPSC upon
washing out dopamine. D, Summary data from application of dopamine to coronal slices from adult (P56 –P63) rats: 20 �M

dopamine inhibited the EPSCs by 63 
 11% (n � 8), repeated-measures one-way ANOVA followed by Dunnett’s post hoc test
(*p 	 0.05).

Lu et al. • Dopamine Inhibition of Synaptic Inputs to Lamina I Neurons J. Neurosci., October 10, 2018 • 38(41):8809 – 8821 • 8813



coronal or parasagittal slices in that neurons
and circuits in the dorsal horn of the spinal
cord are preserved virtually intact. This is
particularly critical to preserve the large
lamina I neurons, which are usually dam-
aged in coronal or parasagittal slice prepara-
tions during the cutting procedure with a
vibratome. Preservation of intact neurons
and circuits in the dorsal horn of the spinal
cord yielded EPSCs that were, in our exper-
imental conditions, of larger size and more
stable over time than those recorded from
coronal slices.

Dopamine inhibition of synaptic inputs
to large lamina I neurons
Experiments were performed in large lam-
ina I neurons with soma cross-sectional area
larger than 250 �m 2 and cell capacitance
larger than 75 pF located in the outer por-
tion of lamina I, just below the white mat-
ter (Fig. 1B), consistent with projection
neurons (Cheunsuang and Morris, 2000;
Ikeda et al., 2003; Al Ghamdi et al., 2009).
EPSCs were elicited by stimulation of the
dorsal root (L4 or L5) attached to the spi-
nal cord slice with increasing amount of
current (25, 80, 400, or 500 �A) and re-
corded from large lamina I neurons in
voltage-clamp conditions at Vh � �70
mV. To restrict the analysis to high-
threshold A�- and C-fiber inputs, the low-
threshold polysynaptic A�/� component
elicited with 25 �A of current (Fig. 2Aa)
was subtracted from the EPSC elicited
with 400 or 500 �A of current (Fig. 2Ad)
to yield only the high-threshold compo-
nent (A� � C) (Fig. 2Ae; see Materials and
Methods, “Isolation of A�- and C-fiber
components” section). Only monosynap-
tic EPSCs were included in the analysis
(Fig. 2B). Dopamine (20 �M) strongly in-
hibited the EPSCs by 71 
 17% (n � 31)
(Fig. 3A–E). The inhibitory effects of do-
pamine on the EPSCs were dose depen-
dent, with substantial inhibition at 1 �M

(33%) and maximum at 10 –20 �M

(�70%) (Fig. 3F).
To test whether dopamine effects differed in males and fe-

males, we performed a set of experiments using two separate
groups of 7 male and 7 female rats. As shown in Figure 3G, 20 �M

dopamine inhibited the EPSCs to a similar extent in males (61 

15%, n � 14) and females (63 
 18%, n � 12).

The majority of large lamina I neurons tested received both
A�- and C-fiber inputs. To determine whether dopamine pref-
erentially inhibited one of the two components, EPSCs were
elicited by stimulating the dorsal root with the same amount of
increasing current both in control and in the presence of do-
pamine: 25 �A of current to elicit the A�/� component; 80 �A
of current to elicit the A�/� and the A� components; and 500 �A
of current to elicit the A�/�, the A�, and the C components.
Then, the A� component was isolated by subtracting the EPSC
elicited with 25 �A of current from the EPSC elicited with 80

�A of current (Fig. 2Af, black trace); the C component was
isolated by subtracting the EPSC elicited with 80 �A of current
from the EPSC elicited with 500 �A of current (Fig. 2Af, gray
trace; see Materials and Methods, “Isolation of A�- and
C-fiber components” section). We found that dopamine in-
hibited the A�-fiber-elicited EPSCs by 65 
 20% and the
C-fiber-elicited EPSCs by 56 
 19% (n � 22) (Fig. 3H ).

Strong inhibitory effects of dopamine on the EPSCs were ob-
served when dopamine was applied in the presence of naloxone
(opioid receptor antagonist, �66% inhibition; Fig. 3I), phentol-
amine (�2 receptor antagonist, �64% inhibition; Fig. 3J), or
methysergide (5-HT1/5-HT2 antagonist, �56% inhibition; Fig.
3K), suggesting that the bulk of dopamine’s effects on the EPSCs
recorded from large lamina I neurons are mediated directly by
dopamine receptors (see below).

Figure 6. Effects of dopamine on spontaneous mEPSCs recorded from large lamina I neurons. A, Spontaneous mEPSCS recorded
from a large lamina I neuron in the presence of 1 �M TTX at Vh � �70 mV. B, A 20 �M concentration of dopamine reduced the
median frequency of mEPSCs from 15 to 7 Hz. C, Summary data showing the effects of dopamine on the peak of mEPSCs. Values are
reported as median, first quartile (25th percentile), and third quartile (75th percentile). Control (TTX): median � 25.8 pA; 25th
percentile � 16.8 pA; 75th percentile � 39.9 pA. 20 �M dopamine (TTX � DA): median � 23.7 pA; 25th percentile � 19.9 pA;
75th percentile � 37.3 pA (n � 7), Wilcoxon matched-pairs test ( p � 0.0938). D, Distribution of mEPSC recorded in control (TTX,
shaded bars) and after application of 20 �M dopamine (TTX � DA, open bars) (n � 7). E, Cumulative probabilities of mEPSC
recorded in control (TTX, solid line) and after application of 20 �M dopamine (TTX � DA, dashed line) (n � 7), Kolmogorov–
Smirnov test ( p 	 0.0001). F, Summary data showing the effects of dopamine on the frequency of mEPSCs. Values are reported as
median, first quartile (25th percentile) and third quartile (75th percentile). Control (TTX): median � 30.8 Hz; 25th percentile �
12.6 Hz; 75th percentile � 45.1 Hz. 20 �M dopamine (TTX � DA): median � 9.3 Hz; 25th percentile � 4.7 Hz; 75th percentile �
16.2 Hz (n � 7), Wilcoxon matched-pairs test *p 	 0.05. G, Distribution of inter-event intervals of mEPSCs recorded in control
(TTX, shaded bars) and after application of 20 �M dopamine (TTX � DA, open bars) (n � 7). H, Cumulative probabilities of
interevent intervals of mEPSCs recorded in control (TTX, solid line) and after application of 20 �M dopamine (TTX � DA, dashed
line) (n � 7), Kolmogorov–Smirnov test ( p 	 0.0001).
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To further confirm that dopamine can downregulate the syn-
aptic inputs to lamina I neurons projecting to supraspinal nuclei,
the fluorescent dye Fast DiI oil (100 nL, 2.5 mg/ml) was injected
into the parabrachial (PB) nucleus (Fig. 4A) to retrograde label
ascending lamina I neurons (Ikeda et al., 2003; Clark et al., 2015;
Li et al., 2015a). Four days after the injection, ascending large
lamina I neurons with soma cross-sectional area larger than 250
�m 2 could be identified for patch clamping by epifluorescence
(Fig. 4D). A 20 �M concentration of dopamine inhibited the
EPSCs recorded from retrograde-labeled ascending large lamina
I neurons by 65 
 10% (n � 10; Fig. 4H), very similar to the
inhibitory effects of dopamine on the EPSCs recorded from the
larger population of lamina I neurons selected by large cell bodies
(Fig. 3).

In horizontal spinal cord slices from rats of 27 d of age or
older, increasing myelination made it difficult to visualize neu-
rons in lamina I through the white matter despite using IR-LED
illumination (Safronov et al., 2007; Szucs et al., 2009; Li et al.,
2015b). Therefore, to determine the effects of dopamine on EPSCs
in adult rats (P56 –P63), we used coronal slices of the lumbar
spinal cord. As shown in Figure 5, in P56 –P63 rats, 20 �M dopa-
mine had similar strong inhibitory effects on the EPSCs recorded
from lamina I neurons (inhibition by 63 
 11%, n � 8), confirm-
ing that the inhibitory effects of dopamine on the synaptic inputs
to large lamina I neurons were not limited to young animals.

Presynaptic versus postsynaptic effects of dopamine
Previous studies have focused on effects of dopamine in the dorsal
horn of the spinal cord mediated by postsynaptic dopamine recep-

tors (Jensen and Yaksh, 1984; Barasi and
Duggal, 1985; Fleetwood-Walker et al.,
1988; Gao et al., 2001; Tamae et al., 2005;
Wei et al., 2009; Cobacho et al., 2010; Tani-
guchi et al., 2011; Keeler et al., 2012; Al-
manza et al., 2015; Kim et al., 2015; Megat et
al., 2018). Nonetheless, expression of do-
pamine receptors in the DRG and spinal
cord (Matsumoto et al., 1996; Xie et al.,
1998; Levant and McCarson, 2001; Zhu
et al., 2007; Galbavy et al., 2013), as well
as functional studies showing modula-
tion of TTX-resistant sodium channels
and TRPV1 channels by dopamine in iso-
lated DRG neurons in which postsynaptic
targets are removed (Galbavy et al., 2013;
Chakraborty et al., 2016), raise the possi-
bility that dopamine may induce, in addi-
tion to postsynaptic effects, presynaptic
effects mediated by dopamine receptors
located on primary afferent fibers. To test
this, we first examined the effects of dopa-
mine on mEPSCs recorded from large
lamina I neurons in the presence of 1 �M

TTX (Fig. 6). Although dopamine had no
effect on the size of mEPSCs (the median
peak changing from 26 to 24 pA with ap-
plication of 20 �M dopamine; Fig. 6C),
there was a substantial reduction in the
frequency of mEPSCs (the median fre-
quency was reduced from 31 to 9 Hz; Fig.
6F), consistent with a presynaptic effect of
dopamine.

Second, we used a protocol in which
the dorsal root was stimulated with paired

stimuli and analyzed the ratio between the second/first EPSC.
When the dorsal root is stimulated with paired stimuli, the
second EPSC is smaller than the first EPSC (Bardoni et al.,
2014; Li et al., 2018), indicating paired pulse depression. Fig-
ure 7A shows paired EPSCs recorded from a large lamina I
neuron. The PPR (second/first EPSC) is generally related to
the probability of neurotransmitter release and the increase in
PPR is consistent with reduced probability of neurotransmit-
ter release from the presynaptic terminals during the first
EPSC (Davies et al., 1990; Hashimoto and Kano, 1998;
Kirischuk et al., 2002; Chen et al., 2004; Rabl et al., 2006).
When dopamine was tested on paired EPSCs, the inhibitory
effects were much larger on the first EPSC (Fig. 7B), resulting
in a substantial increase in the PPR from 0.55 
 0.12 to 0.83 

0.22 (n � 18; Fig. 7E), consistent with dopamine acting to
reduce EPSCs via reduction in neurotransmitter release medi-
ated by presynaptic dopamine receptors located on primary
afferent fibers.

To further test whether the inhibitory effects of dopamine on
the synaptic input to large lamina I neurons were mediated
mainly by presynaptic dopamine receptors, we tested the effect of
blocking effects of dopamine receptors in the postsynaptic neu-
rons. To block all G-protein-mediated effects in the postsynaptic
neurons, we dialyzed the large lamina I neurons with an intracel-
lular solution in which the normal GTP (0.3 mM) was replaced by
the nonhydrolyzable analog GDP-�-S (0.6 mM). Alexa Fluor-488
(1 �M) was also included in the intracellular solution to verify
effective dialysis of the postsynaptic neuron that, in our experi-

Figure 7. Effects of dopamine on paired EPSCs and paired pulse depression (PPD) ratio. A, Paired EPSCs recorded from a large
lamina I neuron upon stimulation of the L4 dorsal root with paired stimuli (2 s apart, 500 �A, 0.1 ms duration, at 0.016 Hz). The
second EPSC was smaller than the first EPSC, consistent with PPD. B, A 20 �M concentration of dopamine inhibited the first EPSC by
91% and the second EPSC by 74%. C, EPSCs upon washing out dopamine. D, In the same cell, 20 �M dopamine increased the PPR
(second/first EPSC) from 0.33 to 0.85. E, Summary data: 20 �M dopamine increased the PPR from 0.55 
 0.12 to 0.83 
 0.22
(n � 18), repeated-measures one-way ANOVA followed by Dunnett’s post hoc test (*p 	 0.05).
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mental conditions, was complete both in
the cell body and dendrites of large lamina
I neurons in �20 –30 min (Fig. 8C). Lam-
ina I projection neurons express the NK1
receptors and bath application of sub-
stance P elicits a transient inward current
(Marshall et al., 1996; Cheunsuang and
Morris, 2000; Todd et al., 2000; Ikeda et
al., 2003; Al-Khater et al., 2008; Al
Ghamdi et al., 2009). Therefore, as a
positive control to validate the efficacy
of GDP-�-S in blocking G-protein-
mediated pathways, we tested the ability
of GDP-�-S to block the substance
P-induced current. At Vh � �70 mV in
the presence of 1 �M TTX, a bath-applied
2 �M concentration of substance P in-
duced a transient inward current (29 
 16
pA) in 82% (14/17) of large lamina I neu-
rons dialyzed for 30 min with a control
intracellular solution containing 0.3 mM

Na-GTP (Fig. 8D). In contrast, 2 �M sub-
stance P failed to induce an inward cur-
rent in large lamina I neurons dialyzed for
30 min with 0.6 mM GDP-�-S (n � 9; Fig.
8E), confirming that dialysis with GDP-
�-S was effective in blocking G-protein-
mediated effects in large lamina I neurons.
When EPSCs were recorded from large
lamina I neurons dialyzed with GDP-�-S
for 30 min, 20 �M dopamine inhibited the
EPSCs by 78 
 13% (n � 16; Fig. 8I) and
increased the PPR from 0.68 
 0.12 to
1.04 
 0.21 (n � 16; Fig. 8J), similar to the
inhibitory effects of dopamine on the EP-
SCs recorded from large lamina I neurons
dialyzed with an intracellular solution
containing GTP (for comparison, see Figs.
3E, 7E). Together, the data strongly sug-
gest that the inhibitory effects of dopa-
mine on the EPSCs recorded from large
lamina I neurons are mediated mainly by
presynaptic dopamine receptors located
on primary afferent fibers.

Pharmacology of dopamine receptors
To determine which dopamine receptors
mediate the inhibitory effects of dopamine on the EPSCs, we
combined paired stimuli of the dorsal root and analysis of PPR as
shown above. Using PCR, D1–D5 receptors have been detected in
DRG in rats (Xie et al., 1998). Nonetheless, our previous results
showed functional effects of D1/D5, but not D2 receptor ago-
nists, on TRPV1� DRG neurons, as well as little or no expression
of D2 receptors at the protein level (Galbavy et al., 2013;
Chakraborty et al., 2016). Based on these observations, we first
tested the effects of SKF 81297 (agonist at D1/D5 receptors).
Surprisingly, 10 �M SKF 81297 had very small effect on the
EPSCs (inhibition by 14 
 19%) and the PPR (from 0.50 

0.22 to 0.49 
 0.21) (n � 18; Fig. 9 F, G) recorded from large
lamina I neurons upon stimulation of the L4/L5 dorsal root,
suggesting little contribution of presynaptic D1/D5 receptors.
In contrast, 10 �M PD 168077 (D4 agonist) significantly in-

hibited the EPSCs by 57 
 14% and increased the PPR from
0.59 
 0.24 to 0.72 
 0.30. A 10 �M concentration of PD
128907 (D3 agonist) applied on top of PD 168077 inhibited
the EPSCs by an additional 12 
 13% and increased the PPR to
0.90 
 0.33 (n � 11; Fig. 9 H, I ). Together, the data suggest
that the inhibitory effects of dopamine on the EPSCs are me-
diated mainly by presynaptic D4 and D3 receptors.

Effects of dopamine on the EPSCs during chronic
inflammatory pain
Recent reports have shown that spinal dopamine released from
A11 dopaminergic fibers may promote the transition to chronic
pain in a model of hyperalgesic priming (Kim et al., 2015; Megat
et al., 2018). These findings raise the possibility that, in the setting
of injury, modulatory control by dopamine of first-order synap-
tic transmission to lamina I neurons could be different from

Figure 8. Inhibitory effects of dopamine on synaptic inputs to large lamina I neurons during dialysis of postsynaptic lamina I
neurons with GDP-�-S. A, Multipolar large lamina I neuron visualized with the IR-LED illumination. B, Same cell dialyzed with
1 �M Alexa Fluor-488 and GDP-�-S (0.6 mM) identified with epifluorescence after 10 min in whole-cell configuration. The cell body
is completely dialyzed with the intracellular solution containing Alexa Fluor-488 and GDP-�-S, whereas the dendrites are only
partially dialyzed. C, Same cell after 30 min in whole-cell configuration. Both the cell body and the dendrites are completely
dialyzed with Alexa Fluor-488- and GDP-�-S-containing intracellular solution. D, Substance P-induced current recorded at
Vh �� 70 mV in the presence of 1 �M TTX. A 2 �M concentration of substance P induced a transient inward current (29 
 16 pA)
in 82% (14/17) of large lamina I neurons dialyzed for 30 min with a control intracellular solution containing 0.3 mM Na-GTP. E, A 2
�M concentration of substance P failed to induce an inward current in large lamina I neurons dialyzed for 30 min with 0.6 mM

GDP-�-S (n � 9). F, Paired EPSCs recorded from the same cell as in A after 30 min in whole-cell configuration. G, A 20 �M

concentration of dopamine inhibited the first EPSC by 85%, the second EPSC by 67%, and increased the PPR from 0.42 to 0.93. H,
Paired EPSCs upon washing out dopamine. I, Summary data using an intracellular solution containing 0.6 mM GDP-�-S: 20 �M

dopamine inhibited the first EPSC by 78 
 13% (I ) and increased the PPR from 0.68 
 0.12 to 1.04 
 0.21 (J ) (n � 16),
repeated-measures one-way ANOVA followed by Dunnett’s post hoc test (*p 	 0.05).
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baseline. To test this possibility, we determined the effects of
dopamine on the EPSCs and PPR recorded from large lamina I
neurons in the setting of chronic peripheral inflammatory pain.
To this purpose, we used a model of CFA-induced chronic in-
flammatory pain in rats at P18 –P19 (Torsney, 2011) and tested
the effects of dopamine on the EPSCs and PPR recorded from
ipsilateral large lamina I neurons upon stimulation of the L4 or
L5 dorsal root at 6 d after CFA injection. In these conditions, 20
�M dopamine still exerted strong inhibitory effects (66 
 10%)
on the EPSCs (Fig. 10D) and increased the PPR from 0.50 
 0.11
to 0.83 
 0.10 (n � 6; Fig. 10E), very similar to the effects ob-
served at baseline (for comparison, see Figs. 3E, 7E). Therefore,
however dopamine acts to modify overall pain processing in
the model of hyperalgesic priming, its direct effect on synaptic
transmission from primary nociceptors to large lamina I neu-
rons remains inhibitory.

Discussion
Our newly developed horizontal spinal
cord slice preparation in vitro resembles
the ex vivo intact spinal cord preparation
(Safronov et al., 2007; Szucs et al., 2009) in
avoiding the need to cut the tissue with a
vibratome (along with the accompanying
step of embedding the tissue in agar). In
contrast to coronal or parasagittal slices,
horizontal spinal cord slices offer the ad-
vantage that afferent fibers, neurons, and
circuits in the dorsal horn of the spinal
cord are preserved virtually intact. The
structure of lamina I neurons is com-
pletely preserved and both axons and den-
drites can be followed for many hundreds
of micrometers (Szucs et al., 2009). Al-
though ideal for patch clamping neurons
in lamina I and II, horizontal spinal cord
slices have limitations for patch clamping
neurons in lamina III or deeper and for
visualizing lamina I neurons in older ani-
mals. IR-LED illumination (Safronov et
al., 2007; Szucs et al., 2009; Li et al., 2015b)
is optimal for visualizing neurons in lam-
ina I and II in young animals up to P26 –
P27. In older animals with increasing
myelination, it becomes very challenging
to visualize neurons through the white
matter.

Previous studies have shown that
�80% of lamina I projection neurons ex-
press the NK1 receptor (Marshall et al.,
1996; Cheunsuang and Morris, 2000;
Todd et al., 2000; Al-Khater et al., 2008).
Among these, �90% of lamina I neurons
with soma cross-sectional area larger than
200 �m 2 could be identified as ascending
neurons based on the retrograde labeling
from CVLM and/or LPb nucleus (Al
Ghamdi et al., 2009). In addition, NK1�

large lamina I projection neurons have a
soma of pyramidal, multipolar, or bipolar
shape; are located in the outer part of lam-
ina I (Cheunsuang and Morris, 2000); and
have larger cell capacitance (�70 pF or
larger) than lamina I non-projection neu-

rons (�39 pF) (Ikeda et al., 2003). Because our analysis was re-
stricted only to large lamina I neurons with soma cross-sectional
area larger than 250 �m 2 and large cell capacitance (101 
 23 pF,
n � 146) located immediately below the white matter, it is highly
probable that the majority of large lamina I neurons included in
this study were projection neurons (typical large lamina I neu-
rons with pyramidal or bipolar cell bodies are shown in Figs. 1B
and 4C, respectively). This conclusion is further supported by our
finding showing similar inhibitory effects of dopamine on the
EPSCs recorded from retrograde-labeled large lamina I neurons
ascending to the PB nucleus (Fig. 4).

Measurements of dopamine’s concentration in the lumbar
spinal cord at baseline have reported values of 30 –35 pg/mg wet
tissue in mice using HPLC (Takeuchi et al., 2007; Zhao et al.,
2007) and 391 ng/g in rats using ELISA (Hou et al., 2016). As-

Figure 9. D4 and D3 dopamine receptors mediate the inhibitory effects of dopamine on the EPSCs. A, Paired EPSCs recorded
from a large lamina I neuron upon stimulation of the L4 dorsal root with paired stimuli (2 s apart, 500 �A, 0.1 ms duration, at 0.016
Hz). B, A 10 �M concentration of SKF 81297 (D1/D5 agonist) inhibited the first EPSC by 6%, the second EPSC by 1%, and increased
the PPR from 0.57 to 0.60. C, Paired EPSCs recorded from a different large lamina I neuron upon stimulation of the L4 dorsal root
with paired stimuli (2 s apart, 500 �A, 0.1 ms duration, at 0.016 Hz). D, A 10 �M concentration of PD 168077 (D4 agonist) inhibited
the first EPSC by 53%, the second EPSC by 38%, and increased the PPR from 0.72 to 0.91. E, A 10 �M concentration of PD 128907
(D3 agonist) applied on top of PD 168077 inhibited the first EPSC by an additional 26%, the second EPSC by an additional 22%, and
increased the PPR to 0.97. F, Summary data: 10 �M SKF 81297 inhibited the first EPSC by 14 
 19% and changed the PPR (G) from
0.50
0.22 to 0.49
0.21 (n �18). H, Summary data: 10 �M PD 168077 inhibited the first EPSC by 57
14%. 10 �M PD 128907
applied on top of PD 168077 inhibited the first EPSC by an additional 12 
 13% (n � 11), repeated-measures one-way ANOVA
followed by Dunnett’s post hoc test (*p	0.05). I, Summary data: 10 �M PD 168077 increased the PPR from 0.59
0.24 to 0.72

0.30. 10 �M PD 128907 applied on top of PD 168077 increased the PPR to 0.90 
 0.33 (n � 11), repeated-measures one-way
ANOVA followed by Dunnett’s post hoc test (*p 	 0.05).
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suming that 60% of wet tissue is made up
of water, then the average concentration
of spinal dopamine can be estimated at
0.3– 0.4 up to 4.2 �M. The concentration
of dopamine could be even higher in some
compartments or during increased activ-
ity of A11 dopaminergic neurons. These
values are consistent with our data show-
ing that exogenously applied 1 �M dopa-
mine is sufficient to induce statistical
significant inhibition (33%) of the EPSCs
recorded from large lamina I neurons.

The anatomical distribution of dopa-
mine receptors in the spinal cord and on
primary nociceptors in DRG (Matsumoto
et al., 1996; Xie et al., 1998; Levant and
McCarson, 2001; Zhu et al., 2007; Galbavy
et al., 2013) suggests that dopamine may
exert actions on nociception at both pre-
synaptic and postsynaptic sites. Previous
studies have documented postsynaptic ef-
fects of dopamine (Jensen and Yaksh,
1984; Barasi and Duggal, 1985; Fleetwood-
Walker et al., 1988; Gao et al., 2001;
Tamae et al., 2005; Yang et al., 2005; Wei
et al., 2009; Cobacho et al., 2010; Tanigu-
chi et al., 2011; Keeler et al., 2012; Al-
manza et al., 2015; Kim et al., 2015; Megat
et al., 2018). Our data show that dopa-
mine also has a powerful presynaptic ef-
fect to inhibit transmission from primary
nociceptors to lamina I projection neu-
rons. Three different experimental lines of
evidence support the presynaptic locus of
this effect: (1) dopamine significantly re-
duced the frequency, but not the size,
of mEPSCs recorded in the presence of
TTX; (2) dopamine increased the PPR of paired EPSCs, consis-
tent with reduced neurotransmitter release from presynaptic ter-
minals; and (3) the inhibitory effects of dopamine on the EPSCs
and the increase in PPR remained unchanged when large lamina
I neurons were dialyzed with GDP-�-S to block G-protein-
mediated pathways in the postsynaptic neuron. All of these ob-
servations suggest that dopamine produces presynaptic
inhibition at this synapse, consistent with our previous results
showing functional dopamine receptors on acutely isolated
small-diameter DRG neurons in which all postsynaptic targets
were removed (Galbavy et al., 2013; Chakraborty et al., 2016).
Interestingly, dopamine did not affect the size of mEPSCs, sug-
gesting little effect on postsynaptic glutamate receptors. This
contrasts with the postsynaptic effects of dopamine reported in
lamina II neurons in which dopamine modulates both postsyn-
aptic glutamate receptors and G-protein-coupled potassium
channels (Taniguchi et al., 2011), raising the possibility that do-
pamine may exert preferential presynaptic or postsynaptic effects
on different target cells in the dorsal horn of the spinal cord.

Our results showing powerful inhibition by dopamine of the
transmission from primary A�- and C-fiber nociceptors to lam-
ina I projection neurons would clearly be anti-nociceptive. How-
ever, together with other reports, the overall action of dopamine
in the spinal cord to control nociception is likely too complex to
be easily categorized as anti- or pro-nociceptive. Dopamine can
likely act on multiple receptors on multiple cell types at both

short and long time scales. Indeed, depending on the measure-
ment, both anti-nociceptive effects, mediated by D2-like rec-
eptors (Jensen and Yaksh, 1984; Barasi and Duggal, 1985;
Fleetwood-Walker et al., 1988; Gao et al., 2001; Tamae et al.,
2005; Wei et al., 2009; Cobacho et al., 2010; Taniguchi et al., 2011;
Keeler et al., 2012; Almanza et al., 2015), and pro-nociceptive
effects, mediated by D1/D5 receptors (Gao et al., 2001; Yang et al.,
2005; Kim et al., 2015; Megat et al., 2018), have been demon-
strated in the dorsal horn of the spinal cord. In addition to release
from the descending hypothalamic A11 dopaminergic neurons
(Skagerberg et al., 1982; Ridet et al., 1992; Holstege et al., 1996;
Qu et al., 2006; Benarroch, 2008; Koblinger et al., 2014), there are
at least two other neuronal types that express tyrosine hydroxy-
lase and might provide an additional source of spinal dopamine:
the C-low-threshold mechanoreceptors in the DRG (Li et al.,
2011) and spinal interneurons (Hou et al., 2016). It remains to be
determined in which conditions dopamine may preferentially act
at presynaptic or postsynaptic targets, as well as in which condi-
tions dopamine may preferentially activate different dopamine
receptors.

Opioid, adrenergic, and serotonin receptors are well known to
modulate pain signaling in the dorsal horn of the spinal cord
(Fields et al., 1991; Millan, 2002). However, our results show that
the inhibitory effects of dopamine on the EPSCs recorded from
large lamina I neurons are not secondary to affecting release of
these transmitters because the effects of dopamine remained

Figure 10. Inhibitory effects of dopamine on synaptic inputs to large lamina I neurons during chronic inflammatory pain.
A, Paired EPSCs recorded from a large lamina I neuron located ipsilateral to the site of CFA injection (right hindpaw) upon
stimulation of the L4 dorsal root with paired stimuli (2 s apart, 500 �A, 0.1 ms duration, at 0.016 Hz). B, A 20 �M concentration of
dopamine inhibited the first EPSC by 71%, the second EPSC by 39%, and increased the PPR from 0.51 to 1.02. C, EPSCs upon
washing out dopamine. D, Summary data: 20 �M dopamine inhibited the first EPSC by 66 
 10% (n � 6), repeated-measures
one-way ANOVA followed by Dunnett’s post hoc test (*p 	 0.05). E, Summary data: 20 �M dopamine increased the PPR from
0.50 
 0.11 to 0.83 
 0.10 (n � 6), repeated-measures one-way ANOVA followed by Dunnett’s post hoc test (*p 	 0.05).
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largely unaffected when dopamine was applied in the presence of
naloxone, phentolamine, or methysergide, suggesting that the
bulk of dopamine’s effects are mediated directly by dopamine
receptors. Our pharmacological data showed that activation of
D4 receptors accounts for �50% of the inhibitory effects of do-
pamine on the EPSCs, with an additional 10 –15% contribution
from D3 receptors (Fig. 9). These results are consistent with re-
cent behavioral data in vivo showing contribution of D3 and D4
receptors in mediating the anti-nociceptive effects of spinal do-
pamine (Almanza et al., 2015).

Expression of dopamine receptors in DRG neurons and dorsal
horn of the spinal cord (Matsumoto et al., 1996; Xie et al., 1998;
Levant and McCarson, 2001; Zhu et al., 2007; Galbavy et al.,
2013), together with the presynaptic effects of dopamine reported
here, suggest that dopamine receptors are also expressed on pri-
mary afferent fibers making synaptic contacts with lamina I pro-
jection neurons. Neurotransmitter release from A�- and C-fiber
nociceptors to lamina I projection neurons is dependent on acti-
vation of presynaptic N- and P/Q-type calcium channels (Bao et
al., 1998; Heinke et al., 2004; Chakraborty et al., 2017). Dopamine
has been shown to act through G-protein pathways to inhibit
calcium channels in DRG neurons (Marchetti et al., 1986; For-
menti et al., 1993; Formenti et al., 1998) and midbrain dopamine
neurons (Cardozo and Bean, 1995) and to inhibit presynaptic
calcium channels and neurotransmitter release in other central
neurons (Pisani et al., 2000; Momiyama and Koga, 2001; Davison
et al., 2004; Momiyama and Fukazawa, 2007; Sato et al., 2014).
Together with the increase in PPR reported here suggesting re-
duced neurotransmitter release from presynaptic terminals, these
observations point to inhibition of presynaptic calcium channels
by dopamine as a possible underlying mechanism to explain the
inhibitory effects of dopamine on the synaptic inputs to large
lamina I neurons. Further experiments will be needed to explore
this possibility.
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