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ABSTRACT 70 
Pain is a multidimensional experience and negative affect, or how much the pain is “bothersome”, 71 
significantly impacts the sufferers’ quality of life. It is well established that the kappa opioid system 72 
contributes to depressive and dysphoric states, but whether this system contributes to the negative affect 73 
precipitated by the occurrence of chronic pain remains tenuous. Using a model of persistent pain, we 74 
show by quantitative RT-PCR, florescence in situ hybridization, western blotting and GTPgS 75 
autoradiography an upregulation of expression and the function of kappa opioid receptors (KORs) and its 76 
endogenous ligand dynorphin in the mesolimbic circuitry in animals with chronic pain compared to 77 
surgical controls. Using in vivo microdialysis and microinjection of drugs into the mesolimbic dopamine 78 
system, we demonstrate that inhibiting KORs reinstates evoked dopamine release and reward related 79 
behaviors in chronic pain animals. Chronic pain enhanced KOR agonist-induced place aversion in a sex-80 
dependent manner. Using various place preference paradigms, we show that activation of KORs drives 81 
pain aversive states in male but not female mice. However, KOR antagonist treatment was effective in 82 
alleviating anxiogenic and depressive affective-like behaviors in both sexes. Finally, ablation of KORs 83 
from dopamine neurons using AAV-TH-cre in KORloxP mice prevented pain-induced aversive states as 84 
measured by place aversion assays. Our results strongly support the use of KOR antagonists as 85 
therapeutic adjuvants to alleviate the emotional, tonic-aversive component of chronic pain, which is 86 
argued to be the most significant component of the pain experience that impacts patients’ quality of life. 87 
 88 

Significance Statement 89 

We show that KORs are sufficient to drive the tonic-aversive component of chronic pain – the emotional 90 
component of pain that is argued to significantly impact a patient’s quality of life. The impact of our 91 
study is broadly relevant to affective disorders associated with disruption of reward circuitry and thus 92 
likely contributes to many of the devastating sequelae of chronic pain, including the poor response to 93 
treatment of many patients, debilitating affective disorders (other disorders including anxiety and 94 
depression that demonstrate high co-morbidity with chronic pain) and substance abuse. Indeed, co-95 
existing psychopathology increases pain intensity, pain-related disability and effectiveness of treatments 96 
(Jamison and Edwards, 2013). 97 

 98 
 99 
INTRODUCTION 100 
Systems involved in pain processing interact extensively with other affective and motivational systems 101 
(Elman et al., 2013). This is most evident in the epidemiological evidence that shows that chronic pain is 102 
second only to bipolar disorder as a major cause of suicide among all medical illnesses(Asmundson and 103 
Katz, 2009; Elman et al., 2013). Risk factors for suicide in chronic pain patients include pain severity, 104 
pain type, catastrophizing, poor sleep, perception of disability, presence of comorbid depression, and 105 
access to analgesics (Hassett et al., 2014). Mood disorders are highly co-morbid in chronic pain patients, 106 
where the prevalence of depression ranges between 30 and 80%, depending on the pain etiology(Bair et 107 
al., 2003; Howe and Sullivan, 2014). It is consistently reported that chronic pain patients with co-morbid 108 
psychopathology exhibit increased pain intensity and increased pain-related disability (Jamison and 109 
Edwards, 2013; Martel et al., 2014). For example, intravenous morphine is 40% more effective in chronic 110 
pain patients without co-existing psychopathology (Jamison and Edwards, 2013).  111 
 112 
The Analgesic, Anesthetic, and Addiction Clinical Trial Translations Innovations Opportunities and 113 
Networks public-private partnership with the U.S. Food and Drug Administration, and the American Pain 114 
Society have joined together to develop an evidence-based chronic pain classification system termed the 115 
ACTTION-APS Pain Taxonomy (Fillingim et al., 2014). Part of this taxonomy recognizes the 116 
multidimensional and biopsychosocial nature of chronic pain, which is subject to comorbidities that 117 
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impact the experience of chronic pain. It was argued that the reliance on reflex behavioral outcomes in 118 
animal pain models that measure changes in sensory nociceptive thresholds (mechanical, thermal, 119 
chemical) has led to poor predictive translational outcomes. As such, the myriad of promising candidate 120 
analgesics identified by preclinical pain studies relying on these sensory outcomes have failed in clinical 121 
trials (Mogil and Crager, 2004; Cobos and Portillo-Salido, 2013; Percie du Sert and Rice, 2014; Yaksh et 122 
al., 2015).  Thus, capturing on-going pain and negative affective in chronic pain models are necessary for 123 
future analgesic drug development. This is emphasized by research findings that show that negative affect 124 
not only exacerbates the pain experience, it also is a predictor of opioid prescription misuse leading to an 125 
opioid use disorders (Evans and Cahill, 2016). 126 
 127 
Activation of kappa opioid receptors (KORs) produces negative affect.  For example, KOR agonists 128 
produce dysphoric effects and elicit psychotomimetic properties in humans, as well as elicit place 129 
aversion and depressive-like affective behaviors in rodents(Shippenberg et al., 1993; Knoll and Carlezon, 130 
2010; Chavkin and Koob, 2016). Indeed, KOR agonists produce signs of anxiety, fear, and depression in 131 
animals and humans (Chartoff and Mavrikaki, 2015). One mechanism implicated in kappa-mediated 132 
aversion is the modulation of mesolimbic dopamine circuitry, where KORs are expressed on dopamine 133 
terminals. Activation of KORs following systemic agonist treatment reduces dopamine release(Chefer et 134 
al., 2013). Ablation of KORs from dopamine neurons (Veer and Jr, 2013) or KORs on BLA 135 
glutamatergic neurons that project to the medial PFC (Tejeda et al., 2015) results in an anxiolytic 136 
phenotype, suggesting that these circuits are critical to the expression of negative affective-like behavior.  137 
Others, and we identified that mesolimbic circuitry dysfunction, including that occurring in dopamine 138 
neurotransmission, precipitates mood disorders, impairs motivated behavior, and likely contributes to 139 
chronic pain (Taylor, 2013; Cahill et al., 2014a, 2014b; Yalcin and Barrot, 2014; Taylor et al., 2016a; 140 
Cahill and Taylor, 2017). 141 
 142 
Considering that the circuitry involved in pain processing and affective/motivational systems overlaps 143 
extensively, we investigated specifically whether KOR contributes to the aversive nature of chronic pain. 144 
In a rodent model of chronic neuropathic pain, we show that the endogenous tone of the KOR system 145 
within mesolimbic dopaminergic circuitry is robustly increased. Importantly, we show that KOR 146 
blockade or elimination of KOR in midbrain dopamine neurons alleviates a tonic-aversive component of 147 
chronic neuropathic and inflammatory pain, which is sex-dependent. However, attenuation of depressive 148 
and anxiogenic affective-like behaviors by KOR antagonism is not sex-dependent, suggesting a 149 
dichotomy of mechanisms between affective dimensions of chronic pain and the on-going tonic-aversive 150 
states.  151 
 152 
MATERIALS AND METHODS 153 
 154 
Animals 155 
Male and female C57BL/6J wildtype mice were obtained (Jackson Laboratories, ME) at 8 weeks of age.  156 
Male long Evans rats (250-300 g) were obtained from Charles River Laboratories (Montreal, Quebec, 157 
Canada).  Mice acing one functional copy of the pre-proenekephalin (PENK) gene (Konig et al., 1996) 158 
(C57Bl/6 background) were bred to generate PENK knockout (KO) mice and wildtype (WT) littermates. 159 
The PENK KO and control mice were used beginning at 9–10 weeks of age.  KOR conditional knockout 160 
mice(Ehrich et al., 2015a) were obtained from JAX laboratories at 9-10 weeks of age.  This latter 161 
transgenic mouse strain was on a mixed 129/C57 background.  162 
 163 
Mice were housed in groups of two to four per cage on a 12-hour reverse light/dark cycle with food and 164 
water available ad libitum. Long Evans rats (250-300 g) were housed in pairs on a 12-hour reverse 165 
light/dark cycle with food and water available ad libitum. Rodents were allowed to habituate to their 166 
housing environments for 1 week before handling. Experiments were conducted in the dark phase 167 
between 9:00-16:00 h. To the extent possible, experimenters handling mice were blind to surgery, 168 
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genotype, sex, and drug treatment. Importantly, all tests were carried out by experimenters’ blind to 169 
experimental condition. Mice were assigned to experimental conditions in a randomized block design so 170 
that factors such as time of day were counterbalanced over the experimental conditions. For experiments 171 
that had large numbers of groups, we completed experiments using successive cohorts ensuring that 172 
experiments were carried out for all conditions within each cohort. All replications were balanced with 173 
respect to experimental groups. All procedures were pre-approved by the University of California, Irvine 174 
Institutional Animal Care and Use Committee, the University of California, Los Angeles Chancellor’s 175 
Animal Research Council, or the Canadian Council on Animal Care and the Queen’s University or 176 
University of Calgary Animal Care Committees. 177 
 178 
Drugs  179 
The U50,488, U69,593, and naloxone were obtained from Sigma (St Louis, MO) and dissolved in 0.9% 180 
sterile saline. The JDTic, a highly specific, long-acting KOR antagonist(Deehan et al., 2012; Munro et al., 181 
2012; Wu et al., 2012; Chavkin and Martinez, 2015) was obtained from Dr. F. Ivy Carroll (Research 182 
Triangle Institute International) and dissolved in 0.9% sterile saline. The AAV-TH-cre and AAV-GFP 183 
were obtained from Dr. Caroline Bass at University of Buffalo(Gompf et al., 2015). 184 
 185 
Peripheral Nerve Injury Neuropathic Pain Model 186 
Mice and rats were randomly assigned into either [pain]-naïve (no surgery but exposed to general 187 
anesthetic and hindlimb shaving), sham, or peripheral nerve injury (PNI) surgery groups. Prior to surgery, 188 
all animals received acetaminophen (~1 mg) and were subsequently anesthetized with gaseous isoflurane 189 
(~2.5% in O2). An approximately 1 cm incision was made in the upper left hindleg. For PNI, the sciatic 190 
nerve was constricted with polyethylene tubing (PE20 for mice and PE90 for rats, 2 mm length for both 191 
species). Animals in the sham group received a similar surgery but without nerve ligation. The pain-naïve 192 
control group received equivalent time under isoflurane anesthesia, hindlimb shaving and all 193 
pharmaceutical treatments but did not undergo skin incision. 194 
 195 
Complete Freund’s Adjuvant Inflammatory Pain Model  196 
Mice were briefly anaesthetized with 1-2% isoflurane (v/v) and 30 μL of undiluted Complete Freund’s 197 
Adjuvant (Sigma) was injected into the intraplantar surface of the left hindpaw. Control animals received 198 
an equivalent volume of intraplantar sterile saline. 199 
 200 
AAV injection 201 
Isoflurane-anesthetized mice were mounted on a stereotaxic alignment system. A small incision was made 202 
to expose the skull surface and to visualize Bregma. Two holes were drilled in the skull overlying the 203 
ventral tegmental area (VTA). A 35-gauge bevel-tipped Hamilton syringe was lowered bilaterally from 204 
the surface of the skull into the VTA and virus was injected (0.3 l/side at 0.1 l/minute).  Viruses were 205 
injected bilaterally using coordinates from Bregman: AP -3.2, ML+0.7, DV-4.6. The needle was left in 206 
place for 5-7 minutes before being slowly removed. The incision was closed with 5–0 silk sutures and 207 
animals recover for at least 3 weeks to allow adequate time for viral expression prior to conducting sham 208 
or peripheral nerve injuries. The TH-iCre-AAV2/10 was synthesized by and obtained from Dr. Caroline 209 
Bass (University of Buffalo) and was recently shown to be effective in knocking down KOR(Illiano et al., 210 
2017). The AAV2/10 virus is highly neurotrophic, is easily titrated, and has previously been used by 211 
various groups to drive high levels of expression in both extremely small and large brain regions of both 212 
rats and mice.  213 
 214 
KOR Agonist-Stimulated GTPγS Autoradiography 215 
Brains were collected from naïve, sham, and PNI mice 2-weeks post-surgery. Brains were snap-frozen 216 
with isopentane at -30 °C and stored at -80 °C until further processing. On day of processing, brains were 217 
sectioned coronally using a cryostat (20-μm thick sections) at -20 °C. Sections were thaw-mounted on 218 
SuperFrost charged slides. Sections were pre-incubated in assay buffer (50 mM Tris-HCl, 3 mM MgCl2, 219 
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0.2 mM EGTA, 100 mM NaCl, 2 mM GDP, 1 μM DPCPX, pH 7.4) for 15 min. Agonist-stimulated KOR 220 
activity was determined by incubating brain sections in [35S]GTPγS (40 pM) with U69,593 (10 μM) for 221 
1 h at RT. After incubation, slides were washed 2 times in ice-cold wash buffer (50 mm Tris-HCl, pH 7.4) 222 
followed by a brief wash in ice-cold deionized water (30 s). Slides were air-dried and exposed to Kodak 223 
Biomax film together with [14C] standards for 2 d. Films were developed using a Kodak GBX Developer 224 
and RapidFix solution. Films were digitally analyzed and binding quantified using a MicroComputer 225 
Image Device (MCID) normalized to a [14C] standard curve in dpm/mg (MCID Imaging Research, St. 226 
Catherine, Ontario, Canada). Data from the resulting agonist-stimulated samples were compared to non-227 
agonist-treated brain samples to determine the percent activation of KOR above basal. 228 
 229 
Western Immunoblotting for KOR-P Antibody Specificity  230 
Brains were collected from naïve wildtype or KOR knockout mice 1 h after treatment with vehicle or 231 
KOR agonist (U50, 488 1-30 mg/kg, i.p.) and snap-frozen with isopentane at -50 °C and stored at -80 °C 232 
until sectioning. Brains were sectioned coronally using a cryostat (150 μm thick section) at -20 °C. 233 
Sections were mounted on SuperFrost charged slides, and tissue punches (1 mm diameter) were taken 234 
using a disposable biopsy plunger to isolate nucleus accumbens (NAc) tissue. Tissue punches were 235 
homogenized in lysis buffer (50 mM Tris-base, 4 mM EDTA, pH 7.4) with protease inhibitor cocktail 236 
(Pierce Biotech - Thermo Scientific, Rockford, IL). Samples were then centrifuged at 10,000 x g to 237 
remove DNA/debris, and supernatant protein was extracted and stored at -20 °C. Protein samples were 238 
mixed with NuPAGE LDS Loading Buffer and reducing reagent (Novex, Carlsbad, CA), heated to 70 °C 239 
for 10 min, and stored at -20 °C for gel electrophoresis. Gel electrophoresis of protein samples was 240 
conducted using an Invitrogen SDS-PAGE gel box, NuPAGE MES Running Buffer, and Bis-Tris Mini 241 
Gels (Novex, Carlsbad, CA). Samples were loaded alongside PAGE-Ruler Plus Prestained Protein 242 
Ladders (Fisher Scientific, Pittsburgh, PA) and bands were separated at 120 V for 2 h.  243 
 244 
Proteins from gels were transferred to nitrocellulose (0.45 μm pore size) (Novex, Carlsbad, CA) using a 245 
BioRad protein transfer box at 4 °C and 250 mA for 50 min. Membranes were blocked with 5% nonfat 246 
dried reconstituted milk and TBS-T (1%) at RT for 1 h. Membranes were subsequently incubated with 247 
phosphor-KOR antibodies produced in-house (Bruchas lab, University of Washington, Seattle) at 1:1000 248 
dilution in antibody buffer (2% BSA, 2% gelatin from cold-water fish, TBS-T) overnight at 4 °C with 249 
gentle shaking. After primary antibody incubation, membranes were washed 3 times with TBS-T (10 min 250 
per wash). Membranes were then incubated with GOXCH HRP-conjugated anti-chicken secondary 251 
antibodies (Novex, Carlsbad, CA) at 1:4000 dilution in 5% milk and TBS-T (1%) for 90 min at RT with 252 
gentle shaking. The membranes were washed again 3 times with TBS-T (10 min per wash), followed by 1 253 
min revelation of membranes using Amersham ECL-Plus substrate (GE Healthcare, Visalia, CA). The 254 
membranes were visualized using a Li-Cor Odyssey Fc Imager. Membranes were then washed and 255 
antibody-stripped using glycine stripping buffer (200 mM glycine, pH 2.6) with shaking at RT for 1 h, 256 
then washed 3 times with TBS-T (10 min per wash). Membranes were re-probed with beta-actin antibody 257 
(Abcam, Cambridge, MA) at 1:4000 dilution overnight and 4 °C and subsequent anti-rabbit HRP-258 
conjugated secondary antibody (Life Technologies, Grand Island, NY) at 1:4000 dilution for 1 h. Band 259 
intensities were quantified using Li-Cor Image software and normalized to beta-actin control bands. 260 
 261 
Western Immunoblotting of Phosphorylated KOR 262 
Brains were collected from sham and PNI mice 2-weeks post-surgery and snap-frozen with isopentane at 263 
-50 °C and stored in -80 °C until ready to be sectioned. Brains were coronal-sectioned via cryostat (150 264 
μm thick) at -20 °C, mounted on SuperFrost charged slides, and tissue punches (1 mm diameter) were 265 
taken using a disposable biopsy plunger for mPFC, NAc, BNST, AMYG, HIPP, THAL, VTA, and DRN. 266 
Tissue punches were homogenized in lysis buffer (50 mM Tris-Base, 4 mM EDTA, pH 7.4) with protease 267 
inhibitor cocktail (Pierce Biotech - Thermo Scientific, Rockford, IL), centrifuged at 10000 x g to remove 268 
DNA/debris, and supernatant protein was extracted and stored at -20 °C. Protein samples were mixed 269 
with NuPAGE LDS Loading Buffer and reducing reagent (Novex, Carlsbad, CA), heated to 70 °C for 10 270 
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min, and stored at -20 °C to be used for gel electrophoresis. Gel electrophoresis of protein samples was 271 
conducted using Invitrogen SDS-PAGE gel box, NuPAGE MES Running Buffer and Bis-Tris Mini Gels 272 
(Novex, Carlsbad, CA), and loaded alongside PAGE-Ruler Plus Prestained Protein Ladder (Fisher 273 
Scientific, Pittsburg, PA), run at 120 V for 2 hours. Proteins from gels were transferred onto 274 
nitrocellulose (0.45 μm pore size) (Novex, Carlsbad, CA) using BioRad protein transfer box at 4 °C and 275 
250 mA for 50 min. Membranes were blocked with 5% milk and TBS-T (1%) at RT for 1 hour. 276 
Membranes were subsequently incubated with pKOR antibodies made in-house (Bruchas lab, Washington 277 
University St. Louis) at 1:1000 dilution in antibody buffer (2% BSA, 2% gelatin from cold-water fish, 278 
TBS-T) overnight at 4 °C with gentle shaking. After primary antibody incubation, membranes were 279 
washed 3x with TBS-T (10 min per wash) and GOXCH HRP-conjugated anti-chicken secondary 280 
antibodies (Novex, Carlsbad, CA) were then incubated at 1:4000 dilution in 5% milk and TBS-T (1%) for 281 
90 min at RT with gentle shaking. The membranes were washed again 3x with TBS-T (10 min per wash), 282 
followed by 1 min revelation of membranes using Amersham ECL-Plus substrate (GE Healthcare, 283 
Visalia, CA). The membranes were visualized with Li-Cor Odyssey Fc Imager. Membranes were then 284 
washed and antibody-stripped using glycine stripping buffer (200 mM glycine, pH 2.6) with shaking at 285 
RT for 1 hour, then washed 3x with TBS-T (10 min per wash). Membranes were re-probed with beta-286 
actin antibody (Abcam, Cambridge, MA) with 1:4000 dilution overnight at 4 °C, and subsequent anti-287 
rabbit HRP-conjugated secondary antibody (Life Technologies, Grand Island, NY) with 1:4000 dilution 288 
for 1 hour. Band intensities were quantified using Li-Cor Image software and normalized to Beta-actin 289 
control bands. 290 
 291 
Real-Time Quantitative PCR 292 
Brains were collected from sham and PNI mice 8-weeks post-surgery and were coronal-sectioned via 293 
cryostat (150 μm thick) at -20 °C and mounted on SuperFrost charged slides (Fisher Scientific, Pittsburg, 294 
PA). Tissue punches (1 mm diameter) were taken using a disposable biopsy plunger (Miltex, York, PA) 295 
for medial prefrontal cortex (mPFC), NAc, bed nucleus stria terminalis (BNST), amygdala (AMYG), 296 
hippocampus (HIPP), thalamus (THAL), VTA, and dorsal raphe nucleus (DRN). Total RNA was 297 
collected from the brain tissue punches via Trizol extraction method (Ambion Life Technologies, Grand 298 
Island, NY). RNA was converted to cDNA using 100 U of M-MulV Reverse Transcriptase, 1 μM Oligo 299 
d(T)23VN, and 2 mM dNTP mix (New England Biolabs, Ipswich, MA), annealed at 70 °C and 300 
inactivated at 95 °C. Real-time qPCR was conducted using primer sets for dynorphin (DYN), KOR, and 301 
beta-actin control genes (Supplemental Table). Using, 96-well optical plates (Applied Biosystems, 302 
Singapore), cDNA and PerfeCTa SYBR Green FastMix containing the primer sets (Quanta Biosciences, 303 
Gaithersburg, MD) were loaded and run on ABI ViiA7 fast block qPCR machine using cycling conditions 304 
in the PerfeCTa SYBR Green FastMix manual. Cycle threshold outputs were calculated and normalized 305 
to the actin housekeeping gene to compute ΔCT. Relative expression levels were determined by 306 
normalizing sham and neuropathic groups to 3 age-matched naïve (non-surgery) mice brain samples via 307 
ΔΔCT method. 308 
 309 
RNAscope multiplex Fluorescent In Situ Hybridization 310 
Brains were collected from pain-naïve, sham, and PNI mice 2-weeks post-surgery. Brains were perfused 311 
with 4% paraformaldehyde in saline and snap-frozen with isopentane at -30 °C and stored in -80 °C until 312 
further processing. Brains were coronal-sectioned via cryostat (18 μm thick) at -20 °C, and thaw-mounted 313 
on SuperFrost charged slides. Custom fluorescent probe labels were designed to fit complementary 314 
sequences on mRNA strands for kappa opioid receptor gene (Oprk1) carrying fluorescent AlexaFluor488, 315 
tyrosine hydroxylase (TH) or pro-enkephalin (Penk) carrying Atto555, and glutamate decarboxylase 1 316 
(Gad1) or pro-dynorphin (Pdyn) carrying Atto647. Brain slices were incubated with 4% 317 
paraformaldehyde and then dehydrated with 50%, 70%, and 100% ethanol washes for 5 min each. Slides 318 
were then incubated overnight at -20 °C in 100% ethanol. Slides were then taken out and dried for 5 min 319 
and a hydrophobic barrier was drawn around the brain slices. Probes were activated in oven at 40 °C for 320 
10 min. Slides were then incubated with probes following the RNAScope Multiplex processing kit 321 
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(ACDBiosciences, Newark, CA). Slides were then cover-slipped and sealed with nail polish and stored in 322 
dark at -20 °C until visualization. Slides were visualized using a Nikon Ti-E widefield inverted 323 
fluorescence microscope and NIS Elements software setup. Image fluorescence intensities were 324 
quantified using FIJI (ImageJ) software.  325 
 326 
Microdialysis Probe Insertion 327 
Fast microdialysis to detect extracellular dopamine levels was carried out essentially as previously 328 
described(Yang et al., 2013, 2015). At ZT 10-12, each subject was briefly (1-3 min) anesthetized using 329 
isoflurane for insertion of a CMA/7 microdialysis probe (1 mm) into a guide cannula (AP +1.5, ML +0.8, 330 
DV −3.5). Immediately after insertion, regular artificial cerebrospinal fluid (aCSF) (147 mM NaCl (Fluka 331 
#73575), 3.5 mM KCl (Fluka #05257), 1.0 mM CaCl2 (Aldrich #499609), 1.0 mM NaH2PO4, 2.5 mM 332 
NaHCO3 (Fluka #88208), 1.2 mM MgCl2 (Aldrich #449172), pH 7.3+/-0.03 at room temperature) was 333 
continuously perfused through the probe at 2 μL/min for 30-60 min followed by a 0.3 μL/min flow rate 334 
for an additional 12-14 h to allow recovery from probe insertion. 335 
 336 
Morphine-Induced Dopamine Overflow 337 
For all mice, at ZT 1-2 the day after probe insertion, the aCSF flow rate through the probes was increased 338 
to 2 μL/min for 60-120 min prior to collecting dialysate samples for analysis. The dialysate sampling rate 339 
was 5 min/sample. Basal samples were collected for 60 min and each animal’s average baseline level 340 
used to calculate percent evoked release as the mean of the sample values between 30-45 min (3 values) 341 
following the beginning of sampling. At the end of the 60-min basal sampling period, mice received an 342 
i.p. injection of 10 mg/kg morphine. Morphine-induced dopamine overflow was sampled for an additional 343 
250 min. The KOR antagonist JDTic (10 mg/kg, i.p.) was administered 24 h prior to morphine injection. 344 
 345 
High Performance Liquid Chromatography 346 
Analysis was performed using an Eicom integrated HPLC system (HTEC-500, Eicom Corporation, San 347 
Diego, CA) with an Insight autosampler and two Eicom EAS-20s online autoinjectors. Chromatographic 348 
separation was achieved using an Eicompak PP-ODS II stationary phase (4.6 mm i.d. x 30 mm, 2-μm 349 
particle diameter) and a phosphate buffered mobile phase with 96 mM NaH2PO4 (Fluka #17844), 3.8 mM 350 
Na2HPO4 (Fluka #71633), pH 5.4, 1.8-2.5% MeOH (EMD #MX0475-1), 50 mg/L EDTA.Na2 (Fluka 351 
#03682), and 500 mg/L sodium decanesulfonate (TCI #I0348) in water purified via a Milli-Q Synthesis 352 
A10 system (EMD Millipore Corporation, Billerica, MA). The column temperature was maintained at 20-353 
21 oC. The volumetric flow rate was 350-500 μL/min. Electrochemical detection was performed using an 354 
Eicom WE-3G graphite working electrode with an applied potential of +450 mV vs. a Ag/AgCl reference 355 
electrode. Dopamine (Sigma #H8502) standards were prepared in aCSF. Standard curves, which were 356 
verified daily, encompassed physiological dopamine concentration ranges (0, 7.8, 15.6, 31.2, 62.5, 125, 357 
250, 500, 1000 nM using 20-μL sample volumes). The limit of detection was ≤60 amol and the practical 358 
limit of quantification was ≤120 amol using a 20-μL sample volume. All dialysate samples for in vivo 359 
experiments were collected at 5-min intervals at a dialysate flow rate of 2 μL/min using EAS-20s 360 
autoinjectors. Samples were injected immediately onto the HPLC system in an online configuration. 361 
 362 
Drug-Induced Conditioned Place Preference/Aversion 363 
This test was conducted using an unbiased, counter-balanced three chamber apparatus as previously 364 
described(Cahill et al., 2013; Taylor et al., 2015b). Each box (28 cm x28 cm x19 cm) was divided into 365 
two equal-sized conditioning chambers separated by a neutral compartment. The two chambers were 366 
distinguished with visual and tactile cues. Mice were placed in the apparatus and allowed free access to 367 
both chambers. The time spent in each chamber was recorded using an infrared CCD camera attached to a 368 
computer running behavioral tracking software (Noldus Ethovision). Mice were conditioned to drug over 369 
6 or 8 days (half vehicle and half drug) counterbalanced for chamber and order of drug injection. Post-370 
conditioning was performed without treatment (day following conditioning), in which animals were again 371 
allowed to explore the whole box freely for 15 or 30 min. Time spent and activity in each compartment 372 
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were recorded during the sessions. Preference scores were calculated using the following formula: (Time 373 
in Test(paired) – Time in Test(unpaired)) - (Time at baseline(paired) – time at baseline(unpaired)). 374 
 375 
Single chamber place conditioning 376 
Single chamber conditioning was used to assess on-going pain in two models of chronic pain. This test 377 
was conducted using an unbiased, counter-balanced three chamber apparatus. Each box (28 cm x28 cm 378 
x19 cm) was divided into two equal-sized conditioning chambers separated by a neutral compartment. 379 
The two chambers were distinguished with visual and tactile cues. Mice were placed in the apparatus and 380 
allowed free access to both chambers. The time spent in each chamber was recorded using an infrared 381 
CCD camera attached to a computer running behavioral tracking software (Noldus Ethovision). Mice 382 
received an injection of saline daily and were immediately returned to their home cage or placed in one of 383 
the conditioning chambers for 30 minutes. Mice were counterbalanced to chamber and order of home 384 
cage versus conditioning chamber. Post-conditioning was performed the day following conditioning, in 385 
which animals were allowed to freely explore the entire apparatus for 30 minutes. Time spent and activity 386 
in each compartment were recorded during the sessions and the time (15-30 min depending on the 387 
experiment) in each compartment was used for calculating preference scores. Preference scores were 388 
calculated using the following formula: (Time in Test(paired) – Time in Test(unpaired)) - (Time at 389 
baseline(paired) – time at baseline(unpaired)).  For PNI mice, conditioning was commenced either 7 or 14 390 
days following nerve injury, whereas for inflammatory pain, testing commenced 3 days following 391 
induction of inflammation. 392 
 393 
Locomotor activity 394 
Locomotor activity was measured in an open-field apparatus. The apparatus consisted of a plexiglass box 395 
arena (28 cm2 and 19 cm high) with an open top. The distance traveled and velocity were recorded using 396 
an infrared CCD camera attached to a computer running behavioral tracking software (Noldus 397 
Ethovision).  Mice were habituated to test boxes for 3 days prior to surgery to induce neuropathic pain or 398 
control surgery.  One hour prior to surgery, mice received an injection of vehicle or the KOR antagonist 399 
JDTic (10 mg/kg, i.p.).  On day 6 and/or day 11 post-surgery, animals received an injection of vehicle or 400 
the KOR agonist U50,488 (1, 5 or 10 mg/kg, i.p.) and were placed immediately in the apparatus for 20 401 
minutes to test the ability of JDTic to block KOR agonist-induced hypo-locomotion.  402 
 403 
Intra-VTA DAMGO and Conditioned Place Preference 404 
Male Long Evans rats were anesthetized with isoflurane and mounted on a stereotaxic frame to allow 405 
implantation of a bilateral intra-VTA cannulae (CMA, coordinates from Bregma: AP -5.4, ML +0.75, DV 406 
-8.0). Rats were used instead of mice to ensure accurate targeting of drug to the VTA. We have 407 
demonstrated comparable systemic opioid place preference responses between rats and mice in control 408 
and chronic pain models(Cahill et al., 2013). Animals were individually housed and allowed to recover 409 
for 7 days after intra-VTA cannula insertion, at which point the animals received a sham or peripheral 410 
nerve injury, as described above. Seven days after nerve injury, place conditioning was performed as 411 
described above. The apparatus consisted of two large compartments of equal size (45 cm x45 cm x30 412 
cm) joined by a gray tunnel (18 cm x18 cm x30 cm). Chambers were distinguished with textual and visual 413 
cues. Groups were assigned so that any innate bias to side was balanced between treatment groups, as 414 
described above.  During the conditioning sessions, animals received four trials with DAMGO (1 ng/0.5 415 

L/side infused at a rate of 0.25 l/min) and four trials with sterile saline, injected directly into the VTA, 416 
and were confined to the chambers for 30 minutes. On the post-conditioning day, animals were allowed 417 
free access to both chambers in a drug-free state. The time spent in the drug-paired chamber was 418 
measured over 30 minutes.  419 
 420 
Light–Dark Test 421 
The apparatus consisted of light and dark sides (25 cm3) separated by a guillotine door. The lit 422 
compartment was brightly illuminated (1000 lux). Mice were placed in the dark compartment at the 423 
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beginning of the test, and the time spent in the lit compartment was recorded over 5 minutes. Activity and 424 
location was tracked by Noldus Ethovision Software. 425 
 426 
Forced Swim Test   427 
The apparatus for this test was a tank (20 cm diameter x 35 cm high) filled with water to 15 cm for males, 428 
and 10 cm for females.  Water temperature was maintained at 28°C. This test evaluates depressive-like 429 
behavior in terms of the total time mice spend immobile when forced to swim in an inescapable water 430 
tank(Porsolt et al., 1977).  A mouse was considered to be immobile once swimming and escape behaviors 431 
have ceased, and it floated belly-down with its head above the water. The test session lasted 6 minutes but 432 
only the last 4 minutes of the test were scored. Water in the tank was replaced with clean, 28°C water 433 
following each trial.  Videos were recorded for all mice and subsequently scored by two independent 434 
observers blind to experimental condition. 435 
 436 
Experimental Design and Statistical Analyses 437 
Data are either expressed either as scatter plots for raw data and bar graphs for means ± SEMs or as 438 
medians with 25% and 75% quartiles with minimum and maximum data points.  Data are analyzed by 439 
either Graphpad Prism v7.0 or PAWS Statistics 18 (SPSS). All behavioral data wee shown to fit 440 
assumptions of a general linear model and data were subjected to Factorial ANOVAs.  To determine sex 441 
differences, we conducted three-way ANOVAs, with surgery and sex as between animal factors and time 442 
as the within animal factor. For conditioned place preference data, the amount of time (s) spent in the 443 
drug-paired and vehicle-paired compartments on the post-conditioning test day is presented, as well as the 444 
preference score. To determine the presence of place aversion induced by on-going pain, we also 445 
performed a one-sample t-test to determine if means were significantly different versus a hypothetical 446 
value of 0 (where 0 is no preference). A two-way analysis of variance (ANOVA) with drug dose and 447 
group as the between-subject factors was used to examine differences in the magnitude of preference or 448 
aversion across neuropathic pain, sham, and naive groups. Two-way ANOVAs were also used to 449 
determine the effects of the KOR antagonist on locomotor activity, time spent in the light compartment in 450 
the light dark test, or time spent immobile in the forced swim test, and differences in extracellular 451 
dopamine concentrations.  Either Tukey’s or Sidak post hoc analysis was used to correct for multiple 452 
comparisons.  453 
 454 
RESULTS 455 
 456 
Chronic pain-induces changes in KOR mediated place aversion and hypo-locomotion 457 
To investigate the behavioral/affective relationship between KOR systems and chronic pain states, we 458 
used the conditioned place-preference/aversion (CPP/CPA) paradigm to test for preference or aversion to 459 
the KOR agonist U50,488 (1-10 mg/kg, i.p., Fig. 1a) in mice with peripheral nerve injury. Post-460 
conditioning testing in a drug-free state revealed that U50,488 produced a dose-dependent place aversion 461 
in male but not female pain-naïve mice (Fig. 1b-e). At a dose that did not produce place aversion in pain-462 
naïve or sham surgical control mice, U50,488 (1 mg/kg, i.p.) produced place aversion in male PNI mice 463 
(Fig. 1c,e). None of the doses of U50488 produced a significant place aversion in female mice regardless 464 
of the presence of chronic pain. Examples of heat maps of KOR-mediated place aversion are shown in 465 
Fig. 1f. 466 
 467 
We also investigated KOR-mediated activity effects and potential enhancement in chronic pain states. 468 
The KOR agonist U50,488 produced a dose-dependent decrease in distance traveled in male mice 469 
compared to saline for all groups tested (Fig. 2d). In female mice, the lowest dose of U50,488 (1 mg/kg) 470 
did not induce hypolocomotion in either of the surgical groups (Fig. 2b), whereas there was a significant 471 
effect of this dose in pain-naïve but not sham or PNI male mice (Fig. 2c). At the intermediate dose of 5 472 
mg/kg, U50,488 produced hypolocomotion in both male and female PNI groups, but not the pain-naïve 473 
groups. At the highest dose of U50,488 (10 mg/kg), hypolocomotion was evident in all surgical groups 474 
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for both sexes. Interestingly, the intermediate dose (5 mg/kg) produced a significant effect in male sham 475 
but not female sham mice. Examples of hypolocomotion activity traces to the 5 mg dose are shown in 476 
Fig. 2e.  477 
 478 
To further examine the effects of chronic pain on KOR mediated effects, we took advantage of the long-479 
lasting KOR antagonist effects of JDTic, which can last up to two weeks following a single injection 480 
(Deehan et al., 2012). Re-sensitization of KOR-induced behaviors requires synthesis of new KOR protein 481 
to produce subsequent KOR-induced effects.  We reasoned that if there was an increase in KOR 482 
activation in chronic pain states that KORs may turn over faster and predicted that the duration of effects 483 
produced by JDTic would be shorter in chronic pain states.   Here, JDTic (or vehicle) was injected 24h 484 
prior to sham or PNI surgery (Fig. 3). At 6 or 11 days post-surgery, mice were injected with the KOR 485 
agonist U50,488 (10 mg/kg, i.p.) or saline and locomotor activity was determined.  486 
 487 
As hypothesized, KOR agonist-induced hypo-locomotion (U50,488 10 mg/kg, i.p.) was blocked at 6 days 488 
following JDTic administration in both male and female pain-naïve and sham mice (Fig. 3), confirming 489 
the long-lasting blocking effects of JDTic. Similarly, KOR agonist-induced hypo-locomotion was blocked 490 
at 6 days post-JDTic injection in female pain mice (Fig. 3b). However, JDTic failed to block U50,488 491 
hypo-locomotion in male PNI mice (Fig. 3c).  At 11 days post-JDTic injection, U50,488-induced hypo-492 
locomotion was evident in both males and female sham and PNI mice, but not in pain-naïve mice. Thus, 493 
the KOR agonist-induced hypo-locomotion recovers faster after KOR antagonist treatment in male, but 494 
not female PNI animals compared to surgical controls. Together, these data demonstrate that KOR 495 
behavioral sensitivity and turnover is increased in chronic neuropathic pain states, particularly in male 496 
mice. This increased function of the KOR system is consistent with evidence that KOR-induced hypo-497 
locomotion (Heidbreder et al., 1993),(Karper et al., 2000), aversion(Van’t Veer et al., 2013) and reduced 498 
dopamine release in the ventral striatum(Leitl et al., 2014a) are critically mediated by regulation of 499 
dopaminergic circuitry. 500 
 501 
Chronic pain-induced changes in kappa opioid system expression and function in the nucleus accumbens 502 
To determine the extent to which chronic pain alters expression and function of KORs and expression of 503 
the KOR endogenous ligand dynorphin in the mesolimbic circuitry, we performed ex vivo analysis of 504 
mRNA expression using RNAscope multiplex in situ hybridization and KOR G protein coupling via 505 
GTPγS autoradiography. We observed a profound increase in KOR (Oprk1) mRNA expression (Fig. 506 
4a,b), where KOR mRNA expression in the contralateral NAc was increased in male, but not female PNI 507 
mice compared to pain-naïve and sham control mice. This increase in KOR mRNA remained elevated for 508 
at least 8 weeks post-PNI as determined by quantitative RT-PCR(Table 1). Pro-dynorphin (Pdyn) mRNA 509 
was significantly increased in the contralateral (right) NAc of both male and female mice at both 2 (Fig. 510 
4a,b) and 8 (Table 2) weeks post-PNI.  Similar sex differences were evident in KOR activation as 511 
measured by GTPγS autoradiography.  Activation of KORs, quantified by GTPγS autoradiography in the 512 
NAc core and shell 2 weeks post-PNI was increased in male (Fig. 4c) but not female PNI mice (Fig. 4d) 513 
compared to pain-naïve or sham control groups. Examples of heat-map autoradiograms of [35S]GTPγS 514 
binding are shown in Fig. 4c,d, where warm (red) colors reflect more agonist-stimulated KOR activity 515 
and cold (blue) colors indicate less KOR activity. 516 
 517 
To provide further evidence that chronic pain upregulates endogenous KOR system activity, we 518 
determined changes in expression of the phosphorylated state of KORs (in the absence of exogenous 519 
agonist), as a measure of tonic KOR activation in the PNI pain state. Using a phospho-specific KOR 520 
(KOR-P) antibody, we determined KOR-P levels in various brain regions using western blotting 521 
techniques. Antibody specificity was confirmed by showing a dose-dependent increase in KOR agonist-522 
stimulated KOR-P expression in the NAc of pain-naïve animals (Fig. 5a) and by the absence of signal in 523 
membranes prepared from KOR knockout male mice (Fig. 5b). The phosphorylated state of KORs was 524 
increased in the contralateral NAc of PNI male mice (Fig. 5c).  There was also an increase in 525 
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phosphorylated KOR in the contralateral NAc of sham mice, which we believe likely reflect effects due to 526 
post-operative pain. Together, these data show that chronic pain associated with PNI increases the 527 
expression and function of the KORs in the NAc of male, but not female mice. 528 
 529 
Kappa opioid receptor regulation of mesolimbic dopamine and reward in chronic pain states 530 
Kappa opioid receptors are known to modulate mesolimbic dopaminergic circuitry by inhibiting 531 
dopamine release at dopaminergic nerve terminals within the NAc(Spanagel et al., 1992; Ebner et al., 532 
2010; Cahill et al., 2014c; Ehrich et al., 2015b; Chartoff et al., 2016). Preclinical and human subject 533 
research have identified strong correlations between dysfunction of this mesolimbic circuitry and chronic 534 
pain(Taylor et al., 2016b). Our prior studies have shown that opioid-evoked dopamine release is disrupted 535 
in a model of neuropathic pain(Taylor et al., 2014, 2015c). Using in vivo microdialysis in awake, freely-536 
moving mice, we asked whether blocking KORs would recover the loss of opioid-induced dopamine 537 
release in the NAc. No significant differences in basal dopamine levels between pain and control animals 538 
were observed (Table 3). Consistent with our previous findings, systemic administration of morphine did 539 
not evoke dopamine release above basal levels in male PNI mice (Fig. 6c). However, when these mice 540 
were pre-treated with JDTic, morphine-induced dopamine release recovered to levels similar to the sham 541 
group. This finding is concordant with prior reports of blocking KOR recovered mu opioid-evoked 542 
dopamine release in a model of inflammatory (formalin) pain(Narita et al., 2005). 543 
 544 
Seeking pain relief is a motivational state that engages circuitry involved in affect and 545 
salience(Navratilova and Porreca, 2014; Borsook et al., 2016; Taylor et al., 2016b). The mesolimbic 546 
circuitry plays a central role in motivational processes and incorporates dopaminergic neurons in the VTA 547 
that project to the NAc(Berridge and Kringelbach, 2013, 2015; Zarrindast and Khakpai, 2015). Next, we 548 
asked whether KOR blockade restores opioid reward in a conditioned place preference (CPP) paradigm, 549 
as hypodopaminergic states contribute to chronic pain(Borsook et al., 2016; Taylor et al., 2016a) and 550 
mood disorders(Elman et al., 2013). The rewarding effects of intra-VTA injection of the mu-opioid 551 
agonist [D-Ala2, N-MePhe4, Gly-ol]-enkephalin (DAMGO) were determined to isolate reward 552 
expression to the mesolimbic dopaminergic circuitry.  553 
 554 
We and others previously showed that intra-VTA mu opioid injection is sufficient to produce a 555 
CPP(McBride et al., 1999; Narita et al., 2010), but this preference is blunted in chronic neuropathic pain 556 
states(Narita et al., 2005). Male rats were conditioned to intra-VTA DAMGO beginning 7 days post-557 
nerve injury (Fig. 6a), a time point when mechanical allodynia is robust. JDTic administration had no 558 
effect on opioid reward in sham animals (Fig. 6b). Consistent with our previous data(Taylor et al., 2015a), 559 
intra-VTA DAMGO did not elicit a CPP in chronic pain animals. Remarkably, JDTic treatment in 560 
neuropathic pain animals restored DAMGO-induced CPP (Fig. 6b). Together, these results demonstrate 561 
that KORs contribute to the loss of mu opioid evoked dopamine release and reward-related behaviors in 562 
chronic neuropathic pain. 563 
 564 
Chronic pain induced changes in kappa opioid system expression and function in the ventral tegmental 565 
area 566 
Kappa opioid receptors are located pre-synaptically on dopamine neurons in the NAc as well as post-567 
synaptically within the NAc. Since KOR inhibition by JDTic recovered morphine-evoked dopamine 568 
release in male PNI mice (Fig. 6c) we determined whether pain-induced changes in the KOR system were 569 
evident in dopamine cell bodies projecting from the VTA to the NAc. Fluorescent in situ hybridization 570 
enabled identification of KOR mRNA (Oprk1) expression in various cell types via co-labeling of 571 
heterogeneous populations of GABAergic and dopaminergic neurons within the VTA (Fig 7a,b) of sham 572 
and PNI male and female mice at 2 weeks following induction of the pain state. We found that Oprk1 573 
mRNA levels were increased in PNI male and female mice compared to sham: Oprk1 levels were 574 
primarily localized to tyrosine hydroxylase (TH+, dopamine) containing neurons, but not glutamic acid 575 
decarboxylase (GAD1+, GABA) neurons. Using, qRT-PCR, we determined that increases in KOR 576 
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mRNA were sustained for at least 8 weeks post-PNI in male, but not female PNI mice (Table 1). Sex 577 
differences were also evident in the GTPγS autoradiography functional assay, where KOR agonist-578 
stimulated [35S]GTPγS binding was increased in the VTA of male, but not female PNI mice compared to 579 
sham controls (Fig. 7c,d). The mechanisms responsible for the up-regulation of the KOR system within 580 
mesolimbic circuitry of chronic pain remain unclear, however, these data demonstrate that chronic 581 
neuropathic pain causes a sex-dependent increase in KOR expression and function.  582 
 583 
Negative reinforcement is driven by KOR blockade 584 
While KOR blockade recovered mesolimbic dopamine levels and opioid reward in chronic pain states, it 585 
was important to directly assess whether KOR contributes to the tonic-aversive component of chronic 586 
pain.  The long-acting properties of the KOR antagonist JDTic prevent it from being used in a CPP 587 
paradigm due to the requirement of learning drug effects with contextual cues. We thus, decided to use 588 
the non-selective opioid antagonist naloxone(Codd et al., 1995) in pre-pro-enkephalin knock out mice.  589 
Naloxone produces a CPA in wild type mice(Dymshitz and Lieblich, 1987) but this aversion is driven by 590 
endogenous enkephalin, where the CPA is absent in pre-proenkephalin (PENK) knockout mice(Shoblock 591 
and Maidment, 2007). Using this transgenic mouse with genetic loss of enkephalin, we therefore asked if 592 
naloxone would produce a CPP via naloxone’s ability to block KORs.  Thus, naloxone via KOR blockade 593 
may produce expression of negative reinforcement by removing the tonic aversive state of pain. This 594 
approach was chosen as available short acting KOR antagonists did not prevent KOR-induced 595 
hypolocomotion in our pilot studies. 596 
 597 
Consistent with previous findings, naloxone produced a CPA in pain-naive wild-type mice that was 598 
absent in the PENK KO mice (Fig. 8b). Naloxone also produced a CPA in chronic pain PNI wild-type 599 
mice. However, naloxone elicited a place preference in chronic pain PENK KO mice (Fig. 8b).  To 600 
determine whether the CPP produced by naloxone was due to antagonism of KORs, we pretreated mice 601 
with the KOR antagonist JDTic prior to conditioning with naloxone. Since expression of a CPP is 602 
dependent upon the learned association of drug effects with contextual cues, the acute KOR blocking 603 
effects of naloxone would be prevented by pre-treatment with the long-acting KOR antagonist JDTic. In 604 
this experiment, JDTic prevented naloxone-induced CPP in PNI PENK KO mice but had no effect on 605 
naloxone CPA in wild-type animals (Fig. 8c). These data suggest that the naloxone-induced CPP in 606 
chronic pain PENK KO mice was associated with KOR blockade by naloxone.  These findings further 607 
contribute to the idea that KORs contribute to the ongoing tonic aversive nature of chronic pain.  608 
 609 
To provide further evidence that KORs contributed to the tonic-aversive component of chronic pain, we 610 
used two additional approaches.  Previous research reported that analgesic treatment via a peripheral 611 
nerve block or systemic administration of analgesics drugs prevents the expression of morphine-induced 612 
CPP (negative reinforcement) in chronic pain animals due to the absence of motivation to seek pain 613 
relief(Navratilova et al., 2015). Here, we showed that JDTic effectively blocked expression of CPP 614 
produced by systemic administration of morphine in chronic pain, but not sham animals (Fig. 8e). Thus, 615 
alleviation of the tonic-aversive component of chronic pain by KOR blockade was sufficient to prevent 616 
expression of morphine CPP in pain but not sham animals. We suggest that this outcome results from the 617 
primary motivation for morphine CPP being associated with relief from the tonic-aversive component of 618 
pain.  619 
 620 
KOR mediates a sex-dependent tonic aversive component of chronic pain  621 
Next, we took advantage of a conditioning paradigm where animals were conditioned to only one 622 
chamber of the CPP apparatus.  Male and female PNI, but not sham, mice showed a place aversion (CPA) 623 
to the conditioning chamber, demonstrating the ongoing tonic-aversive component of pain can be 624 
captured using this protocol (Fig. 9a,b). In separate cohorts of mice, administration of JDTic 24h prior to 625 
the beginning of conditioning prevented place aversion in male, but not female PNI mice (Fig. 9a). To test 626 
the generalizability of KOR contributions to the on-going tonic-aversive component of pain in other 627 
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models, we performed similar experiments in male mice injected with complete Freund’s adjuvant (CFA) 628 
to induce chronic inflammatory pain. Using this model, CFA also produced a place aversion that was 629 
blocked by JDTic (Fig. 9b). It is noteworthy that KOR inhibition had no effect on mechanical withdrawal 630 
thresholds in sham or chronic pain male or female mice (Fig. 9c). These findings further implicate KOR 631 
involvement in pain circuitry is restricted to the affective but not sensory dimension of chronic pain.  632 
 633 
We examined the circuitry involved in the tonic-aversive component of pain using KOR conditional 634 
knockout mice (KOR cKO). Here, AAV-TH-cre or control virus (AAV-eGFP) was injected into the VTA 635 
of KOR cKO mice. As an additional control, AAV-TH-cre was injected into wildtype C57Bl/6 mice three 636 
weeks prior to inducing chronic neuropathic pain followed by single chamber conditioning. The 637 
RNAscope technique confirmed elimination of KORs from TH+ dopaminergic neurons in KOR cKO, but 638 
not wildtype mice (Fig. 10). The PNI-induced place aversion was present in wild type mice injected with 639 
TH-cre-virus as well as in KOR cKO mice injected with control virus. However, place aversion was 640 
absent in KOR cKO mice where KOR expression was significantly reduced within VTA TH+ neurons 641 
(Fig. 10). Taken together, these results provide strong evidence that KORs in dopaminergic mesolimbic 642 
circuits contribute to the tonic-aversive component of chronic pain.  643 
 644 
KOR antagonists attenuate negative affect in chronic pain states but is not sex dependent 645 
The findings described above suggest sex differences in the involvement of KORs in the affective 646 
dimension of pain. We therefore determined whether similar sex differences were evident in other 647 
measures of affect. Others have reported anti-depressant-like and anti-anxiety-like effects of KOR 648 
antagonists in rodent models of affective-like behavior(Crowley and Kash, 2015). The PNI model of 649 
chronic pain induces both anxiogenic and depressive phenotypes in mice(Yalcin et al., 2011). The 650 
administration of JDTic increased percent time in the light compartment of the light-dark test (Fig. 11a) 651 
and decreased immobility time in the forced-swim test (Fig. 11b) in PNI male and female mice, 652 
demonstrating that inhibition of KORs improves anxiety-like and affective-like deficits in behavior of 653 
chronic pain animals. Nonetheless, we did not observe sex-dependent effects in these tests.  Thus, there is 654 
a divergence in mechanisms underlying the on-going tonic-aversive component of pain compared to other 655 
measures of affect often precipitated by pain. 656 
 657 
DISCUSSION 658 
 659 
The present study provides evidence that chronic pain increases KOR expression and function within the 660 
mesolimbic circuitry that contributes to a tonic-aversive component of pain in a sex-dependent manner. 661 
We have previously shown that KOR agonist-induced antinociception in male, but not female mice, was 662 
mediated by engagement of stress pathways, as analgesia was blocked by anxiolytics(Taylor et al., 663 
2015d). Sex differences in KOR function have been reported in human and animal studies. Indeed, PET 664 
studies in humans show that KOR binding is greater in men than women in multiple brain regions, 665 
including areas associated with pain affect such as the anterior cingulate cortex (Vijay et al., 2016). 666 
Differences between sexes can occur as a result of hormonal differences, either during development or in 667 
adulthood, or as a result of genetic differences due to the complement of genes expressed on the X or Y 668 
chromosomes. Because the type of gonadal hormones is closely tied to the complement of sex 669 
chromosomes (XX vs. XY), it has been difficult to separate the effects of each of these variables. 670 
However, both hormones and sex chromosomes have been implicated in KOR-mediated sex differences.  671 
For example, the sex-dependent differences in sensitivity to the depressive effects of KOR agonists in a 672 
model of intracranial self-stimulation was independent of estrous cycle state in females or gonadectomy 673 
in males (Russell et al., 2014). In contrast, KOR mediated antinociception was enhanced by hormone 674 
treatment (Dawson-Basoa and Gintzler, 1996) and the sex-specific effects of KOR mediated 675 
antinocicpetion in male but not female mice was shown to be mediated by estrous phase(Abraham et al., 676 
2018).  677 
 678 
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Considerable evidence suggests that the KOR system within the NAc underlies negative affective states 679 
and heightens stress reactivity in various psychiatric disorders. For example, dynorphin expression is 680 
increased in the ventral striatum of suicidal individuals and in animal models of depression(Hurd et al., 681 
1997; Peckys and Hurd, 2001). Similarly, the aversive effects produced by KOR agonists are partially 682 
mediated by their role in the NAc, where they modulate dopamine transmission from the VTA(Van’t 683 
Veer et al., 2013).  However, no prior study has shown the tonic-aversive component of chronic pain is 684 
mediated by KORs. Our study demonstrates that KOR modulation of dopamine release underlies the tonic 685 
aversive component of pain, but it unclear if this modulation is due to regulation of dopamine release 686 
within the NAc or other projection sites.  We previously demonstrated that intra-VTA opioid reward and 687 
evoked dopamine release within the NAc are blunted in chronic pain states (Taylor et al., 2015a).  Here 688 
we show that the blunted release and reward are recovered by KOR antagonists, however the source of 689 
dynorphin responsible for KOR activation within the NAc remains unclear.  We show that prodynorphin 690 
mRNA is increased in the NAc of chronic pain mice suggesting a likely source is dynorphin expressing 691 
medium spiny neurons(Al-Hasani et al., 2015). However, dynorphin regulation of dopamine may occur 692 
via another system; it was recently hypothesized that another dynorphin source may be orexin neurons 693 
projecting from the lateral hypothalamus(Tejeda and Bonci, 2018). It is important to note that KOR 694 
activation does not contribute to aversion to an acute pain stimulus. Neither administration of a KOR 695 
agonist or antagonist prevented visceral pain (acetic acid)-induced place aversion (Bagdas et al., 2016). 696 
Additionally, acute inflammatory or visceral pain was reported to reduce dopamine release in the NAc 697 
and to depress intracranial self-stimulation(Leitl et al., 2014a, 2014b). However, neither effect was 698 
reversed by pre-treatment with a KOR antagonist.  We propose that the KOR system may only be 699 
engaged following tissue or nerve injury that induces a prolonged or chronic, but not acute pain states. 700 
 701 
The possibility exists that the ability of KOR inhibition to recover dopamine release and opioid reward 702 
may increase risk of opioid misuse and addiction. Although a complex issue, KOR antagonism or absence 703 
of KORs increases drug-induced dopamine release(Chefer et al., 2005; Doyon et al., 2006), as well as 704 
increases nicotine, methamphetamine or ethanol reward as determined by conditioned place preference 705 
and self-administration studies(Matsuzawa et al., 1999; Mitchell et al., 2005; Whitfield et al., 2015).  706 
Nevertheless, KOR antagonists are being developed for the treatment of addiction because of their ability 707 
to block stress and cue-induced relapse, where the rationale for such treatment is driven in part by the 708 
ability of KOR antagonists to block stress-related pathways(Crowley and Kash, 2015; Chavkin and Koob, 709 
2016).  710 
 711 
It is not clear whether restoring dopamine release and dopamine-dependent reward would increase 712 
addiction potential in chronic pain states, as reward is not solely dependent on dopamine. More 713 
importantly, opioid use for pain treatment is associated with negative reinforcement rather than increasing 714 
hedonic tone. For example, rodents in chronic pain that undergo pain treatment with gabapentin or other 715 
analgesics do not show place preference for morphine(Navratilova et al., 2015). In clinical studies, opioid 716 
misuse and addiction was shown to be lower in chronic pain patients than the general population 717 
receiving opioids, if susceptible individuals (comorbid mood disorder or psychopathology, genetic 718 
susceptibility or previous substance misuse) were separated from the cohort(Fishbain et al., 2008). Since 719 
hypo-dopaminergic tone in chronic pain impairs motivated behavior and likely contributes to the 720 
occurrence of psychopathology commonly comorbid with chronic pain(Carroll and Carlezon, 2013; 721 
Taylor et al., 2015d, 2016b), the ability of KOR antagonists to restore dopamine signaling may represent 722 
a novel approach to manage affective dimensions of chronic pain. This mechanism may underlie the 723 
effectiveness of buprenorphine (a partial mu opioid agonist with KOR antagonist properties) in alleviating 724 
chronic pain and improving quality of life(Uberall and Muller-Schwefe, 2013), and may also explain why 725 
buprenorphine when combined with naloxone for treatment of opioid addiction in chronic pain patients 726 
also decreased subjective pain(Worley et al., 2015). 727 
 728 
Conclusions 729 
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We have discovered in two animal models of chronic pain that the expression and function of KOR 730 
systems are increased in mesolimbic brain structures.  While the affective and sensory components of 731 
pain are mediated by overlapping circuitry, limbic structures including mesolimbic circuitry are engaged 732 
to process the emotional component of pain. Considerable evidence suggests that the kappa opioid 733 
systems within the NAc underlies negative affective states and heightens stress reactivity in various 734 
psychiatric disorders. Here we show that kappa opioid receptors are sufficient to drive the tonic-aversive 735 
component of chronic pain – this emotional component of pain is argued to significantly impact patients’ 736 
quality of life (compared to the sensory component).  737 
 738 
These findings represent a significant contribution to understanding mechanisms of chronic pain because 739 
there is considerable research interest in validating peripherally restricted kappa agonists as a novel 740 
analgesics, whereas our data suggest that kappa blockade might prove effective.  A case in point is that 741 
opioids remain one of our most effective pharmacotherapeutic agents in treating pain, which is likely due 742 
to their ability to blunt both the sensory and emotional components of pain.  In fact, many patients 743 
indicate they still feel pain when taking opioids but the pain no longer bothers them. Thus, novel 744 
analgesic treatments must focus on alleviating the emotional component of pain if we are ever to replace 745 
opioids for treating long-term pain. The impact of the present study is also broadly relevant to affective 746 
disorders associated with disruption of reward circuitry and thus, likely contributes to many of the 747 
devastating sequelae of chronic pain, including the poor response to treatment of come patients, 748 
debilitating affective disorders and substance abuse. Because KORs are upregulated in areas of the central 749 
nervous system involved in mood, our findings likely bear on other disorders, including anxiety disorders 750 
and depression that demonstrate high co-morbidity with chronic pain.  Moreover, KORs are known to be 751 
involved in stress-induced relapse of drugs of abuse. Therefore, KOR antagonists may reduce prescription 752 
opioid misuse in pain patient populations.   753 
 754 
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 1001 
FIGURE LEGENDS 1002 
 1003 
Figure 1. Enhanced KOR mediated place aversion in chronic pain animals. (a) Timeline for 1004 
conditioned place aversion (CPA) to KOR agonist (U50,488) in control (naïve and sham surgery) and 1005 
chronic neuropathic pain (PNI) mice. (b) In female mice, U50,488 (U50, 1-10 mg/kg, i.p.) did not 1006 
produce a place aversion in pain-naïve, sham and chronic pain (PNI).  A one way ANOVA of U50,488 1007 
dose revealed no significant effect at any dose (1 mg dose: F(2,23)=0.216, p=0.808, 5 mg dose: 1008 
F(2,37)=1.296, p=0.286, 10mg dose: F(2,22)=0.003 p=0.997).  One sample t test for difference from a 1009 
theoretical value of zero (no preference) revealed that none of the dose tested produced a place aversion 1010 
independent of surgery (1 mg dose in naïve: t=0.468, p=0.643, sham: t=0.542, p=0.602, PNI: t=0.465, 1011 
p=0.655; 5 mg dose in naïve t=0.767, p=0.468, sham: t=1.733, p=0.103, PNI: t=1.78, p=0.094; 10 mg 1012 
dose in naïve: t=1.578, p=0.153, sham: t=1.268, p=0.252, PNI: t=0.974, p=0.358). (c) In male mice, 1013 
U50,488 (1-10 mg/kg, i.p.) dose-dependently produced place aversion in pain-naïve and sham male mice, 1014 
but unlike female mice, all doses produced place aversion in male chronic pain mice.  A one way 1015 
ANOVA of U50,488 dose revealed a significant effect at 1 and 5 mg doses in PNI mice (1 mg dose: 1016 
F(2,24)=9.102, p=0.0011, 5 mg dose: F(2,37)=26.19, p<0.0001, 10mg dose: F(2,22)=0.465 p=0.634).  One 1017 
sample t test for difference from a theoretical value of zero (no preference) revealed that all doses 1018 
produced a place aversion in PNI mice (1 mg dose in naïve: t=0.021, p=0.984, sham: t=2.301, p=0.0504, 1019 
PNI: t=4.426, p=0.0022; 5 mg dose in naïve t=2.823, p=0.0166, sham: t=10.83, p<0.0001, PNI: t=19.66, 1020 
p<0.0001; 10 mg dose in naïve: t=3.14, p=0.0164, sham: t=2.528, p=0.0353, PNI: t=2.531, p=0.0392). (d) 1021 
Dose response curves for female mice.  A two-way ANOVA revealed no significant effect of surgery 1022 
(F(2,82)=0.558, p=0.572), or dose (F(2,82)=1.743, p=0.181) or interaction (F(4,82)=0.227, p=0.852). (e) Dose 1023 
response curves for male mice.  A two-way ANOVA revealed a significant effect of surgery 1024 
(F(2,85)=6.707, p=0.002) and an interaction (F(4,85)=4.746, p=0.0017), but not dose (F(2,85)=2.392, 1025 
p=0.0976).  For all data sets, # compares to sham and * compares to naïve. Data are expressed as mean 1026 
+/- s.e.m. N=7-16 per group. (f) Heat map of representative data male 5 mg/kg dose.  1027 
 1028 
Figure 2. Dose-dependent KOR mediated hypo-locomotion. (a) Timeline for KOR-agonist-induced 1029 
hypo-locomotion. (b,c) The presence of chronic pain enhanced U50-induced hypo-locomotion in both 1030 
male and female mice at the 5 mg/kg dose (middle panels).  A two-way ANOVA in female mice (for the 1031 
5 mg dose) demonstrated a significant effect of surgery F(2,35)=16.62, p<0.0001, treatment F(1,35)=26.99, 1032 
p<0.0001 and an interaction F(2,35)=4.231, p=0.0226.  A two-way ANOVA in male mice (for the 5 mg 1033 
dose) demonstrated a significant effect of treatment F(1,43)=20.36, p<0.0001, but no effect of surgery 1034 
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F(2,43)=2.956, p=0.063 and no interaction F(2,43)=1.783, p=0.1804.  Data are expressed as mean =/- s.e.m. 1035 
N=4-8 per group. (d) U50,488 (1-10 mg/kg i.p.) produced a dose-dependent effect on locomotor activity 1036 
in female and male mice. For female mice, a two-way ANOVA revealed a significant effect of surgery 1037 
F(2,52)=12.72, p<0.0001, dose F(2,52)=39.54, p<0.0001and an interaction F(4,52)=2.62, p=0.045.  For male 1038 
mice, a two-way ANOVA revealed a significant effect of dose F(2,50)=45.36, p<0.0001 and interaction 1039 
F(4,50)=2.82, p=0.0345, but not dose F(2,50)=0.048, p=0.9528.  For all data sets, * compares saline to 1040 
U50,488 treatment. (h) Representative activity tracks of U50,488 (5mg/kg, i.p.)-induced locomotion in 1041 
male mice.  1042 
 1043 
Figure 3. Chronic pain enhances recovery of KOR mediated effects after JDTic. (a) Timeline for 1044 
KOR agonist-induced hypo-locomotion at either 6 or 11 days post-KOR antagonist administration (JDTic 1045 
10 mg/kg, i.p.).  All mice were injected with the KOR antagonist JDTic (10 mg/kg, i.p.) 24h prior to 1046 
surgery. (b) KOR blockade prevented KOR agonist U50,488 (U50 10 mg/kg, i.p.)-induced hypo-1047 
locomotion in naïve, sham and PNI female mice at 6 days following KOR antagonist administration.  A 1048 
two-way ANOVA in female mice on day 6 demonstrated no significant effect of surgery F(2,42)=0.3691, 1049 
p=0.6936, or treatment F(1,42)=1.57, p=0.2172 and no interaction F(2,42)=2.471, p=0.0967.  Thus, at 6 days 1050 
post-JDTic administration, KOR agonist-induced hypo-locomotion was blocked in female mice 1051 
independent of the presence of chronic pain. (c) In contrast, the KOR antagonist prevented U50-induced 1052 
hypo-locomotion in naïve and sham but not PNI male mice.  A two-way ANOVA in male mice on day 6 1053 
demonstrated no significant effect of surgery F(2,62)=0.128, p=0.8801, or treatment F(1,61)=2.417, p=0.1243 1054 
but there was an interaction F(2,62)=6.856, p=0.0020. Thus, JDTic blocked KOR agonist-induced hypo-1055 
locomotion in naive and sham male mice but not chronic pain male mice.  At day 11, JDTic continued to 1056 
block U50,488-induced effects in both male and female naïve mice, but did not prevent hypo-locomotion 1057 
of the KOR agonist in either sham or PNI female or male mice.  A two-way ANOVA in female mice on 1058 
day 11 demonstrated a significant effect of surgery F(2,42)=058.11, p<0.0001 and an interaction 1059 
F(2,42)=5.42, p=0.0081 but no effect of treatment F(1,42)=1.754, p=0.1856.  A two-way ANOVA in male 1060 
mice on day 11 demonstrated no significant effect of surgery F(2,57)=2.816, p=0.0682 or interaction 1061 
F(2,57)=2.629, p<0.0809, but an effect of treatment F(1,57)=36.67, p<0.0001. Data are expressed as median 1062 
with 25% and 75% quartiles, minimum and maximum values with all data points included for N=7-12 per 1063 
group. * compares saline to U50 within a surgery group. 1064 
 1065 
Figure 4. KOR up-regulation and function within the nucleus accumbens of chronic pain animals.  1066 
(a) In multicolor images, kappa opioid receptor (Oprk1, white), pro-dynorphin (Pdyn, green) and pro-1067 
enkephalin (pink) gene expression was detected with RNAscope multiplex florescent in situ hybridization 1068 
in the nucleus accumbens (NAc) of pain-naive, sham and PNI mice. Scale bar 25 um. (b) In the PNI 1069 
model of neuropathic pain, the expression of Oprk1 transcript was increased in male, but not female mice 1070 
compared to pain naïve and sham controls. Tissue was collected two weeks post-induction of pain by 1071 
PNI. One way ANOVAs revealed a significant effect in male (F(2,12)=19.26, p<0.001), but not female 1072 
(F(2,18)=3.483, p=0.054) PNI mice. * compares naïve to PNI, # compares sham to PNI.  In contrast, Pdyn 1073 
transcript was increased in both male and female PNI mice. One way ANOVAs revealed a significant 1074 
effect in male (F(2,12)=10.83, p<0.01) and female (F(2,17)=3.511) PNI mice compared to pain-naïve but not 1075 
sham control mice. * compares naïve to PNI.  Data are expressed as mean +/- s.e.m. N=12 per group. (c) 1076 
Representative autoradiograms and quantification of KOR agonist-induced [35S]GTP s binding in coronal 1077 
brain sections from naïve, sham and PNI male mice. Increases in KOR agonist (U69,593) stimulated 1078 
[35S]GTP s binding are evident in the NAc of PNI male mice compared to both pain-naïve and sham 1079 
controls. Increases in binding were evident in both the core (* compares to naïve, and # compares to 1080 
sham, one-way ANOVA F(2,21) = 5.455, p=0.0124) as well as the shell (* compares to naïve, # compares 1081 
to sham, one-way ANOVA F(2,21) = 5.988, p=0.0088) of the NAc.  (d) Representative autoradiograms and 1082 
quantification of KOR agonist-induced [35S]GTP s binding in coronal brain sections from naïve, sham 1083 
and PNI female mice.  No differences in KOR agonist (U69,593) stimulated [35S]GTP s binding are 1084 
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evident between pain-naïve, sham and PNI female mice in either the NAc core (one way ANOVA (F(2,21) 1085 
= 0.1296, p=0.8972) or NAc shell (one way ANOVA (F(2,21) = 0.1669, p=0.8474). Data are expressed as 1086 
mean +/- S.E.M. for N=8 per surgical group. For all data presented, tissue was collected two weeks post-1087 
induction of pain by PNI. 1088 
 1089 
 1090 
Figure 5. Chronic pain increases the phosphorylated state of the KOR.  (a) Characterization of 1091 
phosphorylated KOR (KOR-P) antibody. Systemic administration of the KOR agonist U50,488 (U50) 1092 
dose-dependently increased the phosphorylated state of the receptor (KOR-P) in the nucleus accumbens 1093 
of naïve mice. (b) The molecular species identified by the KOR-P antibody was absent in homogenates of 1094 
brains from KOR knockout (-/-) mice. N=4-6 per group. (c) In the absence of exogenously administered 1095 
KOR agonist, the ‘activated’ state of the KOR (phosphorylated) was significantly increased in the 1096 
contralateral (contra) nucleus accumbens (NAc) of male PNI and sham animals when normalized to pain-1097 
naïve tissue. Tissue was collected two weeks post-induction of pain by PNI. * compares to ipsilateral 1098 
(ipsi) sham (t=2.249) or PNI (t=2.139). Data are expressed as mean +/- S.E.M. for N=4-10 per group. 1099 
ipsi: ipsilateral, contra: contralateral, PNI: peripheral nerve injury, S: sham, KOR-P: phosphorylated 1100 
kappa opioid receptor. 1101 
 1102 
Figure 6. KOR regulates opioid-induced reward and dopamine release. (a) Time course for drug 1103 
treatment and conditioning with intra-VTA DAMGO. (b) Conditioned place preference (CPP) of intra-1104 
ventral tegmental area (VTA) mu opioid agonist DAMGO (1ng/bilateral injection) in sham and PNI mice.  1105 
Intra-VTA DAMGO produced a CPP in sham but not PNI mice.  Pretreatment of mice with KOR 1106 
antagonist JDTic (10 mg/kg, i.p.) did not alter DAMGO CPP in sham animals but recovered DAMGO 1107 
CPP in pain animals. Data are expressed means +/- s.e.m., N=8-9 per group. Two way ANOVA revealed 1108 
a significant effect of surgical group (F(1,29)=5.184, p<0.05), treatment (F(1,29)=7.483, p<0.05) and a 1109 
significant interaction (F(1,29)=4.233, p<0.05). *p<0.05 compares sham to PNI in vehicle-treated mice. 1110 
Images depict cannula placement for DAMGO delivery.  (c) Morphine (10mg/kg, i.p.) failed to stimulate 1111 
extracellular dopamine in PNI male mice, but treatment with KOR antagonists JDTic (10 mg/kg, i.p.) 1112 
restored morphine-evoked extracellular dopamine levels. Microdialysis experiments were conducted two 1113 
weeks post-induction of pain by PNI.  A two-way ANOVA revealed a significant effect of time 1114 
(F(51,627)=2.364, p<0.0001) and surgery (F(2,627)=76.56, p<0.0001) but no interaction (F(102,627)=0.994, 1115 
p=0.513. Images depict location of microdialysis fiber location.  1116 
  1117 
 1118 
Figure 7. KOR expression and function is increased in the midbrain of chronic pain animals.  1119 
Kappa opioid receptor (Oprk1) gene expression (white) was detected with RNAscope multiplex florescent 1120 
in situ hybridization in both GABA (green, identified with GAD) and tyrosine hydroxylase (TH, red 1121 
(male) pink (female)) positive neurons in the ventral tegmental area (VTA) of female (a) and male (b) 1122 
mice. The peripheral nerve injury (PNI) model of neuropathic pain increased the expression of Oprk1 1123 
mRNA in the VTA of pain male and female compared to sham surgical controls.  Data are expressed as 1124 
mean +/- s.e.m. for N=6-8 per surgical condition. Male: Two-way ANOVA reveled a significant effect of 1125 
gene (F(2,30)=9.539, p<0.001), but not surgery (F(1,30)=1.33, p=0.258). There was also a significant 1126 
interaction (F(2,30)=9.33, p<0.001). Female: Two-way ANOVA reveled a significant effect of gene 1127 
(F(2,90)=59.37, p<0.001), and surgery (F(1,90)=5.52, p<0.05) but not an interaction (F(2,90)=1.933, p=0.1507). 1128 
* compares sham to PNI. (c) Representative autoradiograms and quantification of KOR agonist-induced 1129 
[35S]GTP s binding in coronal brain sections from naïve, sham and PNI male and female mice. (d) 1130 
Increases in KOR agonist U69593-stimulated [35S]GTP s binding are evident in the ventral tegmental 1131 
area (VTA) of male, but not female PNI mice. * compares to naïve and sham. Data are expressed as mean 1132 
+/- s.e.m. for N=8 per surgical group. 1133 
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Figure 8. The tonic-aversive component of chronic pain is driven by kappa opioid receptor 1134 
activation. (a) Time Course of drug treatment and conditioning. (b) In naïve mice: Naloxone (NLX) 1135 
produced a place aversion (CPA) in wild type mice, but not in pro-enkephalin (PENK) knockout mice.  In 1136 
a model of chronic neuropathic pain induced by peripheral nerve injury (PNI), naloxone produced a CPA 1137 
in wild type mice, but produced a place preference (CPP) in PENK knockout mice.  Heatmaps of 1138 
naloxone CPA or CPP are from representative data.  Two way ANOVA revealed a significant effect of 1139 
genotype (F(1,35)=113.2, p<0.001), treatment (F(1,35)=23.39, p<0.001) but no interaction (F(1,35)=0.0295, 1140 
p=0.864). * compares genotype within PNI groups and compares genotype in surgery control mice or 1141 
between control and PNI in the PENK KO groups. (c) In PENK knockout (KO) mice, administration of 1142 
the KOR antagonist JDTic (10 mg/kg, i.p.) prevented naloxone CPP in chronic pain animals. Two way 1143 
ANOVA revealed a significant effect of surgery (F(1,37)=4.826, p<0.05), treatment (F(1,37)=3.795, p<0.05) 1144 
and a significant interaction (F(1,37)=5.325, p<0.05). * compares saline treated control and PNI groups or 1145 
Saline and JDTic treatments in PNI groups. In PENK WT littermate mice, administration of the KOR 1146 
antagonist JDTic (10 mg/kg, i.p.) had no effect on naloxone CPA in surgical control or chronic pain 1147 
animals. Two way ANOVA revealed no significant effect of surgery (F(1,32)=0.1763, p=0.677) or 1148 
treatment (F(1,32)=0.6015, p=0.443). However, all groups showed a significant effect compared to a 1149 
theoretical value of 0 demonstrating all groups demonstrated a CPA to naloxone (t=5.52 – 10.88, 1150 
**p<0.01 to ***p<0.001). Data are expressed as medians with 25% and 75% quartiles, minimum and 1151 
maximum values with all data points included, N=5-18 per group. (d) Time course of treatment and 1152 
conditioning paradigm. (e) Systemic administration of morphine produced a CPP in sham mice that was 1153 
not altered by pretreatment with the KOR antagonist JDTic (10 mg/kg, i.p.), however, place preference to 1154 
morphine was blocked by JDTic in chronic pain mice.  Two way ANOVA revealed a significant effect of 1155 
surgery (F(1,30)=4.955, p<0.05) and treatment (F(1,30)=8.579, p<0.01) but not an interaction (F(1,30)=2.985, 1156 
p=0.0943). * compares saline to JDTic in PNI and JDTic sham and PNI groups. Data are expressed as 1157 
median with 25% and 75% quartiles, minimum and maximum values with all data points included, N=8-1158 
10 per group. 1159 

Figure 9. Sex-dependent KOR involvement in the on-going tonic-aversive component of chronic 1160 
pain. (a) Time course and treatment regimen of single chamber conditioning to capture place aversion of 1161 
sham and chronic pain (PNI) mice. Mice received saline (i.p.) injections daily in their home cage or in 1162 
one conditioning chamber. Sham animals conditioned to the CPP apparatus did not show place aversion 1163 
or preference to the chamber where they received saline but PNI male and female mice developed an 1164 
aversion to the conditioning chamber. This aversion demonstrates ongoing tonic aversive component of 1165 
chronic pain.  Treating male, but not female mice with the KOR antagonist JDTic (10 mg/kg, i.p.) 1166 
prevented aversion to the conditioning chamber. Male: Two way ANOVA revealed a significant effect of 1167 
treatment (F(1,28)=9.923, p<0.01), an interaction  (F(1,28)=4.781, p<0.05) and an effect of surgery 1168 
(F(1,28)=3.581, p<0.05). *p<0.05 compares saline treated control and PNI groups as well as control surgery 1169 
and PNI in vehicle treated groups. Female: Two way ANOVA revealed a significant effect of surgery 1170 
(F(1,28)=8.346, p<0.01), but no interaction  (F(1,28)=0.150, p=0.701) or treatment effect (F(1,28)=0.241, 1171 
p=0.627). * compares saline treated control and PNI groups as well as control surgery and PNI in vehicle 1172 
treated groups. Data are expressed as median with 25% and 75% quartiles, minimum and maximum 1173 
values with all data points included, N=8 per group. (b) Time course and treatment regimen of 1174 
conditioning to capture place aversion after complete Freund’s adjuvant (CFA). Sham animals 1175 
conditioned to CPP apparatus did not show place aversion or preference to chamber that they received 1176 
saline but CFA male mice developed an aversion to the conditioning chamber. Treating mice with KOR 1177 
antagonist JDTic (10 mg/kg, i.p.) prevented this aversive state. Two way ANOVA revealed a significant 1178 
effect of surgery (F(1,28)=5.281, p<0.05) and treatment  (F(1,28)=12.76, p<0.01) but no interaction 1179 
(F(1,28)=2.192, p=1.499). * compares saline treated control and PNI groups. Data are expressed as median 1180 
with 25% and 75% quartiles, minimum and maximum values with all data points included, N=8 per 1181 
group. (c) Mechanical withdrawal thresholds determined at 2 weeks post-surgery were significantly lower 1182 
in PNI compared to sham mice.  Administration of JDTic (10 mg/kg, i.p.) 24h prior to testing did not alter 1183 
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withdrawal thresholds in PNI or sham mice. Two way ANOVA revealed a significant effect of surgery 1184 
(F(1,28) = 111.5, p<0.001, but not drug treatment (F(1,28)=0.356, p=0.556, and there was no significant 1185 
interaction (F(1,28)=0.167, p=0.686). Data are expressed as median with 25% and 75% quartiles, minimum 1186 
and maximum values with all data points included. N=8 per group.  1187 
 1188 
Figure 10. Deleting KOR from mesolimbic dopamine prevents an ongoing pain aversive state.  (a) 1189 
Time course of conditioning and AAV-TH-cre treatment in KOR conditional knockout (KOR cKO) or 1190 
C57Bl/6 mice.  Elimination of KOR from VTA TH+ neurons prevented place aversion in male PNI mice. 1191 
t(12)=3.46, **p<0.01. Data are expressed as median with 25% and 75% quartiles, minimum and maximum 1192 
values with all data points included for N=4-8 per group.  Represented images demonstrate the absence of 1193 
KOR mRNA in the VTA of TH-cre/KORloxP but not control mouse groups. 1194 
 1195 
Figure 11. No sex-dependent effect of KOR antagonists to block pain-induced affective like 1196 
behavior. (a) JDTic (10mg/kg, i.p.) significantly increased the percent time in the light compartment of 1197 
the light dark anxiety-like affective-like test of both male and female PNI mice. Male: A two-way 1198 
ANOVA reveals a significant effect of surgery F(1,76)=9.997, p=0.0023 and an interaction F(1,76)=5.747, 1199 
p=0.0190 but not of treatment F(1,76)=0.0513, p=0.8214. Female: A two-way ANOVA reveals a significant 1200 
effect of surgery F(1,44)=6.787, p=0.0125 and an interaction F(1,44)=10.08, p=0.0027 but not of treatment 1201 
F(1,44)=1.663, p=0.2040. Data are expressed as raw data and mean +/- s.e.m. for N=10-24 per group. Male: 1202 
# compares sham to PNI JDTic treatment, female: * compares sham to PNI saline-treated mice, $ 1203 
compares PNI saline to PNI JDTic treatment. (b) JDTic (10mg/kg, i.p.) significantly decreased the 1204 
immobility time in the forced swim depressive-like affective-like test of male and female PNI mice. Male: 1205 
A two-way ANOVA reveals a significant effect of surgery F(1,72)=9.077, p=0.0036 and treatment 1206 
F(1,72)=23.57, p<0001 and an interaction F(1,72)=4.659, p=0.0125. Female: A two-way ANOVA reveals a 1207 
significant effect of surgery F(1,44)=8.147, p=0.0066 and treatment F(1,44)=14.4, p=0.0004 but not an 1208 
interaction F(1,44)=0.867, p=0.3569. Data are expressed as raw data and mean +/- s.e.m. for N=10-24 per 1209 
group. Male: * compares PNI to naïve, # compares sham to PNI, $ compares to PNI saline to PNI JDTic-1210 
treated mice. Female: # compares sham to PNI JDTic-treated mice. 1211 
 1212 
 1213 
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dopamine, negative affect, depression, ventral tegmental area, dopamine, U50488, nucleus accumbens, 1215 
U69593, microdialysis, conditioned place aversion, condition place preference, tonic-aversive, addiction, 1216 
affective disorder, emotion  1217 

























 

 1 

Table 1. Quantification of kappa opioid receptor (Oprk1) gene expression in brain regions of 8 
week post-surgery sham and chronic pain mice.  Brain regions are also subcategorized by 
hemispheres in terms of ipsilateral (ipsi) and contralateral (contra) to peripheral nerve injury 
(PNI). Statistical significance is highlighted with denoted asterisk where P < 0.05. A total of 10 
sham and 10 PNI mice were used in these experiments. NAC: nucleus accumbens, VTA: ventral 
tegmental area 
 

Male Sham 2^ddCT Sham SEM PNI 2^ddCT PNI SEM 

NAC-ipsi 52.09 2.97 170.54* 3.00 
NAC-con 260.3 4.16 359.54* 3.88 
VTA-ipsi 50.63 5.85 156.49* 4.73 
VTA-con 76.17 4.90 173.29* 4.94 

Female     

NAC-ipsi 2.258 0.38 1.353 0.45 
NAC-con 3.739 0.41 3.610 0.40 
VTA-ipsi 0.49 0.433 0.08 0.401 
VTA-con 0.09 0.363 0.65 0.397 
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Table 2. Quantification of prodynorphin (Pdyn) gene expression in brain regions of 8 week 
post-surgery sham and PNI mice.  Brain regions are also subcategorized by hemispheres in 
terms of ipsilateral (ipsi) and contralateral (contra) to peripheral nerve injury (PNI). Statistical 
significance is highlighted with denoted asterisk where P < 0.05. A total of 10 sham and 10 PNI 
mice were used in these experiments. NAC: nucleus accumbens, VTA: ventral tegmental area, 
ipsi – ipsilateral, contra – contralateral. 
 
 
Male Sham 2^ddCT Sham SEM PNI 2^ddCT PNI SEM 

NAC-ipsi 0.379 1.244 4.690 1.371 
NAC-con 1.042 1.521 10.89* 1.418 
VTA-ipsi 0.286 1.134 1.755 1.410 
VTA-con 2.215 1.093 5.535 1.454 

Female     

NAC-ipsi 6.751 1.898 33.5 15.23 
NAC-con 0.069 0.006 6.19* 0.432 
VTA-ipsi 0.18 0.029 5.633** 1.455 
VTA-con 0.34 0.025 7.488*** 0.0959 
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Table 3. Basal dopamine levels in the NAc as detected by in vivo microdialysis. Mice 
underwent sham or peripheral nerve injury to induce neuropathic pain 14 days prior to 
assessing basal dopamine levels by in vivo microdialysis. JDTic was administered 24h prior to 
conducting microdialysis measurements. Each data point is a mean of 8 measurements taken 
consequtively in 5 min samples. Data are raw data values. N=5-7 per group. One way ANOVA 
showed no difference between groups F(2,15)=0.4558, p=0.642. 

Sham PNI PNI + JDTic 
0.20938 0.02728 0.10100 
0.22982 0.12125 0.21516 
0.12838 0.05175 0.48927 
0.12442 1.32625 0.79104 
0.65862 0.31025 0.47336 
0.08182  0.23101 

  0.63812 

 

 


