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ABSTRACT 34 

 Dopaminergic modulation of spinal cord plasticity has long been recognized but circuits 35 

affected by this system and the precise receptor subtypes involved in this modulation have not been 36 

defined. Dopaminergic modulation from the A11 nucleus of the hypothalamus contributes to 37 

plasticity in a model of chronic pain called hyperalgesic priming. Here we tested the hypothesis that 38 

the key receptor subtype mediating this effect is the D5 receptor (D5R). We find that a spinally-39 

directed lesion of dopaminergic neurons reverses hyperalgesic priming in both sexes and that a 40 

D1/D5 antagonist transiently inhibits neuropathic pain. We used mice lacking D5Rs (DRD5KO mice) to 41 

show that carrageenan, interleukin 6 (IL-6) as well as brain derived neurotrophic factor (BDNF)-42 

induced hyperalgesia and priming is reduced specifically in male mice. These male DRD5KO mice 43 

also show reduced formalin pain responses and decreased heat pain. To characterize the subtypes 44 

of dorsal horn neurons engaged by dopamine signaling in the hyperalgesic priming model we used 45 

c-fos labeling. We find that a mixed D1/D5 agonist given spinally to primed mice activates a subset of 46 

neurons in lamina III and IV of the dorsal horn that co-express PAX2, a transcription factor for 47 

GABAergic interneurons. In line with this, we show that gabazine, a GABA-A receptor antagonist, is 48 

antihyperalgesic in primed mice exposed to spinal administration of a D1/D5 agonist. Therefore, the 49 

D5R, in males, and the D1R, in females, exert a powerful influence over spinal cord circuitry in 50 

pathological pain likely via modulation of deep dorsal horn GABAergic neurons.  51 

SIGNIFICIANCE STATEMENT: Pain is the most prominent reason why people seek medical attention 52 

and chronic pain incidence world-wide has been estimated to be as high as 33%. This study provides 53 

new insight into how descending dopamine controls pathological pain states. Our work 54 

demonstrates that dopaminergic spinal projections are necessary for the maintenance of a chronic 55 

pain state in both sexes, however, D5 receptors seem to play a critical role in males while females rely 56 

more heavily on D1 receptors, an effect which could be explained by sexual dimorphisms in receptor 57 

expression levels. Collectively our work provides new insights into how the dopaminergic system 58 

interacts with spinal circuits to promote pain plasticity. 59 
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INTRODUCTION 60 

Three major descending neuromodulatory systems that include noradrenergic projections (NE) 61 

from the locus coeruleus, serotoninergic (5-HT) projections from the nucleus raphe magnus and 62 

dopaminergic (DA) projections from the hypothalamic A11 nucleus are known to modulate the 63 

processing of nociceptive inputs and circuits in the spinal dorsal horn.  Chemical lesions of these 64 

systems can change the response of spinal nociceptive circuits to inflammation or nerve injury 65 

(Ossipov et al., 2010). DA neurons are known to play a critical role in pain modulation in several areas 66 

of the CNS, including the anterior cingulate cortex (López-Avila et al., 2004), nucleus accumbens 67 

(Chang et al., 2014) and the spinal cord (Wei et al., 2009; Yang et al., 2005). DA projections to the 68 

spinal cord arise exclusively from the A11 area of the hypothalamus (Skagerberg and Lindvall, 1985) 69 

and these neurons modulate nociceptive processing via activation of post-synaptic DA receptors in 70 

the dorsal horn (Charbit et al., 2009; Wei et al., 2009; Charbit et al., 2011; Taniguchi et al., 2011).  71 

D1-like receptors (D1LR), including D1R and D5R, activate heterotrimeric proteins containing 72 

Gαs and are coupled to activation of adenylyl cyclase (AC), while the D2-like subfamily (D2LR, D2R–73 

D4R) are linked to activation of Gαi and Gαo proteins (Neve et al., 2004) (Beaulieu and Gainetdinov, 74 

2011). All five receptors have been found to be expressed in the dorsal horn and/or dorsal root 75 

ganglion (DRG) neurons (Dubois et al., 1986; Schambra et al., 1994; Yokoyama et al., 1994; Levant 76 

and McCarson, 2001; Zhao et al., 2007; Zhu et al., 2008). D1R expression is restricted to specific regions 77 

from lamina I to II whereas D5Rs are widely expressed throughout the dorsal and ventral horn of the 78 

spinal cord (gensat.org, Zhu et al., 2008). Selective ligands for D1Rs and D5Rs have not been 79 

described, therefore genetic tools are required to define the open question of the respective roles of 80 

D1Rs and D5Rs in pain signaling.  81 

 We have recently shown that D1LRs, but not D2LRs, play an essential role in hyperalgesic 82 

priming (Kim et al., 2015b) and that these receptors are likely stimulated by the DA A11 projection 83 

from the hypothalamus in this context. Previous work has demonstrated that spinal DA receptors 84 
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contribute to synaptic plasticity wherein D1LR agonism produces long term potentiation (LTP) of C-85 

fiber-evoked field potentials (Yang et al., 2005).  More recent findings indicate that after spinal nerve 86 

ligation, D1LR stimulation induces a desensitization of spinal  opioid receptors (MOR), via the release 87 

of met-enkephalin, leading to a loss of opioid-mediated inhibitory control in the spinal cord (Aira et 88 

al., 2016a). D1LR stimulation in the dorsal horn also induces phosphorylation of the NMDAR subunit 89 

NR1 (Aira et al., 2016b). Collectively these studies point to a role of D1LRs in amplification of pain 90 

signaling in the dorsal horn of the spinal cord but the receptor subtypes and cell-specificity of these 91 

effects have not been delineated. Interestingly, DA neurons can synthesize and co-release GABA by 92 

using non-conventional GABA synthesizing enzymes (Kim et al., 2015a) and striatal DA synapses are 93 

frequently composed of contacts formed between dopaminergic presynaptic structures and 94 

GABAergic postsynaptic structures that express neuroligin-2 (Zhou et al., 2013). Increased neuroligin-2 95 

expression has been implicated in two different models of chronic pain (Kim et al., 2016; Dolique et 96 

al., 2013) but a link between DA and GABAergic spinal cord neurons has not been established.  97 

Here we describe a previously unknown role for D5Rs in pathological pain. We show that 98 

genetic ablation of the D5R reduces acute pain responses and prevents hyperalgesic priming in 99 

male but not female mice. We also provide evidence of a link between descending DA neurons and 100 

the recruitment of spinal GABAergic neurons in pathological pain. Our work further establishes the 101 

role of DA in modulation of chronic pain via a spinal mechanism of action with a strong sexual 102 

dimorphism.  103 

  104 
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MATERIALS AND METHODS 105 

Experimental animals 106 

 All procedures that involve the use of animals were approved by the Institutional Animal Care 107 

and Use Committee of The University of Texas at Dallas and were in accordance with International 108 

Association for the Study of Pain guidelines. All behavioral studies were conducted using male or 109 

female C57Bl6/J mice weighing between 20 and 25 grams. Mice were used in behavioral 110 

experiments starting one week after arrival at the animal facility at University of Texas at Dallas or 111 

were bred in that facility. Animals were housed with a 12 hr light/dark cycle and had food and water 112 

available ad libitum.  113 

 114 

Dopamine receptor 5 knockout mice (DRD5KO) and other genetically modified mice 115 

The dopamine receptor 5 KO (Drd5) were generated as described previously (Hollon et al., 116 

2002).  This strain has a neomycin resistance gene and a proximal linker containing a stop codon, 117 

which were ligated in reverse orientation into a unique SfiI site within the dopamine receptor 5 gene 118 

(Drd5).  This disrupts the reading frame within the coding region. Mice were genotyped upon 119 

weaning and homozygous mutants or wild type were identified using 3 sets of primers : D1B1: 5’-ACT 120 

CTC TTA ATC GTC TGG ACC TTG-3’ , D1B2: 5’-GGA GGA GAT ACG GCG GAT CTG AAC-3’ and D1B3: 121 

5’-TGA TCA ACT AGT GCC CGG GCG GTA -3’. All reactions were performed using RED Taq DNA 122 

polymerase (Sigma-Aldrich) and run on a Biorad thermocycler. The PCR products were analyzed on 123 

a 3% agarose gel with Gel Green and imaged using a ChemiDoc MP imager. The DRD5KO mice 124 

develop normally with no notable differences from wild-type littermates with respect to appearance, 125 

body weight, or home cage behaviors. DAT IRES cre animals were generated as described  126 

previously (B ckman et al., 2006) and crossed to ROSA-LSL-tdTomato mice.  127 

 128 

Neuronal Lesions  129 
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Spinal DA lesions were done by injecting 6-hydroxy-dopamine hydrobromide (6-OHDA) (50 μg) 130 

intrathecally (i.t.) with desipramine (25 mg/kg) given intraperitoneally (i.p.) prior to the 6-OHDA 131 

injection (Sawynok et al., 1991). Mice were then allowed to recover and tested at time points 132 

indicated in the results. Brains and spinal cords were then removed to perform histological controls for 133 

the lesions.  134 

 135 

Behavioral assays and drug administration 136 

In all behavioral experiments described above, experimenters measuring mechanical 137 

withdrawal thresholds or scoring mouse facial expressions were always blinded to the experimental 138 

conditions. Mice were randomized to groups from multiple cages to avoid using mice from 139 

experimental groups that were cohabitating. Sample size was estimated by performing a power 140 

calculation using G*Power (version 3.1.9.2).  With 80% power, an expectation of d = 2.2 effect size in 141 

behavioral experiments, and alpha set to 0.05, the sample size required was calculated as n = 5 per 142 

group. We therefore sought to have an n = 6 in all behavioral experiments. Standard deviation (set at 143 

0.3) for the power calculation was based on previously published mechanical threshold data (Moy et 144 

al., 2017).  All drugs used in this study are shown in Table 1. 145 

von Frey Testing: Mice were placed individually in transparent acrylic boxes with wire mesh 146 

floors and habituated for 1 hr prior to testing. von Frey monofilaments (Stoelting, Wood Dale, IL, USA) 147 

were firmly applied to the plantar surface of each hind paw for 0.5 s. The up-down method of Dixon 148 

(Chaplan et al., 1994) was used to estimate the withdrawal in grams (g). In order to induce 149 

hyperalgesic priming, we injected either 0.1 ng of human recombinant human IL-6 (R&D systems, 150 

Minneapolis, MN, USA) in 25 μl sterile 0.1 M phosphate buffered saline (PBS) or 1% carrageenan (w/v, 151 

Sigma Aldrich, St. Louis, MO, USA) in 25 μl sterile PBS into the left hindpaw with an intraplantar (i.pl.) 152 

injection or we administered 0.1 ng human recombinant brain derived neurotrophic factor (BDNF, 153 

R&D systems) in 5 l sterile PBS i.t.. We measured mechanical withdrawal thresholds at 3, 24, 48 and 72 154 

hr post injection. After complete resolution of the initial mechanical or thermal hypersensitivity, mice 155 
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were assessed for their mechanical withdrawal threshold and subsequently injected in the left 156 

hindpaw with 100 ng of prostaglandin E2 in 25 μl of sterile PBS. Then, mechanical withdrawal 157 

thresholds were measured at 3 and 24 hr. For all i.t. injections, drugs were administered in 5 μl or 10 μl 158 

sterile PBS to animals anesthetized with isoflurane for no longer than 3 minutes.  159 

Tail Immersion test: Mice were handled and habituated to freely enter into a plexiglass 160 

restrainer. This preliminary step minimizes the effect of stress-induced analgesia. Each mouse was 161 

gently handled for 10 min every day. On test day, 5 mm of the mouse tail was gently introduced into 162 

a water bath preheated at 48 oC. As soon as the mouse withdrew its tail from the hot water, a 163 

chronometer was stopped and the latency time was recorded. In the absence of an obvious 164 

nociceptive reaction a cut-off of 15 s was set to prevent tissue damage. 165 

Radiant Heat Paw-Withdrawal, Hargreaves test: Mice were placed on a glass floor and a 166 

focused beam of high-intensity light was aimed at the plantar surface of the hind paw. The intensity 167 

of the light was set to 25% or 30% of maximum (IITC Model 390) with a cut-off value of 20 s. The 168 

latency to withdraw the hindpaw was measured to the nearest 0.1 s. Tests consisted of 3 consecutive 169 

measures of the paw withdrawal latency each trial being separated by at least 15 min. The 170 

withdrawal latency was calculated as a mean of 3 independent measures for each animal. 171 

Formalin test: Mice were placed into acrylic boxes with wire mesh floors and habituated for at 172 

least 30 min. Following habituation, all mice were given intraplantar injections of formalin (20 μl, 1% 173 

formalin in saline) into the left hind paw and placed back into the cylinders.  Two, genotype blinded 174 

investigators recorded the flinching and licking behavior for 1 min every 5 min for 1 hr. Number of 175 

flinches and the licking time was recorded every 5 min for a period of 1 min over 60 min. Data are 176 

expressed as the number of flinches (n), the licking time (in sec) as well as the sum of the behaviors. 177 

The early phase of the formalin test was defined as 0–10 min and the late phase as 10–60 min post-178 

injection. 179 
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Mouse Grimace Scale:  The Mouse Grimace Scale (MGS) was used to quantify affective 180 

aspects of pain in mice (Langford et al., 2010). We scored the changes in the facial expressions (using 181 

the facial action coding system) 3 and 24 hrs after i.pl. injection of test compounds. 182 

Carrageenan-induced inflammation: Paw oedema was measured using a caliper before, 3 183 

and 24 hrs after injection of 1% Carrageenan into the hindpaw. Mechanical withdrawal threshold 184 

was measured afterwards at 3, 24, 48 and 72 hrs after injection. 185 

Spared nerve injury-induced neuropathic pain: Neuropathic pain was induced in mice using 186 

the spared nerve injury (SNI) surgery model. This surgery consists of exposing and cutting the common 187 

peroneal and tibial branches of the sciatic nerve leaving the sural nerve intact (Decosterd and 188 

Woolf, 2000). One or 2 weeks post-surgery, mechanical sensitivity testing was repeated to ensure that 189 

mechanical hypersensitivity had been produced. Following this test, groups of SNI mice were treated 190 

with test compounds or lesions at time points indicated in results. 191 

Rota Rod test: To assess motor coordination, we used the accelerating Rota Rod. Performance 192 

on the Rota Rod (AccuScan Instruments, Columbus, OH, USA), accelerating from 4 to 40 rpm in 300 s, 193 

was evaluated for 5 trials per session on 3 consecutive days. A resting time of 180 s was allowed 194 

between each trial. The end of a trial was considered when mice fell off the rod or when they 195 

reached 300 s. Latency to fall was recorded for each trial. 196 

Forward-Looking Infrared (FLIR) systems: All procedures were conducted in a temperature-197 

controlled room (ambient temperature of 23 ± 2° C). Animals were allowed to equilibrate in the room 198 

for 1 hr prior to initiation of the study. Color thermograms of the animal’s hind paws were obtained 199 

using a FLIR T-Series Thermal Imaging Camera. The T-Series detector system has a focusable distance 200 

of 25 cm minimum. The imager has a temperature range of -40° C to 650° C with a temperature 201 

indication resolution/sensitivity of 0.04° C. For image acquisition, animals were allowed to freely move 202 

in transparent acrylic boxes with wire mesh floors. The infrared camera was positioned approximately 203 

30 to 50cm away from the hind paws and a thermal image was obtained. Thermogram analysis was 204 

performed using the Windows-based PC application of the FLIR system. The software provides the 205 
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ability to view individual pictures with both hindpaws.  For each picture, a straight line was drawn on 206 

the plantar surface of both hindpaws and the mean temperature was recorded. At least 3 images 207 

were taken per animal and the average temperatures were used for further analysis. The raw 208 

temperatures were then plotted for ipsilateral and contralateral paw for each individual animal. 209 

Perfusion and tissue collection 210 

 Mice were anesthetized using a cocktail of ketamine (80 mg/kg) and xylazine (12 mg/kg) and 211 

transcardially perfused with 30 mL of 0.1 M PBS, pH 7.4. Following the PBS perfusion, mice were fixed 212 

with 50 mL of fresh 4% paraformaldehyde. The spinal cord and/or brain were removed and further 213 

fixed in the same fixative overnight at 4 0C. Consequently, the tissues were transferred to a 30% 214 

sucrose solution in PBS for 48 hrs at 4 oC. After complete cryoprotection, the tissues were embedded 215 

in O.C.T. (Sakura Finetek, Torrance, CA, USA) for sectioning on a cryostat. Transverse lumbar spinal 216 

cord sections were cut at 20 μm while brain sections were cut at 40 μm and stored at -80 oC before 217 

immunohistochemical procedures.  218 

 219 

Bright field Immunohistochemistry 220 

For diaminobenzidine (DAB) immunohistochemistry experiments, mouse spinal cord, free-221 

floating sections were treated with 3% (vol/vol) hydrogen peroxide H2O2 in PBS to inactivate 222 

endogenous peroxidase activity. Nonspecific antigens were blocked by incubating sections in PBS 223 

containing 10% normal goat serum (NGS) and 0.3% Triton X-100 for 2 hrs at room temperature. 224 

Sections were then incubated overnight at 4° C with rabbit anti-c-fos antibody (Santa Cruz, SC-52, 225 

1/1000). After 3 washes in PBS with 0.3% Triton X-100 (PBST), sections were incubated for 2 hrs in 226 

blocking buffer with biotinylated anti-rabbit IgG secondary antibody (Vector Laboratories, 1/500). 227 

After 3 × 10 min washes in PBST, sections were incubated in an avidin–biotin–horseradish peroxidase 228 

solution (ABC Vectastain Elite kit; Vector Laboratories) for 1 hr at room temperature. Sections were 229 

incubated in Tris-buffered solution (TBS, pH 7.5) containing 1 tablet of DAB (SigmaFAST) and 1 tablet of 230 
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urea hydrogen peroxide. All DAB reactions were stopped by three rinses in Tris·HCl (0.125 M, pH 7.5) 231 

followed with 2 washes in PBS. Sections were mounted onto Superfrost slides (Fischer Scientific). After 232 

dehydration in increasing concentrations of ethanol, slides were immersed in xylene and 233 

coverslipped with DPX mounting medium (Electron Microscopy Science, #13510). 234 

 235 

Quantification of c-fos immunoreactive neurons 236 

An outline was drawn around the dorsal horn of the spinal cord for each section and the 237 

lamina delimited according to Charles Watson (Watson et al., 2009). The images were thresholded to 238 

eliminate background and converted to binary masks using ImageJ (National Institutes of Health, 239 

USA, Bethesda, MD) allowing a subsequent automatic detection of the c-fos positive cells for which 240 

the signal is above threshold. After automatic detection of the c-fos positive cells throughout the 241 

entire dorsal horn, the number of immunoreactive cells was then counted per specific lamina. A total 242 

of 24 sections were counted per mouse and 3 mice were used per group for a total of at least 3000 243 

neurons analyzed per condition. 244 

 245 

Immunofluorescence and Image Acquisition 246 

 Tissue sections were washed three times with PBS and permeabilized and blocked with 0.5% 247 

triton-X100 in PBS containing 10% NGS. Following permeabilization and blocking for 1hr at room 248 

temperature, primary antibodies were added for overnight incubation at 4 oC (details of antibodies 249 

are found in Table 2). Slides were then washed with PBS 3 times and then incubated for 1 hr with 250 

secondary antibody at room temperature. Slides were washed with PBS 3 times once the secondary 251 

incubation was completed and then mounted in ProLong Gold mounting media (P36930, Life 252 

Technologies, Carlsbad, CA, USA). Tissues from all groups were processed together under identical 253 

conditions with the same reagents. Confocal microscopy images were obtained with an Olympus 254 

FluoView 1200 single photon confocal microscope. All images are presented as z-projections of z-255 

stacks. Images were processed using ImageJ. 256 
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 257 

Colocalization Image Analysis 258 

Image analysis was performed using an ImageJ plug-in called Just Another Co-localization 259 

Plugin (JACoP) provided by Bolte and Cordelières as described in their review (Bolte and Cordelières, 260 

2006). To determine Calretinin, Somatostatin, TRPV1 and PAX2 immunoreactivity in c-fos positive cells, 261 

Li’s intensity correlation analysis (ICA) was calculated for regions of interest (ROI) in images collected 262 

from BDNF-primed mice treated spinally with a D1LR agonist (Li et al., 2004). ICA computes the sum of 263 

(current pixel intensity in channel A – channel A’s mean intensity) X (current pixel intensity in channel 264 

B – channel B’s mean intensity) for each ROIs. Both A channel over B channel and B channel over A 265 

channel intensity correlation are represented. 266 

 267 

Chromogenic and Fluorescent In Situ Hybridization (CISH-FISH) 268 

Brains and spinal cords from adult 8-12 week old mice were rapidly removed and flash frozen 269 

on dry ice. The tissues were then mounted using OCT mounting medium and kept at -80 °C until 270 

sectioning. Brain and spinal cord were cryosectioned to 20 m thickness and mounted onto 271 

Superfrost slides (Thermo Fisher Scientific) and allowed to dry at -20° C for 30 min. The sections were 272 

subsequently immersed in prechilled 10% Neutral Buffered Formalin (NBF) for 15 min and dehydrated 273 

in increasing concentration of ethanol. After complete drying, each section was carefully circled 274 

using an hydrophobic barrier pen (Immedge pen, RNAscope) and treated with hydrogen peroxide 275 

(RNAscope 2.5HD kit) for 10 min to inactivate endogenous peroxidase activity. After 2 washes in 276 

RNAscope buffer the sections were then treated with Protease Plus for 10 min at 40 °C. The D1R  277 

(D1R, accession number NM_010076.3, 20bp, Target region: 444-1358), D5R (D5R, accession number 278 

NM_010076.4, 20bp, Target region: 1120-2210), Slc6a3 probes (DAT, accession number NM_010020.3, 279 

20bp, Target region: 1486-2525) were added to the section and incubated at 40 °C for 2 hrs. 280 

Afterwards, the sections were washed in the RNAscope wash buffer twice and treated with the 281 

amplification reagent 1 (AMP1) for 30 min. There were a total of 6 amplification reagents (AMP1-282 
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AMP6) with alternating washes of 30 and 15 min incubation period. Finally, Fast RED was added, 283 

which in the presence of alkaline phosphatase produces a red precipitate. The sections were then 284 

mounted in an aqueous-based media, Prolong Gold (P36930, Life Technologies, Carlsbad, CA, USA), 285 

and visualized using a single- photon confocal microscope. For each section the corrected total cell 286 

fluorescence (CTCF) was used to quantify the intensity of the signal. In order to do so, an outline was 287 

drawn around the dorsal horn of the spinal cord and different areas of the brains (Mouse Brain Atlas, 288 

Paxinos and Franklin). Using ImageJ, the integrated density, the area, as well as the background 289 

noise was measured and the CTCF calculated as equal to the  Integrated Density - (Area of selected 290 

cell  X Mean fluorescence of background readings) (McCloy et al., 2014).   291 

 292 

Combined Immunofluorescence and In Situ Hybridization  293 

After the RNAscope protocol slides were blocked for 1 hr in 10% Normal Goat Serum, 0.3% 294 

Triton-X 100 in 0.1M PB, DRG slices were incubated IB4-Alexafluor 488 overnight and spinal cords were 295 

incubated with NeuN antibody (Millipore, MAB377). The next day, the slides were incubated with 296 

DAPI (1:5000 in blocking solution) and cover-slipped with Prolong Gold and allowed to cure for 24 hrs 297 

before imaging.  298 

All combined ISH/IHC images were acquired using an FV-3000 confocal microscope 299 

(Olympus) and analyzed in CellSens (Olympus). 40X confocal z-stack images were taken of L4, L5, L6 300 

DRGs from 5 male and 5 female naïve C57BL/6 mice. For each image, the number of IB4-positive 301 

neurons was counted using the raw projection image. The total number of neurons displaying visible 302 

nuclei were quantified by increasing the background fluorescence (in the 488 channel) using the 303 

threshold feature in CellSens (Price and Flores, 2007). We used the percentage of IB4+ cells (~35%) as 304 

a quality-control indicator for our IHC staining as the protease-treatment in the RNAscope ISH 305 

protocol can lead to antigen degradation and diminish the quality of the labeling. ISH/IHC 306 

colocalization was assessed by counting the number of IB4+ and IB4- neurons that showed obvious 307 

D1R or D5R mRNA expression within the soma. D1R or D5R mRNA expression outside of the soma (e.g. 308 
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fibers or non-neuronal cells) was not analyzed. The diameter of the D1R or D5R mRNA-positive 309 

neurons was measured by drawing a line across the soma using the ruler tool in CellSens. The number 310 

of D1R and D5R mRNA-positive cells is shown as the percentage of the total neuronal population.  311 

 312 

Data Analysis and Statisitcs 313 

All data are represented as mean ± standard error of the mean (SEM). All analysis was done using 314 

GraphPad Prism 6 v 6.0 for Mac OS X. Single comparisons were performed using Student’s t test and 315 

multiple comparisons were performed using a two way ANOVA with Bonferroni post hoc tests for 316 

across/within group comparisons. The a priori level of significance was set at 95%. F and P values and 317 

adjusted P-values for all experiments can be found in Table  3, 4 and 5. The N for each individual 318 

experiment is described in the figure legend. 319 

  320 
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RESULTS 321 

Dopaminergic neurons are required for BDNF-induced hyperalgesic priming  322 

  We have previously shown that BDNF injection into the spinal cord of mice (Asiedu et al., 323 

2011) (Melemedjian et al., 2013) or the nucleus caudalis of rats (Burgos-Vega et al., 2016) induces 324 

hyperalgesic priming. In this model, we inject BDNF i.t. followed by PGE2 injection into the hindpaw 7 325 

days later when the animals have completely recovered from the initial hypersensitivity. In primed 326 

mice, the PGE2 injection causes mechanical hypersensitivity that lasts for at least 48 hrs whereas the 327 

injection promotes only a transient (< 1 hr) mechanical hypersensitivity in mice previously treated with 328 

vehicle (Asiedu et al., 2011). It has been previously shown that lesion of descending DA neurons that 329 

originate in A11 blocked the maintenance of priming after IL6 and carrageenan administration into 330 

the hindpaw (Kim et al., 2015b) but the role of DA neurons in BDNF priming has not been established. 331 

To determine whether these neurons play a role in BDNF-induced hyperalgesic priming, we ablated 332 

DA neurons by injecting 6-OHDA (50 μg) i.t. with systemic injection of desipramine (25 mg/kg) 7 days 333 

after BDNF injection (Figure 1A) to create a selective DA lesion (Sawynok et al., 1991). I.t. injection of 334 

6-OHDA after BDNF was sufficient to inhibit subsequent priming revealed after PGE2 treatment in 335 

males at 3 (*p<0.05, Veh vs 6-OHDA) and 24 hrs (*p<0.05, Veh vs 6-OHDA) (Figure 1B). Moreover, we 336 

have previously shown that ablation of spinal dopaminergic neurons could block the development 337 

of an affective pain state measured by the mouse grimace scale (MGS, (Kim et al., 2015b)). In mice 338 

previously treated with BDNF, we observed a significant increase in the MGS score at 3 hrs following 339 

PGE2 while a similar effect was not observed in mice treated with 6-OHDA (*p<0.05, Veh vs 6-OHDA) 340 

(Figure 1C). We also tested whether the BDNF-induced priming effect was altered by the 6-OHDA 341 

lesion in female mice. The effect of PGE2 was strongly attenuated in female mice with the 6-OHDA 342 

lesion at 24 hrs (*p<0.05, Veh vs 6-OHDA) (Figure 1D). As we have previously shown, i.t. injection of 0.1 343 

ng of human recombinant BDNF produced mechanical hypesensitivity that lasts for at least 48 hrs 344 

(3,24 and 48hrs: ***p<0.001, Veh vs BDNF) (Figure 1E).  345 
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Our previous work indicates that stimulation of spinal D1LRs in mice previously exposed to 346 

inflammatory mediators is sufficient to reveal a primed state (Kim et al., 2015b). We observed that a 347 

spinal injection of the D1LR agonist SKF82958 precipitated mechanical hypersensitivity in male mice 348 

lasting for 24 hrs in BDNF-primed animals whereas naïve animals were completely unaffected (3 hrs: 349 

*p<0.05, Veh vs BDNF; 24hrs: *p<0.05, Veh vs BDNF) (Figure 1F). We observed a similar effect in female 350 

mice where SKF82958 produced a robust mechanical hyperalgesia at 3 hrs ( *p<0.05, Veh vs BDNF) 351 

but the effect did not persist to 24 hrs in female mice (p = 0.16, Veh vs BDNF) (Figure 1F). Similarly, i.t. 352 

injection of SCH23390 (3.3 μg), a D1LR antagonist was able to block PGE2-induced hyperalgesia in 353 

BDNF primed male mice at 3 hrs (*p<0.05, Veh vs SCH23390) (Figure 1G). Likewise, i.t. injection of 354 

SCH23390 at a dose of 3.3 g (1hr: *p<0.05, 3hrs: *p<0.05, Veh vs SCH23390) or 5 μg (1hr: *p<0.05, 3hrs: 355 

*p<0.05, Veh vs SCH23390) transiently attenuated neuropathic allodynia compared to vehicle-356 

treated animals (Figure 1H). These findings further substantiate a role for D1LRs in hyperalgesic priming 357 

in male and female mice and implicate this system in neuropathic pain in the SNI model. We 358 

confirmed a reduction of TH-immunoreactive A11 neurons 7 days after the spinally applied DA toxin, 359 

while no loss of noradrenergic neurons was observed in the locus coereleus (LC) indicating a 360 

selective depletion of DA neurons (Figure 1I).  361 

We then sought to assess the localization of dopamine transporter (DAT) mRNA expression and 362 

the effect of i.t. 6-OHDA lesions on this DAT mRNA expression. We observed strong DAT mRNA staining 363 

in the substantia nigra as a positive control (Figure 2A) and a reduction of DAT mRNA in the spinal 364 

cord of 6-OHDA-treated mice (Figure 2B). Interestingly, DAT mRNA was expressed in the superficial 365 

dorsal horn where it colocalized specifically with a neuronal marker NeuN (Figure 2C).  Also we 366 

observed, in parasagittal sections of the spinal cord, a very similar pattern of expression between  367 

DAT-cre /ROSA-LSL-tdTomato and DAT mRNA. In both cases these neurons are found at the edge of 368 

the dorsal horn suggesting the existence of cell-bodies in outer lamina with axons that run on the 369 

rostro-caudal axis as seen with tomato labelling (Figure 2D). Finally, as previously described (Koblinger 370 

et al., 2014), A11 DA neurons show little signs of DAT mRNA but are highly immunoreactive for TH 371 
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(Figure 2E). Therefore, i.t. injection of 6-OHDA eliminates A11 DA neurons (Kim et al., 2015) although 372 

we do not observe signs of DAT mRNA expression in these neurons or their cell bodies in the adult 373 

mouse. We also observe a population of DAT-positive neurons in the dorsal horn that are eliminated 374 

by the i.t. 6-OHDA lesion. 375 

 376 

DRD5KO mice exhibit thermal hypoalgesia as well as an attenuation of formalin-induced nocifensive 377 

behavior in a sex-dependent manner  378 

We next sought to clarify whether D1 or D5 receptors contribute to hyperalgesic priming. D5Rs 379 

are strongly expressed in the dorsal horn of the spinal cord suggesting that they may play a key role 380 

in pain but this question cannot be addressed with pharmacological tools and mouse genetic tools 381 

have not yet been used to address this question. Previous findings have demonstrated that spinal DA 382 

receptors can modulate nocifensive behavior in a sex-dependent manner (Liu et al., 2016) but the 383 

receptors involved in this are also unknown. We therefore sought to thoroughly phenotype DRD5KO 384 

mice in a battery of pain tests.  385 

To test whether male and female DRD5KO mice might respond differently to an acute 386 

inflammatory insult, we injected 1% formalin into the hindpaw and recorded the number of flinches 387 

and licking behavior over 1 hr in males (Figure 3 A-D) and females (Figure 3 E-H). We observed no 388 

differences in phase I of the formalin test in males (Figure 3C) or females (Figure 3G). While 389 

nocifensive behavior was significantly attenuated during the second phase in males (Phase II, 390 

*p<0.05, WT vs DRD5KO) (Figure 3D), this effect was not observed in females (Phase II, p = 0.30, WT vs 391 

DRD5KO) (Figure 3H). We then measured heat sensitivity using the Hargreaves and tail flick tests to 392 

assess whether lack of D5R expression could affect thermal sensitivity. The Hargreaves test revealed a 393 

clear increase in the paw-withdrawal latencies in males DRD5KO mice compared to their WT 394 

littermates (**p<0.001, WT vs DRD5KO) (Figure 4A). Conversely, no differences were observed 395 

between female DRD5KOs and their WT control groups (p=0.14, WT vs DRD5KO) (Figure 4B). In the tail 396 

flick test we observed that male DRD5KOs have longer withdrawal latencies than WT mice 397 
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(**p<0.001, WT vs DRD5KO) (Figure 4C). Again, no differences were observed between females 398 

DRD5KO compared to their WT littermates (p=0.11, WT vs DRD5KO) (Figure 4D). Finally, we tested 399 

whether these differences in nociceptive reflexes could be due to motor dysfunction. We found that 400 

DRD5KO male (p > 0.60, WT vs DRD5KO post hoc analysis at any given time point) (Figure 4E) and 401 

female (p > 0.60, WT vs DRD5KO post hoc analysis at any given time point) (Figure 4F) mice showed 402 

no differences in the Rota Rod test compared to WT controls. 403 

 404 

Sexual dimorphic contribution of D5Rs to carrageenan and IL-6-induced hyperalgesic priming 405 

We have previously shown that DA, through its action on D1LRs, is a critical factor mediating 406 

the central plasticity that controls IL-6 and carrageenan-induced hyperalgesic priming (Kim et al., 407 

2015b). We hypothesized that D5Rs may be the crucial receptor subtype for this effect. Because we 408 

observed a sexual dimorphism in the formalin test and in thermal sensitivity in DRD5KO mice we first 409 

assessed this hypothesis in male mice. We injected IL-6 (0.1 ng) into the left hind paw of male 410 

DRD5KO mice and recorded mechanical sensitivity in the acute phase as well as following PGE2 (100 411 

ng) treatment. Our results show that IL-6 induces a robust mechanical allodynia in male DRD5KO 412 

mice as well as in WTs (p > 0.90, post hoc analysis WT vs DRD5KO for any given time point) (Figure 5A). 413 

However, PGE2-induced priming is attenuated in DRD5KO mice at 3 (*p<0.05, WT vs DRD5KO) but not 414 

at 24 hrs (p=0.058, WT vs DRD5KO) compared to WT mice (Figure 5B). Those findings are in agreement 415 

with previous data showing that blocking D1LRs does not affect acute mechanical hypersensitivity in 416 

response to IL-6 but attenuates the response to PGE2 in the priming phase (Kim et al., 2015b). The lack 417 

of D5Rs significantly attenuated the development of an affective pain state in male DRD5KO mice at 418 

3 hrs (*p<0.05, WT vs DRD5KO) after IL-6 as well as 24 hrs after PGE2 (*p<0.05, WT vs DRD5KO) (Figure 419 

5C and D) corroborating an important role of D5Rs in hyperalgesic priming induced by IL-6 injeciton.  420 

We then assessed hyperalgesic priming induced by carrageenan, which is a polysaccharide 421 

that binds to TLR4, activating Bcl10 and the NF-κB pathway (Bhattacharyya et al., 2011). 422 

Carrageenan i.pl. injection (1%) induced a robust mechanical hypersensitivity in WT male mice while 423 
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this response was blunted in DRD5KO mice at 24 (**p<0.01, WT vs DRD5KO) and 48 hrs (*p<0.05, WT vs 424 

DRD5KO) (Figure 5E).  We did not observe a significant change in the mechanical threshold in 425 

DRD5KO mice compared to baseline (p = 0.085, BL vs 3 hrs) (Figure 5E). PGE2 injection in primed mice 426 

revealed a significant decrease in priming in male DRD5KO mice at 3 (**p<0.01, WT vs D5KO) and 24 427 

hrs (*p<0.05, WT vs D5KO) after injection compared to WT mice (Figure 5F). Consistent with formalin 428 

and thermal sensitivity sexual dimorphisms, no differences were observed in response to carrageenan 429 

in female DRD5KO mice (p = 0.16, WT vs D5KO) (Figure 5G).  Although, a significant difference was 430 

observed at day 9 after carrageenan between WT and DRD5KO female mice (D9 point in Fig 5H: * 431 

p<0.05, WT vs DRD5KO), the amplitude of the hyperalgesic priming, as measured by subsequent PGE2 432 

injection, was identical in female DRD5KO and WT mice at 3 (WT: BL vs 3 hrs: ***P<0.001; DRD5KO: BL 433 

vs 3 hrs: ****P<0.0001) and 24 hrs (WT: BL vs 24 hrs: ****P<0.0001; DRD5KO: BL vs 24 hrs: ****P<0.0001) 434 

(Figure 5H). Then, to test whether thermal sensitivity after carrageenan could also be affected in the 435 

DRD5KOs we measured paw-withdrawal latencies using the Hargreaves test. We observed that 436 

carrageenan produced a robust hypersensitivity in WT and DRD5KO male mice (#p<0.05 WT: BL vs 3 437 

and 24 hrs; #p<0.05 DRD5KO: BL vs 3 and 24 hrs). However, male DRD5KO mice exhibited a reduced 438 

thermal sensitivity compared to their WT littermates at baseline (*p<0.05, WT vs DRD5KO) and again at 439 

48 hrs (*p<0.05, WT vs DRD5KO) after carrageenan (Figure 5I). We did not observe a clear thermal 440 

hyperalgesia in response to PGE2 injection on day 9 after carrageenan injection. In an identical 441 

experiment in female DRD5KO and the WT mice, we did not see any significant differences at any 442 

time points (Figure 5K) (p = 0.26, WT vs DRD5KO) but thermal hypersensitivity to carrageenan injection 443 

was present at 3 and 24 hrs after injection in both genotypes.  444 

Because we observed decreased mechanical hypersensitivity and a more rapid resolution of thermal 445 

hypersensitivity in DRD5KO male mice we assessed the degree of carrageenan-induced 446 

inflammation in these mice. Oedema measurements revealed no gross differences between male 447 

DRD5KO and WT mice at 3 and 24 hrs after carrageenan injection (p = 0.082, WT vs DRD5KO) (Figure 448 

5J) while the size of oedema was significantly greater in DRD5KO female mice compared to WT at 449 
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the 24 hr time point after injection (* p < 0.05, WT vs DRD5KO) (Figure 5L). Since, increased blood flow 450 

in inflammation also changes the temperature of the tissue, we tested whether carrageenan-451 

induced increases in paw temperature could be attenuated in the DRD5KO mice. Using a hand-held 452 

FLIR thermal camera (Figure 5M) we found that carrageenan injection significantly increased the 453 

average temperature of the ipsilateral paw (Paired T-test, Ipsi vs Contra at 3hrs: *p <0.05) (Figure 5N) 454 

as has been previously described (Sanchez et al., 2008). However, no noticeable differences were 455 

observed between male WT or DRD5KO mice at either 3 or 24 hrs after carrageenan injection (at 456 

3hrs: p>0.99; at 24hrs: p = 0.78) (Figure 5O).  457 

 458 

BDNF-induced pain and hyperalgesic priming is regulated by D5Rs in male mice and D1Rs in female 459 

mice. 460 

We then tested whether or not D5Rs play a role in the pain response to BDNF and/or BDNF-461 

induced priming. To do so, we gave i.t. injections of BDNF and evaluated mechanical sensitivity as 462 

well as MGS scores. BDNF induced substantially less mechanical hypersensitivity in male DRD5KOs at 3 463 

(*p<0.05, WT vs D5KO), 48 (*p<0.05, WT vs D5KO) and 72 hrs (***p<0.001, WT vs D5KO) compared to 464 

their WT littermates (Figure 6A). There was also a reduction in the response to PGE2 in BDNF primed 465 

DRD5KO male mice at 24 hrs (*p<0.05, WT vs D5KO) (Figure 6B). In females, there was no significant 466 

difference between DRD5KOs and their WT littermates at any time points (p>0.90, WT vs DRD5KO) 467 

(Figure 6C) and, again, no difference was seen in female mice when priming was assessed with PGE2 468 

injection (Figure 6D). In addition to the differences in mechanical hypersensitivity, BDNF-induced 469 

grimacing was attenuated at 3 hrs in male DRD5KO mice (*p<0.05, WT vs DRD5KO) (Figure 6E) and a 470 

similar effect was observed after PGE2 injection with a significant attenuation of MGS scores at 3 hrs 471 

compared to WT mice (*p<0.05, WT vs DRD5KO) (Figure 6F). We did not examine MGS scores in 472 

females since no differences were observed in mechanical hypersensitivity in response to BDNF in 473 

female DRD5KO mice. 474 
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Since, no selective D1R or D5R agonist are available, we took advantage of the DRD5KO mice 475 

to test whether stimulation of D1Rs is sufficient to reveal the presence of priming in mice previously 476 

exposed to IL-6, which produces equal acute mechanical sensitivity in WT and DRD5KO mice. When 477 

we spinally injected SKF82958, a D1LR agonist, in male DRD5KO and WT mice that had been 478 

previously treated with IL-6, we observed a significant reduction of D1LR-induced mechanical 479 

sensitivity at 3 (*p<0.05, WT vs D5KO) but not 24 hrs (p = 0.14, WT vs D5KO) (Figure 6G). D1LR agonist-480 

induced affective pain behavior was significantly blunted in male DRD5KO mice at 24 hrs (*p<0.05, 481 

WT vs D5KO) (Figure 6H). These findings strongly suggest a preferential role of D5Rs over D1Rs in 482 

neuroplasticity mechanisms underlying hyperalgesic priming in male mice. However, our present 483 

findings clearly demonstrate a sexual dimorphic role of spinal DA receptors wherein D5Rs have no 484 

apparent effect in female mice. Our previous study showed that spinal injection of a D1LR 485 

antagonist, SCH23390, reversed hyperalgesic priming in male and female WT mice (Kim et al., 2015b). 486 

We hypothesized that female mice may rely more on spinal D1Rs instead of D5Rs in hyperalgesic 487 

priming. To test this, we gave carrageenan-primed female DRD5KO mice (Figure 6I) i.t. injections of 488 

SCH23390, a D1LR antagonist or vehicle. The D1LR antagonist blocked PGE2 induced mechanical 489 

hypersensitivity in primed, female DRD5KO mice at 3 (*p<0.05, WT vs D5KO) but not at 24 hrs (p=0.063, 490 

WT vs D5KO) (Figure 6J) suggesting that D1Rs contribute to hyperalgesic priming in female mice. 491 

 492 

D1R and D5R mRNAs are highly expressed in lumbar DRGs as well as in lamina III of the spinal cord  493 

D1Rs are among the most abundant receptors expressed in the brain, especially in the basal 494 

ganglia, the amygdala and layer 6 of the cortex (Weiner et al., 1991). On the other hand, D5Rs are 495 

restricted to specific subregions such as CA1of the hippocampus and some nuclei in the 496 

hypothalamus (gensat.org).  Since, D1R and  D5R mRNAs share > 80% sequence homology within 497 

their highly conserved seven transmembrane spanning domains and display 50% overall homology at 498 

the amino acid level (Sidhu, 1998) we tested whether the in situ probes we used were able to 499 

selectively recognize either subtype of receptor mRNA without cross-reactivity. We found high levels 500 
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of D1R mRNA expression in the caudate while D5R mRNA was expressed at a significantly lower level 501 

(Caudate: *p<0.05 D1R vs D5R) (Figure 7A and B). Conversely, D5R mRNA was highly enriched in CA1 502 

hippocampus as shown previously (Sari ana and Tonegawa, 2016) while D1R mRNA was not 503 

detected (CA1: **p<0.01, D1R vs D5R) (Figure 7A and B). We then sought to investigate whether there 504 

was a difference in the level of expression of D1R and D5R between males and females and where 505 

these receptor mRNAs were expressed in the adult dorsal horn of the spinal cord. Corrected total cell 506 

fluorescence (CTCF) was used to quantify the intensity of the signal (McCloy et al., 2014). We found 507 

that the level of D1R (D1R: *p<0.05, males vs females) and D5R (D5R: *p<0.05, males vs females) 508 

mRNA was significantly higher in male mice compared to females (Figure 7C and D). We then tested 509 

whether D1R and D5R mRNAs could be differentially expressed in specific lamina of the spinal cord. 510 

Our findings indicate that in males and females, D1R and D5R mRNA is primarily enriched in lamina III 511 

of the spinal cord (Figure 7E), a region that is populated by a large number of GABAergic 512 

interneurons.  513 

Given that we observed some differences in acute pain sensitivity in male DRD5KO mice we 514 

also assessed D1R and D5R mRNA expression in the DRG. Both D1R and D5R mRNAs were found in 515 

DRG neurons (Figure 8A). Interestingly, the overall expression level for D5R was reduced in female 516 

compared to male mice (D5R: **p<0.01, males vs females) whereas D1R mRNA expression was equal 517 

between sexes (D1R: p = 0.82, males vs females) (Figure 8B). In male and female mice D1R and D5R 518 

mRNA expression was mostly found in small diameter neurons with some enrichment seen in IB4-519 

positive neurons suggesting a high level of expression in non-peptidergic C-fibers (Figure 8C). The 520 

decreased expression of D5R mRNA found in female mice was largely accounted for by decreased 521 

expression in small diameter, IB4-negative nociceptors that are mostly of the peptidergic class (Figure 522 

8D). This finding is consistent with the observed difference in baseline heat sensitivity between male 523 

and female DRD5KO mice being explained by differences in expression in the peptidergic population 524 

(Mogil et al., 2005).  525 
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 526 

D1RLR agonist induces c-fos expression in GABAergic neurons located in lamina III of the spinal cord 527 

of BDN primed mice. 528 

Our previous findings show that while GABA-AR agonists and positive allosteric modulators 529 

reduce mechanical hypersensitivity to an acute injury, they fail to do so in animals with BDNF-induced 530 

hyperalgesic priming. In contrast, GABA-AR antagonism promotes antinociception and a reduction 531 

in facial grimacing in primed mice (Kim et al., 2016). We used c-fos expression as an indirect marker 532 

of neuronal activity to identify whether a specific subset of dorsal horn neurons could be activated 533 

following D1LR agonist treatment in primed mice. We observed a significant increase of c-fos positive 534 

neurons in lamina III and IV in male BDNF-primed mice treated with a D1LR agonist (***p<0.001, BDNF 535 

vs Veh) (Figure 9A and B) but there were no changes in other areas of the spinal cord.  Laminae I-III 536 

of the spinal dorsal horn contain many inhibitory interneurons that use GABA and/or glycine as a 537 

neurotransmitter. Quantitative studies in the rat have shown that inhibitory interneurons account for 538 

25-40% of all neurons in this region (Todd, 2010). The lamina III and IV induction of c-fos by the D1LR 539 

agonist in BDNF primed mice is consistent with our observation of strong D1R and D5R mRNA 540 

expression in this lamina of the dorsal horn. To test whether D1LR agonist-induced mechanical 541 

hypersensitivity in primed mice could be dependent on the GABAergic system, we first spinally 542 

injected the GABA-AR antagonist gabazine in naïve animals and observed a strong mechanical 543 

hypersensitivity at 3 hrs (**p<0.01, Veh vs gabazine) (Figure 9C). In contrast, we observed that an 544 

acute i.t. injection of gabazine, was able to block D1LR agonist-induced mechanical hypersensitivity 545 

at 3 hrs (***p<0.001, Veh vs gabazine) in BDNF primed mice (Figure 9D). This suggests that DA and 546 

GABAergic function are linked in the production of mechanical hypersensitivity specifically in primed 547 

mice. Inhibitory interneurons are found throughout the dorsal horn but are enriched in specific lamina 548 

such as lamina II and III where they co-express an increasing well understood number of marker 549 

peptides or calcium-binding proteins (Peirs and Seal, 2016). Somatostatin is a neuropeptide in 550 
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inhibitory interneurons from lamina I to lamina III  (Polg r et al., 2013), calretinin is calcium-binding 551 

protein that is mainly expressed in lamina II interneurons (Peirs et al., 2015) and PAX2 is a transcription 552 

factor expressed exclusively by GABAergic interneurons (Larsson, 2017). We used all of these markers, 553 

along with TRPV1 as a marker of peptidergic afferent endings, to gain insight into the dorsal horn 554 

neurons that express c-fos in primed animals stimulated with a D1LR agonist. Our findings show that 555 

45% of the c-fos positive neurons are located in lamina innervated by TRPV1 afferents (Figure 9E) 556 

indicating that a significant proportion of c-fos positive neurons receive inputs from peptidergic 557 

neurons. 22% of the c-fos positive neurons express calretinin in lamina II (Figure 9F), 27% express 558 

somatostatin (Figure 9G) and 30% express PAX2 in lamina II-III (Figure 9H). These findings indicate that 559 

many of the c-fos positive neurons stimulated in primed animals are likely GABAergic neurons but a 560 

substantial portion cannot be clearly identified by these established markers. 561 

  562 
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DISCUSSION 563 

 Our work supports the following primary conclusions: (1) spinal DA projections play a critical 564 

role in BDNF-induced and other forms of hyperalgesic priming in male and female mice; (2) male but 565 

not female DRD5KO mice display decreased basal heat sensitivity and decreased responsiveness to 566 

irritant injection but have normal mechanical sensitivity; (3) spinal D5Rs play a key role in IL-6, BDNF 567 

and carrageenan-induced hyperalgesic priming in male but not female mice; (4) D5R mRNA 568 

expression is higher in male than female mice in the spinal cord and DRG and is enriched in lamina III 569 

and IV neurons of the spinal cord; (5) analysis of neurons activated by D1LRs in primed mice suggests 570 

engagement of a deep dorsal horn neuron circuit that includes GABAergic neurons.  Collectively, our 571 

experiments further substantiate DA as a key regulator of spinal nociceptive plasticity, especially as 572 

pain becomes chronic, and indicate a novel role for D5Rs in pain with a surprisingly profound sexual 573 

dimorphism in mice. 574 

 The diencephalic A11 system provides the only known DA innervation of the spinal cord and 575 

has been implicated in pain modulation (Charbit et al., 2009; Kim et al., 2015b), spinal locomotor 576 

networks (Sharples et al., 2014), and restless legs syndrome (Clemens et al., 2006). Two recent studies 577 

have shed light on the diversity of neurons in the hypothalamus that project to the spinal cord, albeit 578 

the studies were performed in different species. A study in rat described three type of hypothalamo-579 

spinal neurons each having a specific neurochemical profile which may suggest distinct functional 580 

roles in different sensory or motor modalities (Ozawa et al., 2017). As an example of this, a recent 581 

study in zebrafish identified the posterior tubercular DA system as an evolutionarily ancient, sensory-582 

driven system in which anatomically and neurochemically distinct subpopulations are organized 583 

according to sensory stimuli modalities, and specific subgroups of these DA neurons regulate their 584 

activity levels according to sensory stimulus intensities (Reinig et al., 2017). Another interesting feature 585 

of A11 DA neurons is that previous investigations have not detected DAT or aromatic amino acid 586 

decarboxylase (AADC) mRNAs in A11 (Koblinger et al., 2014) suggesting that A11 DA neurons may 587 

actually release L-Dopa rather than DA (Barraud et al., 2010). However, our current data, our 588 
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previous findings (Kim et al., 2015b) and the work of other groups demonstrate that i.t. 6-OHDA lesions 589 

A11 neurons and decreases DA levels in the spinal cord (Zhao et al., 2007). We observed DAT mRNA 590 

in the spinal cord. Some of this mRNA is likely contributed by a population of intrinsic dorsal horn 591 

neurons that express DAT but some may also be contributed by DAT mRNA found in the terminals of 592 

projection neurons from the A11. This possibility could explain the lesion of these neurons by spinal 6-593 

OHDA.  594 

The above mentioned issues about the neurochemical phenotype of A11 neurons that project 595 

to the spinal cord aside, our findings show that a spinally directed DA lesion reverses the presence of 596 

hyperalgesic priming across a broad variety of priming stimuli (Kim et al., 2015b) in male and female 597 

mice and blockade of D1LRs leads to transient inhibition of neuropathic allodynia in the SNI model of 598 

neuropathic pain. This latter effect is consistent with previous findings showing that an inhibition of 599 

A11 neurons using a local infusion of a D2LR agonist completely blocked mechanical hypersensitivity 600 

in the rat spinal nerve ligation model (Wei et al., 2009). It is also aligned with other studies showing a 601 

strong A11 projection to the medullary dorsal horn (MDH) (Abdallah et al., 2013) wherein inactivation 602 

of A11 neurons  using local infusion of a GABA-AR agonist or lesioning A11 neurons inhibits trigeminal 603 

pain behavior (Abdallah et al., 2015). While our data, as well as these previous studies, provides 604 

strong support for A11 DA neurons in a pro-nociceptive role in pain modulation, our work also raises 605 

the possibility that an intrinsic population of neurons that express DAT mRNA may play a previously 606 

unrecognized role in spinal nociceptive circuitry. It will be interesting to utilize modern genetic tools to 607 

study both of these populations of neurons. 608 

A primary goal of the experiments described here was to test the hypothesis that D5Rs play a 609 

critical role in pain modulation. Our previous findings indicate a critical function for D1LR receptors in 610 

plasticity underlying hyperalgesic priming (Kim et al., 2015b) and it is well known that DA plays a key 611 

role in modulation of synaptic plasticity throughout the CNS, primarily through a postsynaptic action 612 

on D1LR receptors (Hansen and Manahan-Vaughan, 2014). However, few studies have attempted to 613 

delineate between the contributions of D1Rs and D5Rs to these effects and no studies in the pain 614 
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field have done this. In testing our primary hypothesis we found a strong role for D5Rs in pain 615 

modulation in the spinal cord and DRG with a surprisingly profound sex difference. For instance, we 616 

found that male, but not female, DRD5KO mice show decreased noxious heat sensitivity. Previous 617 

studies show that D1R and D5R are both expressed in peripheral nociceptors (Xie et al., 1998) as well 618 

as in the dorsal horn of the spinal cord (Zhu et al., 2007). Indeed, it has been shown that activation of 619 

D1LRs leads to trans-activation of TRPV1 (Lee et al., 2015) while another study demonstrated 620 

sensitization of TRPV1 (Chakraborty et al., 2016). Given our current findings, it is highly likely that this 621 

effect is actually mediated by the D5R and likely occurs specifically in males. This is consistent with our 622 

observation that D5R mRNA is more highly expressed in peptidergic neurons in males than females 623 

since these neurons are known to mediate heat sensitivity in mice. Interestingly, mice deficient for the 624 

D3R, a G i coupled-receptor, exhibit thermal hypersensitivity (Keeler et al., 2012) in a sex-dependent 625 

manner (Liu et al., 2016) suggesting that DA plays a critical role in setting noxious heat sensitivity.  626 

We also found a sexually dimorphic effect of D5Rs in the spinal cord. We observed deficits in 627 

hyperalgesic priming specifically in male DRD5KO mice and an increased level of D5R expression in 628 

male vs. female mice. A very recent study also observed a sexual dimorphism in D1R and D2R 629 

expression in the frontal cortex of young rats (Orendain-Jaime et al., 2016) suggesting that sex 630 

differences in the DA receptor system may be found throughout the CNS. Although there is a sexual 631 

dimorphism in the role of the D5R in our observations, we emphasize that D1Rs appear to fulfil the role 632 

that D5Rs assume in male mice when similar experiments are conducted in female mice. Therefore, 633 

the spinal DA system plays a critical role in pain modulation in both sexes but the receptor 634 

dependence of this effect varies by sex of the mouse. It remains to be seen if this effect is conserved 635 

in other species.  636 

The current study shows that primed animals exhibit a specific pattern of c-fos expression when 637 

treated with a D1LR agonist and many of these neurons are found in the deep dorsal horn (lamina III-638 

IV). This overlaps with the mRNA expression pattern for D1R and D5R and suggests that many of those 639 

c-fos positive neurons might express one or both of those receptors. Technical limitations of the in situ 640 
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hybridization approach prohibited us from examining overlap of the mRNAs for these receptors with 641 

c-fos staining. Nevertheless, we show that c-fos positive neurons co-express a variety of marker 642 

including the calcium binding protein, calretinin, which is expressed by excitatory or inhibitory 643 

interneurons (Smith et al., 2016) and 30% of the c-fos positive neurons co-express PAX2, a transcription 644 

factor known to be expressed exclusively in GABAergic interneurons in the murine spinal cord 645 

(Larsson, 2017). Hence, our findings point to an important modulation of deep dorsal horn GABAergic 646 

interneurons by DA in primed mice. This conclusion is supported by our behavioral observation that 647 

spinal GABA-AR antagonism in primed animals induced anti-nociception, at a dose that is pro-648 

nociceptive in non-primed animals.  649 

How might DA neurons be linked to GABAergic neurons in the deep dorsal horn? Neuroligin 2 is 650 

a synaptic adhesion molecule thought to be exclusively expressed within inhibitory synapses 651 

(Varoqueaux, 2004). However, recent findings reported that dopamine synapses are 652 

neurochemically mismatched contacts containing neuroligin 2 formed between dopaminergic 653 

presynaptic and GABAergic postsynaptic neurons (Uchigashima et al., 2016).  Interestingly, neuroligin 654 

2 expressed at the GABAergic post-synaptic structure controls striatal synapse formation by giving 655 

competitive advantage to heterologous dopamine synapses over conventional GABAergic 656 

synapses. We previously showed hyperalgesic priming drives an increase in neuroligin 2 expression in 657 

the spinal cord and that the behavioral maintenance of hyperalgesic priming can be completely 658 

reversed by an intrathecal injection of a neuroligin-2 inhibitory peptide (Kim et al., 2016). We 659 

therefore speculate that the increase in neuroligin 2 expression in the spinal cord that is linked to 660 

chronic pain may drive the formation of neurochemically mismatched synapses that create a 661 

pathological link between two neurotransmitter systems in the deep dorsal horn.  662 

  663 
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FIGURE LEGENDS 664 
 665 
FIGURE 1 666 

Spinal DA projections control BDNF-induced hyperalgesic priming and contribute to neuropathic 667 

pain. A) Timeline diagram showing 6-OHDA injection in primed mice. B) Subsequent i.pl. injection of 668 

PGE2 in mice that were previously treated with BDNF caused mechanical hypersensitivity that lasted 669 

for 24 hrs while DA lesion 7 days after BDNF injection attenuated hyperalgesic priming. N = 6 - 8 mice 670 

per group C) DA lesion also attenuated PGE2-induced increase in MGS scores in BDNF-primed mice. 671 

N = 6 - 8 mice per group. D) DA lesion also attenuated PGE2-induced allodynia in females BDNF-672 

primed mice N = 6 - 7 mice per group. E) I.t. injection of BDNF produces mechanical hypersensitivity 673 

that lasted for at least 48 hrs. N= 5-6 mice per group F) At day 7, after complete recovery, spinal 674 

injection of the D1/D5 agonist in males and females, SKF82958, only reveals priming in animals 675 

previously treated with BDNF. N= 5-7 mice per group G) I.t. injection of the D1/D5 antagonist, 676 

SCH23390, at the time of PGE2 blocks mechanical hypersensitivity in BDNF primed mice. N = 5- 6 mice 677 

per group. H) Intrathecal injection of the D1/D5 antagonist transiently attenuates neuropathic 678 

mechanical allodynia at 1 and 3 hrs post i.t. injection. N = 5- 6 mice per group. I) I.t. injection of 6-679 

OHDA reduces A11 hypothalamic DA neurons (6-OHDA + desipramine) without disrupting 680 

noradrenergic neurons in the locus coeruleus. Images are representative of N = 3 mice per group. * p 681 

< 0.05, **p<0.01,***p<0.001, ****p<0.0001; two-way ANOVA with Bonferroni post hoc test comparing 682 

WT vs DRD5KO. #p < 0.05, two-way ANOVA with Bonferroni post hoc test compared to baseline.  683 

 684 

FIGURE 2 685 

Spinal DA lesion reduces the number of TH-immunoreactive neurons in A11 and spinal cord DAT 686 

expression. A) DAT in situ hybridization probe shows a specific signal in the substantia nigra while the 687 

negative control probe shows no signal. B) Parasagittal sections of the spinal cord show DAT mRNA 688 

expression in the dorsal horn. Red punctate are visible throughout the rostro-caudal axis while spinal 689 

DA lesion drastically decreases the level of DAT mRNA expression. N = 3 per group C) Coronal section 690 
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of the spinal cord showing DAT mRNA expression in the dorsal horn mainly localized in superficial 691 

laminae and overlapped with a neuronal marker (NeuN). N= 3 per group. D) Illustration of the DAT 692 

expression pattern in a DAT-IRES cre/ROSA-LSL-tdTomato animal as well as DAT mRNA expression using 693 

RNAscope E) Representative coronal section of the brain showing high level of TH immunoreactivity in 694 

the A11 nucleus while DAT mRNA signal is not readily detected in this region. Mice in these 695 

experiments were female and male. 696 

 697 

FIGURE 3 698 

Formalin-induced nocifensive behavior is attenuated in males DRD5KO mice. A and B) Formalin-699 

induced flinching and licking behavior is reduced in DRD5KO male mice. C and D) The second phase 700 

of the formalin test is significantly blunted in male DRD5KO compared to their WT  littermates. N = 6 701 

mice per group. E and F) DRD5KO does not affect formalin-induced flinching or licking behavior in 702 

female mice. G and H) No significant differences were observed in the formalin test phases in female 703 

WT and DRD5KO mice. N = 6 mice per group. * p < 0.05; two-way ANOVA with Bonferroni post hoc 704 

test. 705 

 706 

FIGURE 4 707 

Male DRD5KO mice exhibit thermal hypoalgesia. A) Thermal sensitivity is significantly impaired in male 708 

DRD5KO compared to WT mice in the Hargreaves test. N = 6-8 mice per group B) Baseline thermal 709 

sensitivity is similar between female DRD5KO and WT mice in the Hargreaves test. N = 5-7 mice per 710 

group. C) Male DRD5KO show an increase tail-withdrawal latency compared to WT mice in the tail 711 

flick test at 49 oC. N = 6 mice per group D) No differences were observed in thermal sensitivity 712 

between female DRD5KO and WT. N = 6 mice per group E,F) Motor skill learning and motor 713 

coordination are not impaired in male or female DRD5KO mice. N = 6-8 mice per group.  * p < 0.05; 714 

two-way ANOVA with Bonferroni post hoc test. 715 

 716 
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FIGURE 5 717 

Carrageenan- and IL-6-induced hyperalgesic priming is reduced in male but not female DRD5KO 718 

mice. A) IL-6 injection induces mechanical hypersensitivity in male WT and DRD5KO mice that lasts for 719 

at least 48 hours.  N = 6 mice per group B) Subsequent injection of PGE2 reveals hyperalgesic priming 720 

in male WT mice less in DRD5KO mice. N = 6 mice per group. C) Similarly, IL6 failed to induce an 721 

increase in the mouse grimace scores in DRD5KO mice at 3 hrs. N = 6 mice per group. D) Finally, 722 

DRD5KO mice exhibit a significant reduction in MGS scores compared to WT mice after injection of 723 

PGE2 at 3 and 24 hrs. N = 6 mice per group. E) I.pl. injection of carrageenan (1%) produces a strong 724 

mechanical hypersensitivity in male WT mice that is significantly reduced in DRD5KO mice. F) 725 

Moreover, PGE2-induced mechanical hypersensitivity is observed in primed DRD5KO mice. N = 6 mice 726 

per group. G) I.pl.  injection of carrageenan produces a robust mechanical hypersensitivity in female 727 

WT and DRD5KO mice that lasted for 72 hrs. N = 5-6 mice per group. H) Injection of PGE2 reveals the 728 

presence of priming in both genotypes. N = 6 mice per group. I) Carrageenan-induced thermal 729 

hypersensitivity is significantly attenuated in male DRD5KO mice at 48 hrs. N = 5-6 mice per group, J) 730 

however, the size of the oedema is comparable between WT and DRD5KO mice. N = 6 mice per 731 

group. K) Carrageenan-induced thermal hypersensitivity is similar between WT and DRD5KO female 732 

mice. N = 6 mice per group, L) yet, a significant increase in the size of the oedema in the female 733 

DRD5KO mice was observed 24 hrs post-treatment. N = 6 mice per group. M) Changes in paw 734 

temperature as a measure of inflammation observed in the left paw injected with carrageenan 735 

compared to the right paw. N) Carrageenan induces a significant increase in temperature of the 736 

ipsilateral compared to the contralateral paw at 3 hrs but not at 24 hrs. N= 12-14 per group. O) No 737 

differences were observed in the temperature of the injected paw between WT and DRD5KO mice 738 

at 3 and 24 hrs. * p < 0.05, **p<0.01; two-way ANOVA with Bonferroni post hoc test comparing WT vs 739 

DRD5KO. #p < 0.05, two-way ANOVA with Bonferroni post hoc test compared to baseline. 740 

 741 

 742 
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FIGURE 6 743 

Spinal D5Rs and D1Rs are predominantly involved in the maintenance of hyperalgesic priming in 744 

males and females respectively. 745 

A) BDNF fails to produce mechanical hypersensitivity in male DRD5KO mice but produces robust 746 

effects in WT mice. N = 6 mice per group B) Subsequent priming revealed by PGE2 is blocked in male 747 

DRD5KO mice at 24 hrs. N = 6 mice per group. C) In female mice, BDNF produces a robust 748 

mechanical hypersensitivity in WT and DRD5KO mice that lasts for at least 72 hrs. D) Again, injection of 749 

PGE2 reveals priming in female DRD5KO and WT mice. N = 5-6 mice per group.  E) In males, the lack 750 

of D5 receptors blocks the development of an affective pain state after an i.t. injection of BDNF.  F) 751 

PGE2-induced grimacing in BDNF primed mice is attenuated in male DRD5KO mice at 3 hrs after 752 

injection. N = 6 mice per group. G) Spinal injection of the D1LR agonist, SKF82958 revealed a smaller 753 

magnitude of hyperalgesic priming induced by an i.pl. injection of IL-6 in DRD5KO mice suggesting 754 

only a small role for D1Rs in priming in males.  N = 6 mice per group. H) Likewise, male DRD5KO mice 755 

primed with IL-6 exhibited an attenuation of an affective pain state after spinal injection of the D1RL 756 

agonist compared to their WT littermates. N = 5-6 mice per group. I) I.pl. injection of carrageenan 1% 757 

produces a strong mechanical hypersensitivity in female DRD5KO and WT mice. J) I.t. injection of a 758 

D1RL antagonist blocks hyperalgesic priming revealed by PGE2 injection in female DRD5KO mice. N = 759 

6 mice per group. *p < 0.05,  *** p < 0.001; two-way ANOVA with Bonferroni post hoc test comparing 760 

WT vs DRD5KO. #p < 0.05, two-way ANOVA with Bonferroni post hoc test compared to baseline. 761 

 762 

FIGURE 7 763 

D1R and D5R mRNAs are highly expressed in the lamina III/IV of the dorsal horn of the spinal cord.  764 

A) Image showing the pattern of D1R and D5R mRNA expression in the brain. B) D1R mRNA expression 765 

is significantly higher in the caudate compared to D5R mRNA while D5R mRNA is predominantly 766 

expressed in CA1 where D1R mRNA is almost completely absent. Images are representative of N=3 767 

mice. C) Images showing the pattern of expression of the D1R and D5R mRNAs in the spinal cord. D) 768 
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CTCF analysis demonstrates a significant higher level of D1R and D5R mRNAs in the spinal cord of 769 

male compared to female mice. E) Moreover, D1R and D5R are highly enriched in the lamina III/IV of 770 

the spinal cord in male and female mice. N=3 mice per group.  * p < 0.05,  ** p < 0.01 T-test with 771 

correction for multiple comparisons. 772 

 773 

FIGURE 8 774 

Differential expression of D5R mRNA in lumbar DRGs of male and female mice. A) Images showing the 775 

expression of D1R and D5R mRNAs in female and male lumbar DRGs. B) Histogram showing the 776 

percentage of DRG neurons that are positive for D1R and D5R mRNA. Images are representative of 777 

N=4-5 mice per group. C) Histogram showing the relative frequency of D5R mRNA-positive neurons as 778 

a function of the diameter of female lumbar DRG neurons. D) Histogram showing the relative 779 

frequency of D5R mRNA-positive neurons as a function of the diameter of neurons in male lumbar 780 

DRGs. N=4-5 mice per group.  * p < 0.05; T-test with correction for multiple comparisons. 781 

 782 

FIGURE 9 783 

D1LR activation promotes hyperalgesic priming via a GABAergic mechanism in the lamina III of the 784 

spinal cord. A) Coronal section of the spinal cord showing an increase of c-fos positive neurons in 785 

lamina III/IV B) Spinal injection of the D1LR agonist, SKF82958 in BDNF-primed mice induces a 786 

significant increase of c-fos positive neurons in the lamina III and IV. N= 3 mice per group. C) I.t. 787 

injection of the GABA-AR antagonist, gabazine, produces a strong mechanical hypersensitivity in 788 

non-primed mice, that lasts for 24 hrs, while the D1LR agonist has no effect. N= 5-6 mice per group. D) 789 

I.t. injection of gabazine in BDNF-primed mice completely reverses D1LR agonist-induced mechanical 790 

hypersensitivity. N=5-6 mice per group. **p < 0.01,  *** p < 0.001; two-way ANOVA with Bonferroni post 791 

hoc test comparing WT vs DRD5KO. #p < 0.05, two-way ANOVA with Bonferroni post hoc test 792 

compared to baseline. E) In BDNF-primed mice, 45% of the c-fos immunoreactive neurons co-localize 793 

with TRPV1 afferent terminal staining in lamina I/II (N = 3/group), F) 20% of the c-fos immunoreactive 794 
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neurons also express calretinin in lamina II (N = 3/group), whereas G) In lamina I through III, 27% of the 795 

c-fos immunoreactive neurons express somatostatin (N = 3/group). H) Finally, in BDNF primed mice, 796 

30% of the c-fos neurons express PAX2, a marker of GABAergic interneurons. * p < 0.05,  ***p<0.001; 797 

two-way ANOVA with Bonferroni post hoc test. 798 

  799 
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Table 1: Experimental drugs used in the study 

Compound Vendor Catalog number Dose 

Rc human Il-6 R&D Systems 26-IL-010 0.1 ng in 25 ul 

Rc human BDNF R&D Systems 248-BD-00S 00.1ng in 5 ul 

Carrageenan Sigma-Aldrich C1013 1%(w/v) 

6-OHDA 
hydrobromide 

Sigma-Aldrich H116 50 ug 

Prostaglandin E2 Cayman Chemicals 14010 100 ng in 25 ul 

SKF83958 Sigma-Aldrich C130 4.1 ug 

SCH23390 Tocris Bioscience 
 

025 3.3 ug 

Gabazine Tocris Bioscience 
 

1262 150 ug 



 

 1 

Table 2: Antibodies used in the study  
 

Antibody Vendor Catalog number Dilution 
Anti-TH  Millipore AB152 1:5000 

Anti DBH Millipore AB1585 1:5000 

Anti-cfos Calbiochem PC38 1:500 

Anti-Calretinin Swant 6B3 1:500 

Anti-Somatostatin Millipore MAB354 1:500 

Anti-TRPV1 Neuromics GP14100 1:400 

Anti-PAX2 R&D Systems AF3364 1:200 

Isolectin B4 Invitrogen 121411 1:300 
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Table 3: Two-way ANOVA 
 

  Source of Variation 
Genotype/Treatment 

Time Interaction 

Figure Panel dfn,dfd F p dfn,dfd F p dfn,dfd F p 
1  

 
B 

 
1,24 

 
 

15.8 
 

0.0007 
 
2,24 

 
 

11.92 
 

0.0003 
 

2,24 
 

2.86 
 

0.076 

 C 1,24 10.74 0.0032 2,24 9.75 0.0008 2,24 2.7611 0.083 
 D 2,48 12.49 <0.0001 2,48 4.362 0.0182 4,48 1.603 0.1899 
 E 1,32 81.59 <0.0001 3,32 7.40 0.0007 3,32 12.88 <0.0001 
 F 1,24 6.245 0.0197 2,24 1.74 0.1959 2,24 3.578 0.0436 
 G 1,33 10.26 0.0030 2,33 22.72 <0.0001 2,33 3.11 0.057 
 H 

 
2,52 

 
5.84 

 
0.0051 

 
3,52 

 
5.75 

 
0.0018 

 
6,52 

 
1.686 

 
0.152 

 
3 A 1,121 12.37 0.0006 10,121 16.67 <0.001 10,121 3.45 0.005 
 B 1,121 11.4 0.0010 10,121 19.78 <0.0001 10,121 1.76 0.074 
 E 1,110 9.58 0.025 10,110 19.78 <0.0001 10,110 0.61 0.796 
 F 1,110 0.154 0.695 10,110 12.41 <0.0001 10,110 0.39 0.968 

4 E 1,90 6.062 0.0157 14,90 1.802 0.0501 14,90 0.6994 0.769 
 F 1,165 6.821 0.0098 14,165 3.352 <0.0001 14,165 0.7004 0.771 

5 A 1,56 3.96 0.0512 3,56 101 <0.0001 3,56 0.789 0.501 
 B 1,42 7.651 0.0084 2,42 45.4 <0.0001 2,42 2.1633 0.127 
 C 1,45 4.212 0.0460 2,45 8.077 0.0010 2,45 2.758 0.074 
 D 1,45 11.98 0.0012 2,45 18.67 <0.0001 2,45 3.276 0.046 
 E 1,75 30.5 <0.0001 4,75 15.08 <0.0001 4.75 3.149 0.018 
 F 1,51 10.83 0.0018 2,51 53.83 <0.0001 2,51 5.194 0.008 
 G 1,80 1.981 0.1631 4,80 69.37 <0.0001 4,80 0.911 0.461 
 H 1,27 5.387 0.0279 2,27 80.82 <0.0001 2,27 6.33 0.005 
 I 1,70 24.16 <0.001 6,70 25.62 <0.0001 6,70 0.83 0.543 
 J 1,24 3.28 0.0823 2.24 23.72 <0.0001 2,24 0.66 0.522 
 K 1,70 1.28 0.2612 6,70 25.14 <0.0001 6,70 1.877 0.097 
 L 1,24 9.749 0.0046 2,24 17.68 <0.0001 2,24 1.58 0.226 
 O 1,55 0.031 0.8590 1,55 0.002 0.9642 1,55 1.28 0.262 

6 A 1,45 28.74 <0.001 1,45 8.542 <0.0001 4,45 2.202 0.083 
 B 1,27 12.66 0.0014 2,27 6.831 0.0040 2,27 2.336 0.110 
 C 1,50 4.305 0.0532 2,50 40.18 <0.0001 2,50 0.97 0.42 
 D 1,27 0.147 0.7044 2,27 32.34 <0.0001 2,27 0.314 0.732 
 E 1,40 4.15 0.0276 3,40 4.445 0.0087 3,40 2.282 0.045 
 F 1,30 5.113 0.0312 2,30 14.97 <0.0001 2,30 2.394 0.108 
 G 1,39 4.467 0.0410 2,39 30.49 <0.0001 2,39 6.044 0.005 
 H 1,42 11.17 0.0018 2,42 13.27 <0.0001 2,42 0.98 0.38 
 I 1,30 0.069 0.7936 4,30 39.94 <0.0001 4,30 0.692 0.602 
 

J 1,24 10.03 0.0042 2,24 29.81 <0.0001 2,24 1.841 
0.180 

 
 

9 C 1,27 5.73 0.023 2,24 29.81 <0.0001 2,24 1.841 0.180 
 D 1,24 7.46 0.0116 2,24 14.32 <0.0001 2,24 14.26 <0.001 
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Table 4: Bonferroni post hoc comparison for two way ANOVA. 
Figure Comparison p Figure Comparison p Figure Comparison p 

1B At 3hrs: Veh vs 6-ODHA 0.043 5F At 3 hrs: WT vs DRD5KO 0.0021  WT: D9 vs 24hrs 0.037 
 At 24hrs: Veh vs 6-ODHA 0.025  At 24 hrs: WT vs DRD5KO 0.0234  DRD5KO: D9 vs 3hrs 0.72 
 BDNF/Veh: D7 vs 3hrs 0.026  WT: BL vs 3hrs <0.0001  DRD5KO: D9 vs 24hrs 0.042 

 BDNF/6-ODHA: D7 vs 3hrs >0.99  WT: BL vs 24hrs <0.0001 6G At 3hrs: WT vs DRD5KO 0.009 
 BDNF/Veh: D7 vs 24hrs 0.011  DRD5KO: BL vs 3hrs 0.0032  At 24hrs: WT vs DRD5KO 0.14 
 BDNF/6-ODHA: D7 vs 24hrs >0.99  DRD5KO: BL vs 24hrs 0.002  WT: D7 vs 3hrs <0.0001 

C At 3 hrs: Veh vs 6-ODHA 0.047 5H At 3hrs: WT vs DRD5KO >0.99  WT: D7 vs 24hrs <0.0001 
 At 24 hrs: Veh vs 6-ODHA 0.14  At 24hrs: WT vs DRD5KO >0.99  DRD5KO: D7 vs 3hrs 0.1206 
 BDNF/Veh: D7 vs 3hrs 0.001

5 
 WT: BL vs 3hrs 0.0003  DRD5KO: D7 vs 24hrs 0.079 

 BDNF/6-ODHA: D7 vs 3hrs 0.68  WT: BL vs 24hrs 0.0002 6H At 3hrs: WT vs DRD5KO 0.106 
 VDNF/Veh: D7 vs 24hrs 0.021  DRD5KO: BL vs 3hrs <0.0001  At 24hrs: WT vs DRD5KO 0.011 
 VDNF/6-ODHA: D7 vs 24hrs 0.93  DRD5KO: BL vs 24hrs <0.0001  WT: D7 vs 3hrs 0.0033 

1D At 3hrs: BDNF/Veh vs BDNF/6-
ODHA 

0.38 5I At BL: WT vs DRD5KO 0.033  WT: D7 vs 24hrs 0.0002 

 At 24hrs: BDNF/Veh vs BDNF/6-
ODHA 

0.029  At 48hrs: WT vs DRD5KO 0.020  DRD5KO: D7 vs 3hrs 0.0212 

 Veh/6-ODHA: D7 vs 3hrs >0.99  WT: BL vs 3hrs 0.047  DRD5KO: D7 vs 24hrs 0.013 
 Veh/6-ODHA: D7 vs 24hrs >0.99  WT: BL vs 24hrs 0.021 6I WT: BL vs 3,24,48,72hrs <0.0001 
 BDNF/Veh: D7 vs 3hrs 0.012  WT: BL vs 48hrs 0.83  DRD5KO: BL vs 

3,24,48,72hrs 
<0.0001 

 BDNF/Veh: D7 vs 24hrs >0.00
48 

 DRD5KO: BL vs 3hrs 0.0016 6J At 3hrs: WT vs DRD5KO 0.037 

 BDNF/6-ODHA: D7 vs 3hrs 0.58  DRD5KO: BL vs 24hrs 0.92  At 24hrs: WT vs DRD5KO 0.063 
 BDNF/6-ODHA: D7 vs 24hrs >0.99  DRD5KO: BL vs 48hrs >0.99  WT: D7 vs 3, 24hrs <0.0001 

1E At 3hrs: Veh vs BDNF <0.00
01 

5J At 3 hrs: WT vs DRD5KO 0.43  DRD5KO: D7 vs 3, 24hrs <0.0001 

 At 24hrs: Veh/SKF vs 
BDNF/SKF 

<0.00
1 

 At 24 hrs: WT vs DRD5KO 0.98 9C At 3hrs: Veh vs Gbz 0.0012 

 At 48hrs: Veh/SKF vs 
BDNF/SKF 

<0.00
1 

 WT: BL vs 3hrs 0.003  At 24hrs: Veh vs Gbz 0.24 

1F BDNF: BL vs 3, 24, and 48hrs <0.00
01 

 WT: BL vs 24hrs 0.10  Veh: BL vs 3hrs >0.99 

 Females 3hrs: Veh vs BDNF 0.048  DRD5KO: BL vs 3hrs 0.0026  Veh: BL vs 24hrs 0.25 
 Males 3hrs: Veh vs BDNF 0.008

0 
 DRD5KO: BL vs 24hrs 0.035  Gbz: BL vs 3hrs <0.0001 

 Females 24hrs: Veh vs BDNF 0.16 5K At 48hrs: WT vs DRD5KO 0.092  Gbz: BL vs 24hrs 0.22 
 Males 24hrs: Veh vs BDNF 0.028

3 
 WT: BL vs 3hrs 0.013 9D At 3hrs: SKF/Veh vs 

SKF/Gbz 
0.001 

 Females BDNF/SKF: BL vs 3 
hrs 

0.029
4 

 WT: BL vs 24hrs 0.0018  At 24hrs: SKF/Veh vs 
SKF/Gbz 

>0.99 

 Males BDNF/SKF: BL vs 3 hrs 0.004
3 

 WT: BL vs 48hrs 0.65  SKF/Veh: D7 vs 3hrs <0.0001 

 Females BDNF/SKF: BL vs 24 
hrs 

0.20  DRD5KO: BL vs 3hrs 0.042  SKF/Veh: D7 vs 24hrs 0.0265 

 Males BDNF/SKF: BL vs 24 hrs 0.003
9 

 DRD5KO: BL vs 24hrs 0.020  SKF/Gbz: D7 vs 3hrs >0.99 

1G At 3 hrs: Veh vs SCH23390 0.013
6 

 DRD5KO: BL vs 48hrs >0.99  SKF/Gbz: D7 vs 24hrs 0.46 

 At 6 hrs: Veh vs SCH23390 0.12 5L At 3hrs: WT vs DRD5KO >0.99    
 Veh/SCH23390: BL vs 3 hrs <0.00

01 
 At 24hrs: WT vs DRD5KO 0.0125    

 Veh/SCH23390: BL vs 6 hrs <0.00
01 

 WT: BL vs 3hrs 0.039    

 BDNF/SCH23390: BL vs 3 hrs 0.63  WT: BL vs 24hrs >0.99    
1H BDNF/SCH23390: BL vs 6 hrs 0.050

1 
 DRD5KO: BL vs 3hrs 0.0005    

 At 1 hr: Veh vs SCH23390 3.3 
μg 

0.012
0 

 DRD5KO: BL vs 24hrs 0.0019 

 At 3 hrs: Veh vs SCH23390 3.3 
μg 

0.027 5O At 3hrs: WT vs DRD5KO >0.99    

 At 1 hr: Veh vs SCH23390 5 μg 0.045  At 3hrs: WT vs DRD5KO 0.78    
 At 3 hrs: Veh vs SCH23390 5 μg 0.032

5 
6A At 3hrs: WT vs DRD5KO 0.025    

3A At 20 min: WT vs DRD5KO 0.045  At 48hrs: WT vs DRD5KO 0.048    
 At 25 min: WT vs DRD5KO 0.013  At 72hrs: WT vs DRD5KO 0.0007    
 At 30 min: WT vs DRD5KO 0.006  WT: BL vs 3,24,48,72hrs <0.05    

3E At 30 min: WT vs DRD5KO 0.091  DRD5KO: BL vs 3hrs >0.99    
 At 35 min: WT vs DRD5KO 0.85  DRD5KO: BL vs 24hrs 0.34    

5B At 3 hrs: WT vs DRD5KO 0.045  DRD5KO: BL vs 48hrs 0.99    
 At 24 hrs: WT vs DRD5KO 0.058 6B At 3hrs: WT vs DRD5KO 0.65    
 WT: BL vs 3hrs <0.00

01 
 At 24hrs: WT vs DRD5KO 0.035    



 

 2 

 WT: BL vs 24hrs <0.00
01 

 WT: D9 vs 3hrs 0.028    

 DRD5KO: BL vs 3hrs 0.002  WT: D9 vs 24 hrs 0.047    
 DRD5KO: BL vs 24hrs 0.005  DRD5KO: D9 vs 3hrs >0.99    

5C At 3 hrs: WT vs DRD5KO 0.032  DRD5KO: D9 vs 24hrs >0.99    
 At 24 hrs: WT vs DRD5KO 0.42 6C At 3,24,48 hrs: WT vs 

DRD5KO 
>0.99    

 WT: BL vs 3hrs 0.002
1 

 WT: BL vs 3,24,48,72 hrs <0.0001    

 WT: BL vs 24hrs 0.038  DRD5KO: BL vs 3,24,48,72 
hrs 

<0.0001    

 DRD5KO: BL vs 3hrs >0.99 6D At 3 & 24hrs: WT vs 
DRD5KO 

>0.99    

 DRD5KO: BL vs 24hrs >0.09
9 

 WT: D9 vs 3hrs <0.001    

5D At 3 hrs: WT vs DRD5KO 0.28  DRD5KO: D9 vs 3hrs <0.001    
 At 24 hrs: WT vs DRD5KO 0.013

2 
6E At 3hrs: WT vs DRD5KO 0.039    

 WT: BL vs 3hrs <0.00
01 

 At 24hrs: WT vs DRD5KO 0.279    

 WT: BL vs 24hrs 0.000
2 

 At 48hrs: WT vs DRD5KO >0.99    

 DRD5KO: BL vs 3hrs 0.074  WT: BL vs 3hrs 0.020    
 DRD5KO: BL vs 24hrs 0.99  WT: BL vs 24hrs 0.14    

5E At 3 hrs: WT vs DRD5KO 0.4  WT: BL vs 48hrs 0.996    
 At 24 hrs: WT vs DRD5KO 0.009

3 
 DRD5KO: BL vs 3hrs 0.96    

 At 48 hrs: WT vs DRD5KO 0.032  DRD5KO: BL vs 24hrs 0.96    
 WT: BL vs 3, 24, 48hrs <0.00

01 
 DRD5KO: BL vs 48hrs 0.989    

 DRD5KO: BL vs 3hrs 0.085 6F At 3hrs: WT vs DRD5KO 0.012    
 DRD5KO: BL vs 24hrs >0.99  At 24hrs: WT vs DRD5KO >0.99    
 DRD5KO: BL vs 48hrs >0.99  WT: D9 vs 3hrs 0.0007    
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Table 5: Student’s t test 
 

Figures  Panel Comparison Student’s t test  t, df  P 

3  C WT vs DRD5KO Unpaired  0.28,11  0.76 
  D WT vs DRD5KO Unpaired  3.01,11  0.018 
  G WT vs DRD5KO Unpaired  0.18,10  0.85 
  H WT vs DRD5KO Unpaired  1.08,10  0.30 

4  A WT vs DRD5KO Unpaired  3.82,13  0.0021 
  B WT vs DRD5KO Unpaired  1.13,9  0.14 
  C WT vs DRD5KO Unpaired  4.67,13  0.0036 
  D WT vs DRD5KO Unpaired  1.7,11  0.11 

5  N Right vs Left Paired  2.8,14  0.013 

7  B Caudate: DR1R vs D5R Multiple t test  31.02,2  0.007 
   DG: DR1R vs D5R Multiple t test  24.73,2  0.009 
   CA1: DR1R vs D5R Multiple t test  16.33,2  0.018 
   Amygdala: DR1R vs D5R Multiple t test  11.55,2  0.029 
   Cortex: DR1R vs D5R Multiple t test  9.60,2  0.031 
   Thalamus: DR1R vs D5R Multiple t test  7.98,2  0.031 
   HypoT: DR1R vs D5R Multiple t test  5.12,2  0.036 

  D D5R: Males vs Females Multiple t test  3.24,6  0.034 
   D1R: Males vs Females Multiple t test  2.32,9  0.045 

8  B D5R: Males vs Females Multiple t test  4.42,7  0.006 



 

 2 

   D1R: Males vs Females Multiple t test  0.22,7  0.82 

9  B Lamina I Multiple t test  0.56,4  0.93 
   Lamina IIi/IIo Multiple t test  0.30,4  0.94 
   Lamina III Multiple t test  12.07,4  0.001 
   Lamina IV/V Multiple t test  0.03,4  0.97 

 




















