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Abstract

Opioids are commonly prescribed for pain despite growing evidence of their low efficacy in the 

treatment of chronic inflammatory pain and the high potential for misuse. There is a clear need 

to investigate non-opioid alternatives for the treatment of pain. In the present study, we tested 

the hypothesis that acute and repeated dopamine agonist treatment would attenuate mechanical 

hypersensitivity in male Long-Evans rats experiencing chronic inflammatory pain. We used two 

clinically available therapeutics, L-DOPA (precursor of dopamine biosynthesis) and pramipexole 

(dopamine D2/3 receptor agonist), to examine the functional role of dopamine signaling on 

mechanical hypersensitivity using an animal model of chronic inflammatory pain (complete 

Freund’s adjuvant, CFA). We found that both acute and repeated pramipexole treatment attenuated 
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hyperalgesia-like behavior in CFA-treated animals but exhibited no analgesic effects in control 

animals. In contrast, there was no effect of acute or repeated L-DOPA treatment on mechanical 

hypersensitivity in either CFA- or saline-treated animals. Notably, we discovered some extended 

effects of L-DOPA and pramipexole on decreasing pain-like behavior at three days and one week 

post-drug treatment. We also examined the effects of pramipexole treatment on glutamatergic and 

presynaptic signaling in pain- and reward-related brain regions including the nucleus accumbens 

(NAc), dorsal striatum (DS), ventral tegmental area (VTA), cingulate cortex (CC), central 

amygdala (CeA), and periaqueductal gray (PAG). We found that pramipexole treatment decreased 

AMPA receptor phosphorylation (pGluR1845) in the NAc and DS but increased pGluR1845 in 

the CC and CeA. A marker of presynaptic vesicle release, pSynapsin, was also increased in 

the DS, VTA, CC, CeA, and PAG following pramipexole treatment. Interestingly, pramipexole 

increased pSynapsin in the NAc of saline-treated animals, but not CFA-treated animals, suggesting 

blunted presynaptic vesicle release in the NAc of CFA-treated animals following pramipexole 

treatment. To examine the functional implications of impaired presynaptic signaling in the NAc of 

CFA animals, we used ex vivo electrophysiology to examine the effects of pramipexole treatment 

on the intrinsic excitability of NAc neurons in CFA- and saline-treated animals. We found that 

pramipexole treatment reduced NAc intrinsic excitability in saline-treated animals but produced 

no change in NAc intrinsic excitability in CFA-treated animals. These findings indicate alterations 

in dopamine D2/3 receptor signaling in the NAc of animals with a history of chronic pain in 

association with the anti-hyperalgesic effects of pramipexole treatment.

1. Introduction

Chronic pain is a pervasive and physiologically damaging condition that impacts an 

estimated 20% of the population (Goldberg and McGee, 2011; Yong et al., 2021), which 

is roughly 50 million adults in the United States (Dahlhamer et al., 2018). It is estimated 

that 8–10% of the US population experience chronic pain that limits their ability to 

work and actively engage in everyday life activities (Dahlhamer et al., 2018; Yong et al., 

2021). Pain is one of the most frequent causes for individuals to seek medical care and 

treatment (Mäntyselkä et al., 2001), costing the US healthcare system over $600 billon 

per year (Institute of Medicine, 2011). In addition to seeking medical care and treatment, 

chronic pain is often associated with significant emotional distress (Treede et al., 2019). 

Pain is multidimensional with numerous different types, sources, and symptoms of pain, 

which include both physical and emotional manifestations. Two broad classifications of 

chronic pain include chronic inflammatory pain (due to persistent inflammation) and chronic 

neuropathic pain (due to nerve injury). The majority of chronic pain complaints arise from 

inflammatory pain conditions including arthritis, which is a leading cause of disability 

among adults (Hootman et al., 2016).

For successful management of pain, prescription opioids continue to be the most powerful 

and effective tools used by clinicians to achieve analgesia. Opioids are commonly prescribed 

for the treatment of chronic pain despite growing evidence of their limited efficacy in 

the long-term management of pain (Dowell et al., 2016). Use of opioids is a cause for 

concern because of the development of analgesic tolerance and hyperalgesia (increased 

pain sensitivity) as well as the heightened misuse liability of opioids (Pahng and Edwards, 
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2021). Published reports by the Substance Abuse and Health Services Administration and 

the Centers for Disease Control and Prevention found that 10.1 million people reported 

opioid misuse and 70,630 people died from an opioid overdose in the 2019 (2019 National 

Survey on Drug Use and Health, 2020; Hedegaard et al., 2020). The past over-prescribing of 

opioids followed by more recent prescribing restrictions have led to unintended increases in 

illegal opioid use (Cicero et al., 2015) and a rise in overdose due to synthetic opioids (2019 

National Survey on Drug Use and Health, 2020). With all these factors combined, there 

is a clear need for the development and/or utilization of non-opioid alternative treatments 

for individuals living with chronic pain. Currently, there are few FDA-approved, non-opioid 

pain medications and these are often limited by side effects, low efficacy, and slower 

drug onset compared to opioids (Volkow et al., 2018), providing additional need for the 

exploration of non-opioid pharmacotherapies (Kaye et al., 2018; Skolnick and Volkow, 

2016).

Both clinical and preclinical research have illustrated the importance of the mesolimbic 

dopamine system in registering the salience of both reward and pain. Within mesolimbic 

circuitry, dopamine projections can detect both the onset and offset of pain (Becerra and 

Borsook, 2008; Navratilova et al., 2012). Activation of ventral tegmental area (VTA) 

dopamine neurons projecting to the nucleus accumbens (NAc) increase NAc dopamine 

levels and can produce pain relief, suggesting that relief from pain can be rewarding 

(Navratilova et al., 2012; Watanabe et al., 2018). Furthermore, neuroadaptations in the 

mesolimbic dopamine system have been implicated in both addiction and the transition 

from acute to chronic pain states. While the underlying mechanisms contributing to the 

chronification of pain are not well understood, there is compelling evidence that chronic 

pain can produce functional abnormalities in brain regions involved in the salience of 

pain perception, affective pain processing, and descending pain control (Thompson and 

Neugebauer, 2019). Some of these cortical and subcortical brain regions include the 

prefrontal cortex (Ong et al., 2019; Vogt, 2005), NAc (Baliki et al., 2012; Chang et al., 

2014), amygdala (Neugebauer, 2015; Simons et al., 2014), and periaqueductal gray (PAG) 

(Mills et al., 2018; Ong et al., 2019). Two common abnormalities hypothesized in chronic 

pain states include reward deficiency (reflected by a hypodopaminergic state) and dopamine 

receptor dysfunction (Borsook et al., 2016; Taylor et al., 2016). Accordingly, the goal of this 

study was to examine the effects of dopamine agonist medications on chronic inflammatory 

pain at both a dopamine biosynthesis and dopamine receptor level using clinically available 

therapeutics.

In the present study, we tested the hypothesis that acute and repeated dopamine agonist 

treatment would attenuate mechanical hypersensitivity in rats with chronic inflammatory 

pain. We used the complete Freund’s adjuvant (CFA) model to induce chronic inflammatory 

pain in male Long-Evans rats. We utilized clinically available therapeutics, L-DOPA (a 

precursor of dopamine biosynthesis) and pramipexole (a dopamine D2/3 receptor agonist), 

to test the functional role of dopamine system modulation on mechanical hypersensitivity. 

We implemented two different dosing regimens for each drug to examine the differences 

between acute and repeated drug treatment on mechanical hypersensitivity. For the 

therapeutic treatments, L-DOPA and pramipexole were administered on separate test days, 

and the order of drug presentation was counterbalanced. To mimic clinical conditions 
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and prevent the peripheral breakdown of L-DOPA, the drug was coadministered with 

DOPA decarboxylase inhibitor, benserazide. In a separate experiment, we examined the 

neurobiological consequences of pramipexole treatment on neuronal signaling in pain-

related brain regions including the NAc, dorsal striatum (DS), VTA, cingulate cortex (CC), 

central amygdala (CeA), and PAG. Finally, using ex vivo electrophysiology, we examined 

the effects of pramipexole treatment on the intrinsic excitability of NAc neurons in rats 

experiencing chronic inflammatory pain.

2. Materials and methods

2.1. Animals

Ninety-two adult male Long-Evans rats weighing 225–275 grams (approximate age 8–9 

weeks) at the time of arrival were purchased from Charles River (Wilmington, MA). The 

animal numbers for each experiment are as follows: experiment 1 (N = 40), experiment 2 

(N = 44), experiment 3 (N = 8). Rats were pair-housed and given ad libitum access to food 

(Purina Rat Chow, Ralston Purina, St. Louis, MO) and water throughout all experimental 

procedures. Rats were maintained on a reverse 12-h light/dark cycle (lights off at 8:00 a.m.) 

and were handled regularly. Rats were given one week to acclimate to the colony room 

prior to the start of experimental procedures. All animal care, use, and procedures in this 

study were approved by the Institutional Animal Care and Use Committee of Louisiana 

State University Health Sciences Center and were in accordance with the National Institute 

of Health guidelines.

2.2. Induction of chronic inflammatory pain

Rats were anesthetized with isoflurane (4% for 3 min). After being removed from 

anesthesia, rats were immediately placed on their backs and the left hindpaw of each rat 

was wiped with an alcohol prep pad (70% isopropyl). Rats received subcutaneous injections 

of 150 μL of either 50% CFA or sterile saline (control) into the left hindpaw. Rats were 

returned to their home-cage as soon as they were able to right themselves and become 

ambulatory. Rats were observed by the investigators for one week for obvious signs of 

distress or complications from the procedure. CFA was purchased from Sigma-Aldrich (St. 

Louis, MO, USA) and was diluted to 50% CFA in sterile saline the morning of injections.

2.3. Testing mechanical hypersensitivity

Von Frey tests of mechanical hypersensitivity were conducted as previously described 

(Pahng et al., 2017). Briefly, rats were habituated to the testing room for at least 30 min prior 

to testing. Rats were placed in individual compartments (26 x 11 × 20 cm) in elevated cages 

with stainless-steel mesh floors until grooming and exploratory behaviors ceased (5 min). 

Measurements for each rat were taken when all four paws were placed on the steel mesh 

floors. In order to assess the presence of mechanical hypersensitivity, the mid-plantar area of 

the hindpaw was perpendicularly stimulated with electronic von Frey anesthesiometer (Ugo 

Basile; Gemonio, Italy), which measures the grams of pressure applied to the paw with the 

probe. A brisk withdrawal of the paw, which is often followed by a sustained retraction 

and/or licking, is recorded as a positive response.
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2.4. Drug administration

Pramipexole dihydrochloride (PHR1598-500 MG), L-DOPA (L-3,4-dihydroxyphenylalanine 

methyl ester hydrochloride) (D1507-1G), and benserazide hydrochloride (B7283-1G) were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). All drugs were prepared fresh the day 

of testing and protected from light exposure. Pramipexole dihydrochloride was dissolved 

in sterile saline (1 mg/kg) for subcutaneous (s.c.) administration (2 ml/kg). Benserazide 

(DOPA decarboxylase inhibitor) was added to L-DOPA to prevent the peripheral breakdown 

of L-DOPA to dopamine. L-DOPA and Benserazide were dissolved in sterile water together 

at 50 mg/kg and 10 mg/kg, respectively, for intraperitoneal (i. p.) administration (1 ml/kg). 

These doses of L-DOPA and benserazide were previously shown to not impact general motor 

activity (Antinori et al., 2018). Controls animals received either i.p. or s.c. injections of drug 

vehicle.

2.5. Experiment 1 design: behavioral effects of acute and repeated dopamine agonism 
treatment on rats with chronic inflammatory pain

The complete timeline for experiment 1 is shown in Fig. 1A. All rats underwent one week 

of habituation to the colony room and handling prior to baseline mechanical hypersensitivity 

testing. Animals were split into two equivalent groups (CFA and saline) based on baseline 

paw withdrawal thresholds of the left paw. Paw withdrawal thresholds were measured in 

animals one week after receiving saline or CFA injections to the left paw. CFA and saline 

animals were split into a total of four groups (saline-vehicle, saline-drug, CFA-vehicle, 

CFA-drug) based on one-week paw withdrawal thresholds of the left paw. The saline-vehicle 

and CFA-vehicle groups consisted of saline-injected and CFA-injected animals that received 

vehicle prior to von Frey testing. The saline-drug and CFA-drug groups consisted of saline-

injected animals and CFA-injected animals that received either L-DOPA or pramipexole 

prior to von Frey testing. All animals in each group received both drugs, but the drugs 

were administered on separate days. To prevent potential order effects, half of the animals 

in the drug treatment groups received L-DOPA treatment first and the other half received 

pramipexole treatment first. The order was flipped during the subsequent test day, so all 

animals in drug treatment groups received both drugs, but in different test orders.

For acute drug treatment, rats received either L-DOPA or pramipexole 1 h prior to von Frey 

testing. Acute treatment test days 1 & 2 were separated by more than 48 h and occurred 

during week 4 of the experiment. Paw withdrawal thresholds were measured in all four 

groups four days and one week after the last acute treatment test day. For repeated drug 

treatment, rats received four days of daily drug or vehicle injections (1 injection per 24 

h). The fourth drug or vehicle injection took place 1 h prior to von Frey testing. Due to 

some evidence of drug carry over effects in our acute treatment results, repeated treatment 

test days 1 & 2 were separated by two weeks. Paw withdrawal thresholds were measured 

in all four groups: three days, one week, and two weeks after the first repeated treatment 

test day. This experimental procedure was completed across two cohorts of animals (Cohort 

1: N = 24, n = 6/per group; Cohort 2: N = 16, n = 4/per group) to maximize rigor and 

reproducibility. There were no differences in left paw withdrawal thresholds between the 

two cohorts during baseline testing (F (1,36) = 0.0064, p = 0.9362, data not shown) or one 

week post-CFA/saline injections (F(1,36) = 0.2856, p = 0.5963, data not shown), so the 
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data from the two cohorts were pooled together (N = 40, n = 10/per group) for subsequent 

analyses.

2.6. Experiment 2 design: neurobiological effects of acute pramipexole treatment on rats 
with chronic inflammatory pain

The complete timeline for experiment 2 is shown in Fig. 1B. Identical to experiment 1, all 

rats underwent one week of habituation to the colony room and handling prior to baseline 

mechanical hypersensitivity testing where they were spilt into two equivalent groups (CFA 

and saline). Paw withdrawal thresholds were measured in all animals once a week for a 

total of four weeks. To habituate the animals to drug injections, all animals were given 

s.c. injections of vehicle 24 h after the last mechanical hypersensitivity test. On the day 

of brain tissue collection, CFA and saline animals were split into a total of four groups 

(saline-vehicle, saline-drug, CFA-vehicle, CFA-drug) based on one-week paw withdrawal 

thresholds (left paw). Rats received injections of either pramipexole or vehicle 1 h prior to 

euthanization by decapitation under light isoflurane anesthesia. This experimental procedure 

was completed over two cohorts of animals (Cohort 1: N = 24, n = 6/per group; Cohort 2: 

N = 20, n = 5/per group) to maximize rigor and reproducibility. There were no differences 

in left paw withdrawal thresholds between the two cohorts during baseline testing (F(1,40) 

= 0.4186, p = 0.5213, data not shown) or one week post-CFA/saline injections (F(1,40) = 

1.513, p = 0.2258, data not shown). Accordingly, the data were pooled together and brain 

samples from individual rats were analyzed via Western blotting (N = 44, n = 11/per group).

2.7. Western blot analysis

Western blot analyses for brain regional changes in protein phosphorylation were conducted 

as previously described (Pahng et al., 2019). After the rats were euthanized, the brains 

were rapidly removed, snap-frozen in isopentane at −20 °C, and stored at −80 °C until 

dissection. Brains were placed in a −20 °C freezer the night before dissection. Brains were 

mounted and sliced using a cryostat at −12 °C during brain region dissection. Regional 

brain punches (0.5 mm thick) were taken from frozen tissue using 13–16 gauge needles 

(inner diameter: 1.8–1.19 mm) according to the Rat Brain Atlas (Paxinos and Watson, 1998) 

Supplementary Fig. 1. Brain punches were homogenized by sonication in a lysis buffer 

(320 mm sucrose, 5 mm HEPES, 1 mm EGTA, 1 mm EDTA, 1 %SDS, protease inhibitor 

cocktail (diluted 1:100), and phosphatase inhibitor cocktails II and III (diluted 1:100; Sigma-

Aldrich). Tissue homogenates were heated at 90 °C for 5 min. Total protein concentration 

was measured using a detergent-compatible Lowry method and tissue homogenates were 

aliquoted based on total protein concentrations (Bio-Rad, Hercules, CA, USA). Aliquoted 

tissue homogenates were stored at −80 °C until Western blotting. Samples of protein 

(20 μg) were separated by SDS-polyacrylamide gel electrophoresis on 8% acrylamide 

gels using a Tris/Glycine/SDS buffer system (Bio-Rad). The gels were electrophoretically 

transferred to polyvinylidene difluoride (PVDF) membranes overnight (GE Healthcare, 

Piscataway, NJ, USA). Membranes were blocked for 1 h in 5% non-fat milk at room 

temperature and incubated overnight in 2.5% non-fat milk with primary antibodies at 4 

°C. The primary antibodies used include phospho-AMPA receptor 1 Ser845 (1:500–5000, 

Cell Signaling Technology; Cat #8084) and phospho-Synapsin Ser9 (1:5000, Cell Signaling 

Technology; Cat #2311). The following day, membranes were washed and incubated with a 
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species-specific peroxidase-conjugated secondary antibody (1:10, 000; Bio-Rad) for 1 h at 

room temperature. Membranes were washed and incubated in a chemiluminescent reagent 

(Immobilon Crescendo Western HRP substrate; Millipore Sigma, Temecula, CA, USA), and 

exposed to film for varying times depending on the antibody and brain region. Following 

film development, membranes were stripped for 30 min at room temperature (Restore; 

Thermo Scientific) and reprobed for total protein and Beta-tubulin levels. The primary 

antibodies used include total AMPA receptor 1 (1:1000–5000, Cell Signaling Technology; 

Cat #13185), total Synapsin (1:5000–10000, Cell Signaling Technology; Cat #2312), and 

Beta-tubulin (1:1000000, Santa Cruz Biotechnology, Cat# sc-53140). The immunoreactivity 

of the individual bands was detected using densitometry (Image J 1.45S; Bethesda, MD). 

To normalize the data across the blots, the densitized values were expressed as a percentage 

of the mean of the saline-vehicle for each gel. The gel order of saline-vehicle, saline-drug, 

CFA-vehicle, and CFA-drug was repeated for all animals over four gels. Individual protein 

phosphorylation levels were normalized to either individual total protein levels or individual 

β-tubulin levels to generate phosphorylation: total or β-tubulin ratio values for statistical 

comparison. Phosphorylation: β-tubulin ratio values were used in the event of changes to 

total protein levels or a similar main effect for phosphorylated and total levels of the same 

protein.

2.8. Experiment 3: Ex vivo electrophysiology

To keep the timeline consistent with experiments 1 & 2, all rats underwent one week of 

habituation to the colony room and handling prior to receiving intra-plantar CFA or saline 

injections. Animals (N = 8, n = 4/per group) were examined for a proper inflammatory 

response one week later and were kept in the colony room for an additional three weeks. 

Under isoflurane anesthesia, rats were transcardially perfused with room temperature (~25 

°C) NMDG artificial cerebrospinal fluid (aCSF) containing the following (in mM): 92 

NMDG, 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 2 thiourea, 0.5 

CaCl2, 10 MgSO4·7 H2O, 5 Na-ascorbate, 3 Na-pyruvate (Avegno et al., 2019). 300 

μm-thick coronal sections containing the NAc were collected using a vibratome (Leica 

VT1200S, Nussloch, Germany). Sections were incubated in NMDG aCSF at 37 °C for 12 

min, then transferred to a room temperature holding aCSF solution containing the following 

(in mM): 92 NaCl, 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 2 thiourea, 

2 CaCl2, 2 MgSO4·7 H2O, 5 Na-ascorbate, 3 Na-pyruvate. Slices were allowed to recover 

for 1 h prior to recording.

Recordings were performed throughout the NAc (including the medial shell, lateral shell, 

and core), and positions were noted for each recording Supplementary Fig. 2. Sections were 

transferred to a recording aCSF solution containing the following (in mM): 130 NaCl, 3.5 

KCl, 2 CaCl2, 1.25 NaH2PO4, 1.5 MgSO4·7 H2O, 24 NaHCO3, 10 glucose. Recording 

aCSF was maintained at 32–34 °C using an in-line heater (Warner Instruments, Hamden, 

CT, USA). Whole cell recordings were performed using an internal recording solution 

containing the following (in mM): 140 K-gluconate, 5 KCl, 0.2 EGTA, 10 HEPES, 2 

MgCl2·6 H2O, 4 Mg-ATP, 0.3 Na2-GTP, 10 Na2-phosphocreatine (pH 7.2–7.3, 285–295 

mOsm). Signals were acquired via a Multiclamp 700B amplifier (Axon Instruments) and 

were digitized and analyzed via pClamp 10.2 software (Axon Instruments). Liquid junction 
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potentials were not corrected during recordings. Experiments with a series resistance >30 

MΩ or a >20% change in series resistance were excluded from analysis. Current clamp 

recordings were performed to assess the intrinsic excitability of NAc neurons (n = 7–8 cells 

per group). Following break in and once a stable seal was achieved (usually ~ 3 min), a 

series of current injections (0–240 pA, 1.5 s duration, 20 pA increments) was delivered 

to determine rheobase values, defined as the minimum current required to elicit an action 

potential, as well as the number of action potentials fired in response to varying current 

injections. Excitability was measured from each cell’s resting membrane potential. Resting 

membrane potential and input resistance were measured by generating an I–V curve after 

applying a series of current steps from −20 pA to +20 pA (5 pA increments, 500 msec 

duration). After recording baseline data, pramipexole (1 μM) was bath-applied to the slice, 

and excitability measures were recorded following a minimum of 5 min incubation time.

2.9. Statistical analysis

All data were analyzed using Prism 9 (GraphPad Software, Inc; La Jolla, CA, USA). 

Changes in mechanical hypersensitivity following CFA treatment alone were analyzed using 

two-way repeated-measures ANOVAs with the between-subjects factor of CFA treatment 

(CFA vs. saline paw injections) and the within-subjects factor of time (baseline vs. post-

treatment). Changes in mechanical hypersensitivity following CFA and drug treatment were 

analyzed using two-way between-subjects ANOVAs with CFA treatment (CFA vs. saline 

paw injections) and drug treatment (L-DOPA vs. vehicle or pramipexole vs. vehicle) as 

factors. Western blotting data was analyzed using two-way between-subjects ANOVAs with 

CFA treatment (CFA vs. saline paw injections) and pramipexole treatment (pramipexole vs. 

vehicle) as factors. Rheobase data was analyzed using two-tailed paired and unpaired t-tests. 

The number of action potentials fired in response to varying current injections was analyzed 

using two-way and three-way repeated measures ANOVAs with current injections (0–240 

pA), pramipexole treatment (pramipexole vs. vehicle), and CFA treatment (CFA vs. saline 

paw injections) as factors. All post-hoc analyses were completed using Tukey’s and Sidak’s 

multiple comparisons tests. Potential statistical outliers were examined using the Grubbs 

outlier test. Significance levels for statistical tests was set at p < 0.05.

3. Results

3.1. Experiment 1. Behavioral effects of acute and repeated dopamine system agonism in 
rats experiencing chronic inflammatory pain

3.1.1. Experiment 1. Effects of chronic inflammatory pain on mechanical 
hypersensitivity in rats—We used intra-plantar CFA injections to model chronic 

inflammatory pain in rats and tested consequent changes in paw sensitivity using the von 

Frey test of mechanical hypersensitivity. Rats were split into two equivalent groups based 

on their baseline paw withdrawal thresholds. Animals received s.c. injections of either saline 

or CFA into the left hindpaw. One week later, paw withdrawal thresholds were measured to 

examine the effects of CFA treatment on mechanical hypersensitivity (measure of pain-like 

behavior). As expected, we did not find a significant effect of CFA treatment (saline vs. 

CFA) [F(1,38) = 0.4062, p = 0.5277], time (baseline vs. 1-week) [F(1,38) = 0.0091, p = 

0.9244], or interaction [F(1,38) = 0.0166, p = 0.8981] for paw withdrawal thresholds in 
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the non-injected right hindpaw Fig. 2A. In the injected left hindpaw, however, there was 

a significant effect of CFA treatment (saline vs. CFA) [F(1,38) = 19.39, p < 0.0001], time 

(baseline vs. 1-week) F (1,38) = 11.32, p = 0.0018], and interaction F(1,38) = 16.10, p = 

0.0003], for paw withdrawal thresholds Fig. 2B. Post-hoc analysis revealed a significant 

decrease in paw withdrawal thresholds in CFA-treated animals at one week (p < 0.0001) 

Fig. 2B. This demonstrates that CFA produces significant mechanical hypersensitivity due to 

persistent inflammation in the injected hindpaw.

The local inflammatory response was visually evident in the CFA-injected hindpaw 

compared to the saline-injected hindpaw Fig. 2C. Prior to dopamine system treatment, 

CFA and saline rats were split into four groups (saline-vehicle, saline-drug, CFA-vehicle, 

CFA-drug) based on one-week paw withdrawal thresholds. Prior to drug treatment, there 

was a significant effect of CFA treatment (saline vs. CFA) [F(1,36) = 36.44, p < 0.0001], 

but no effect of drug treatment (pre-vehicle vs. pre-drug) [F(1,38) = 0.0036, p = 0.9526] 

or interaction [F(1,38) = 0.0424, p = 0.8379] Fig. 2D. This demonstrates that there was a 

significant difference between CFA and saline animals prior to L-DOPA and pramipexole 

treatment, but no difference between drug treatment groups (saline-vehicle vs. saline-drug, 

CFA-vehicle vs. CFA-drug) prior to receiving L-DOPA and pramipexole injections.

3.1.2. Experiment 1. Effects of acute dopamine agonism treatment on 
mechanical hypersensitivity in rats with chronic inflammatory pain—To test 

the effects of acute L-DOPA and pramipexole treatment on pain-like sensitivity, CFA and 

saline-injected rats received systemic injections of either L-DOPA (50 mg/kg), pramipexole 

(1 mg/kg), or vehicle 1 h prior to von Frey testing of mechanical hypersensitivity. L-DOPA 

was always co-administered with the DOPA decarboxylase inhibitor, benserazide (10 mg/

kg), to prevent the peripheral breakdown of L-DOPA. Acute treatment tests occurred during 

week 4 of the experiment (i.e., three weeks post-CFA treatment). All drug-treated animals 

received L-DOPA and pramipexole, but on separate test days. To prevent potential order 

effects, the two acute treatment tests were separated by more than 48 h, with half of the drug 

treatment animals receiving L-DOPA first and the other half receiving pramipexole first.

For acute L-DOPA treatment testing, there was a significant effect of CFA treatment (saline 

vs. CFA) [F(1,36) = 54.70, p < 0.0001] and a significant interaction [F(1,36) = 4.125, p 

= 0.0497], but no effect of L-DOPA treatment (vehicle vs. L-DOPA) [F(1,36) = 0.1782, 

p = 0.6754] Fig. 3A. Post-hoc analysis with Tukey’s multiple comparisons test revealed 

the following significant differences in paw withdrawal thresholds: saline-vehicle vs. CFA-

vehicle (p < 0.0001), saline-vehicle vs. CFA-L-DOPA (p = 0.0001), saline-L-DOPA vs. 

CFA-vehicle (p < 0.0001), and saline-L-DOPA vs CFA-L-DOPA (p = 0.0029) Fig. 3A. 

There was no difference in paw withdrawal thresholds between CFA-vehicle vs. CFA-L-

DOPA animals (p = 0.3212), demonstrating that acute administration of L-DOPA did not 

attenuate mechanical hypersensitivity in CFA animals. Furthermore, there was no difference 

in thresholds between saline-vehicle vs. saline-L-DOPA animals (p = 0.6690), demonstrating 

that acute administration of L-DOPA did not produce analgesic effects in saline-treated 

animals.
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For acute pramipexole treatment testing, there was a significant effect of CFA treatment 

(saline vs. CFA) [F(1,36) = 46.81, p < 0.0001], pramipexole treatment (vehicle vs. 

pramipexole) [F(1,36) = 9.157, p = 0.0046], and an interaction of factors [F(1,36) = 9.449, 

p = 0.0040] Fig. 3B. Post-hoc analysis revealed the following significant differences in 

paw withdrawal thresholds: saline-vehicle vs. CFA-vehicle (p < 0.0001), saline-vehicle 

vs. CFA-pramipexole (p = 0.0494), saline-pramipexole vs. CFA-vehicle (p < 0.0001), 

and CFA-vehicle vs CFA-pramipexole (p = 0.0007) Fig. 3B. The significant increase 

in paw withdrawal thresholds of CFA-pramipexole animals compared to CFA-vehicle 

animals demonstrates that acute administration of pramipexole attenuates mechanical 

hypersensitivity in CFA animals. There was also a decrease in thresholds of CFA-

pramipexole animals compared to saline-vehicle animals (p = 0.0494), which suggests there 

was not a complete attenuation of pain-like behavior with acute pramipexole treatment. 

There was no difference in thresholds between saline-vehicle vs. saline-pramipexole animals 

(p > 0.9999), demonstrating that acute administration of pramipexole did not produce 

analgesic effects in saline-treated animals.

3.1.3. Experiment 1. Extended effects of acute dopamine system agonist 
treatment on mechanical hypersensitivity in rats experiencing chronic 
inflammatory pain—To examine extended effects of acute dopamine system agonism 

on pain like-behavior, we measured paw withdrawal thresholds in animals four days and 

one week after the last acute treatment test. We measured the combined post-acute drug 

treatment effects in four groups (saline-vehicle, saline-drug, CFA-vehicle, CFA-drug). These 

measurements were taken after the completion of the two acute treatment tests, so we were 

unable to parse apart pramipexole- and L-DOPA-specific effects. For four-days post-acute 

drug treatment, we had a significant effect of CFA treatment (saline vs. CFA) [F(1,36) = 

52.11, p < 0.0001], but no effect of drug treatment (4 days post-vehicle vs. 4 days post-drug) 

[F(1,36) = 0.2163, p = 0.6446] or interaction [F(1,36) = 1.889, p = 0.1778] Fig. 4A. For 

one-week post-acute drug treatment, we had a significant effect of CFA treatment (saline 

vs. CFA) [F(1,36) = 133.7, p < 0.0001] and drug treatment (1 week post-vehicle vs. 1 week 

post-drug) [F(1,36) = 7.843, p = 0.0082], but no interaction [F(1,36) = 0.1619, p = 0.6898] 

Fig. 4B. These data indicate an increase in paw withdrawal thresholds one week after the 

last acute treatment test. Because of the potential carry over and/or interactive effects of 

pramipexole and L-DOPA treatment on pain-like behavior, we adjusted the design of the 

repeated drug treatment experiment by separating the two repeated drug treatment tests by 

two weeks. This allowed us to reduce potential drug interactions and to parse apart the 

post-repeated drug treatment effects for L-DOPA and pramipexole, individually.

3.1.4. Experiment 1. Effects of repeated dopamine system agonism on 
mechanical hypersensitivity in rats experiencing chronic inflammatory pain
—To test the effects of repeated L-DOPA and pramipexole treatment on mechanical 

hypersensitivity, CFA and saline-injected rats received four systemic injections of either 

L-DOPA (50 mg/kg), pramipexole (1 mg/kg), or vehicle over the course of four days (1 

injection every 24 h). All drug-treated animals received four repeated injections of the 

same drug during repeated testing with half receiving L-DOPA and the other half receiving 

pramipexole. The drug assignments were switched between repeated tests 1 & 2, so that 
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every drug-treated animal was tested with both drugs. The last injection was given 1 h 

prior to von Frey testing of mechanical hypersensitivity. Consistent with the acute treatment 

testing, L-DOPA was co-administered with benserazide (10 mg/kg). Repeated treatment test 

1 occurred five weeks post-CFA treatment, while repeated treatment test 2 occurred eight 

weeks post-CFA treatment. To determine if there were changes in the thresholds of vehicle 

controls over the course of the 9-week experiment, we measured changes in paw withdrawal 

thresholds of saline-vehicle and CFA-vehicle animals over time (1 week post, 3 weeks post, 

5 weeks post, 6 weeks post, 7 weeks post, and 8 weeks post-CFA). As expected, we found 

a significant effect of CFA treatment [F(1,18) = 135.5, p < 0.0001], but no effect of time 

[F(5,90) = 1.409, p = 0.2288] or interaction [F(5,90) = 1.888, p = 0.1042] (graph not shown). 

This demonstrates that mechanical hypersensitivity remained consistent in vehicle controls 

over the course of experiment 1.

For repeated L-DOPA treatment testing, there was a significant effect of CFA treatment 

(saline vs. CFA) [F(1,36) = 50.67, p < 0.0001] and interaction [F(1,36) = 5.649, p = 0.0229], 

but no effect of L-DOPA treatment (vehicle vs. L-DOPA) [F(1,36) = 0.3901, p = 0.5362] 

Fig. 5A. Post-hoc analysis with Tukey’s multiple comparisons test revealed the following 

significant differences in paw withdrawal thresholds: saline-vehicle vs. CFA-vehicle (p < 

0.0001), saline-vehicle vs. CFA-L-DOPA (p = 0.0003), saline-L-DOPA vs. CFA-vehicle 

(p < 0.0001), and saline-L-DOPA vs CFA-L-DOPA (p = 0.0098) Fig. 5A. Similar to 

acute L-DOPA treatment, there was no difference in thresholds between CFA-vehicle vs. 

CFA-L-DOPA animals (p = 0.1654), demonstrating that even repeated administration of 

L-DOPA did not significantly attenuate mechanical hypersensitivity in CFA-treated animals. 

Additionally, there was no difference in thresholds between saline-vehicle vs. saline-L-

DOPA animals (p = 0.6067), demonstrating that repeated administration of L-DOPA did 

not produce analgesic effects in saline-treated animals.

For the repeated pramipexole treatment test, there was a significant effect of CFA treatment 

(saline vs. CFA) [F(1,36) = 46.81, p < 0.0001], drug treatment (vehicle vs. pramipexole) 

[F(1,36) = 30.71, p < 0.0001], and an interaction of factors [F(1,36) = 11.37, p = 

0.0018] Fig. 5B. Post-hoc analysis revealed the following significant differences in paw 

withdrawal thresholds: saline-vehicle vs. CFA-vehicle (p < 0.0001), saline-pramipexole 

vs. CFA-vehicle (p < 0.0001), and CFA-vehicle vs CFA-pramipexole (p < 0.0001) Fig. 

5B. Similar to acute pramipexole treatment, the increased paw withdrawal thresholds of 

CFA-pramipexole animals compared to CFA-vehicle animals demonstrates that repeated 

administration of pramipexole attenuates mechanical hypersensitivity in CFA animals. 

In contrast to acute pramipexole treatment, there was no difference in paw withdrawal 

thresholds of CFA-pramipexole animals compared to saline-vehicle animals (p = 0.7947), 

which suggests there was a more complete attenuation of pain-like responding with repeated 

pramipexole treatment. There was no difference in thresholds between saline-vehicle vs. 

saline-pramipexole animals (p = 0.4285), demonstrating that repeated administration of 

pramipexole did not produce analgesic effects in saline-treated animals.

3.1.5. Experiment 1. Extended effects of repeated dopamine system agonism 
on mechanical hypersensitivity in rats experiencing chronic inflammatory 
pain—To examine the extended effects of repeated dopamine agonism treatment on pain 
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like-behavior, we measured paw withdrawal thresholds in animals three days, one week, 

and two weeks after the first repeated treatment test. In contrast to the post-acute drug 

treatment effects, we were able to parse L-DOPA- and pramipexole-specific effects. For 

three-days post-repeated L-DOPA treatment, there was a significant effect of CFA treatment 

(saline vs. CFA) [F(1,26) = 26.59, p < 0.0001] and an interaction [F(1,26) = 13.37, p = 

0.0011], but no effect of drug treatment (vehicle vs. L-DOPA) [F(1,26) = 0.5850, p = 0.4509] 

Fig. 6A. Post-hoc analysis with Tukey’s multiple comparisons test revealed the following 

significant differences in von Frey paw withdrawal thresholds: saline-3 days post-vehicle 

vs. CFA-3 days post-vehicle (p < 0.0001), saline-3 days post-vehicle vs. CFA-3 days 

post-L-DOPA (p = 0.0222), saline-3 days post-L-DOPA vs. CFA-3 days post-vehicle (p = 

0.0015), and CFA-3 days post-vehicle vs. CFA-3 days post-L-DOPA (p = 0.0211) Fig. 6A. 

The significant increase in thresholds in CFA-L-DOPA animals compared to CFA-vehicle 

animals three days after repeated L-DOPA treatment was unexpected based on the results for 

paw withdrawal thresholds 1 h after acute and repeated L-DOPA treatment. However, these 

results indicate a potential extended beneficial effect of L-DOPA treatment on mechanical 

hypersensitivity, which was not evident 1 h after treatment, but was evident three days after 

treatment. For three-days post-repeated pramipexole treatment, there was a significant effect 

of CFA treatment (saline vs. CFA) [F(1,26) = 42.85, p < 0.0001], but no effect of drug 

treatment (vehicle vs. pramipexole) [F(1,26) = 3.210, p = 0.0848] or an interaction [F(1,26) 

= 3.427, p = 0.0755] Fig. 6B. There was not a significant difference in thresholds between 

CFA-pramipexole animals and CFA-vehicle animals three days after repeated pramipexole 

treatment (p = 0.0714), but there was an indication of a numeric, but not significant increase 

in thresholds in CFA-pramipexole animals compared CFA-vehicle animals Fig. 6B, which is 

similar to the three days post-L-DOPA results Fig. 6A.

For one-week post-repeated L-DOPA treatment, there was a significant effect of CFA 

treatment (saline vs. CFA) [F(1,26) = 99.67, p < 0.0001], but no effect of drug treatment 

(vehicle vs. L-DOPA) [F(1,26) = 2.807, p = 0.1058] or an interaction [F(1,26) = 0.9434, 

p = 0.3403] Fig. 6C. For one-week post-repeated pramipexole treatment, there was a 

significant effect of CFA treatment (saline vs. CFA) [F(1,26) = 100.8, p < 0.0001] and 

drug treatment (vehicle vs. pramipexole) [F(1,26) = 5.916, p = 0.0222], but no interaction 

[F(1,26) = 0.1146, p = 0.7377] Fig. 6D, indicating the potential extended beneficial effects 

of repeated pramipexole treatment on reducing mechanical hypersensitivity. For two-weeks 

post-repeated L-DOPA treatment, there was a significant effect of CFA treatment (saline vs. 

CFA) [F(1,26) = 46.89, p < 0.0001], but no effect of drug treatment (vehicle vs. L-DOPA) 

[F(1,26) = 1.343, p = 0.2571] or an interaction [F(1,26) = 1.400, p = 0.2474] Fig. 6E. 

For two-weeks post-repeated pramipexole treatment, there was a significant effect of CFA 

treatment (saline vs. CFA) [F(1,26) = 49.80, p < 0.0001], but no effect of drug treatment 

(vehicle vs. pramipexole) [F(1,26) = 0.4958, p = 0.4876] or interaction [F(1,26) = 0.8526, p 

= 0.3643] Fig. 6F.

3.1.6. Experiment 2. Verification of CFA-induced mechanical hypersensitivity 
in rats—Our findings from experiment 1 demonstrate that both acute and repeated 

treatment with pramipexole attenuates pain-like behavior in rats experiencing chronic 

inflammatory pain after systemic administration. We conducted a follow-up experiment 
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to examine the neurobiological effects of pramipexole treatment in CFA-treated rats. For 

experiment 2, we used the same parametric design and a similar timeline Fig. 1B as we 

did for the previous experiment. We collected brains for Western blot analysis 1 h after 

acute pramipexole treatment to measure the acute effects of pramipexole on presynaptic and 

excitatory glutamatergic signaling in pain-related brain regions. Rats were split into two 

equivalent groups based on baseline mechanical hypersensitivity. Paw withdrawal thresholds 

were measured weekly until brain collection. In the injected left hindpaw, we found a 

significant effect of CFA treatment (saline vs. CFA) [F(1,22) = 61.74, p < 0.0001] and 

interaction [F(4,88) = 9.620, p < 0.0001] for paw withdrawal thresholds, but no effect of 

time (baseline vs. 1 week vs. 2 weeks vs. 3 weeks vs. 4 weeks) [F (3.545,77.99) = 2.294, 

p = 0.0742] Supplementary Fig. 3A. Post hoc analysis with Sidak’s multiple comparisons 

test revealed the following significant differences in paw withdrawal thresholds between 

saline and CFA animals at one week (p < 0.0001), two weeks (p = 0.0005), three weeks 

(p < 0.0001), and four weeks (p < 0.0001), but no difference at baseline (p > 0.9999) 

Supplementary Fig. 3A. Rats were split into four groups (saline-vehicle, saline-pramipexole, 

CFA-vehicle, CFA-pramipexole) based on paw withdrawal thresholds one week after CFA 

and saline paw injections. With four groups, there was a significant effect of CFA treatment 

(saline vs. CFA) [F(3,20) = 19.83, p < 0.0001] and an interaction F(12,80) = 3.744, p = 

0.0002] for paw withdrawal thresholds, but no effect of time (baseline vs. 1 week vs. 2 

weeks vs. 3 weeks vs. 4 weeks) [F(3.557,71.13) = 2.266, p = 0.0778] Supplementary Fig. 

3B. These results show that there was a significant difference between CFA and saline 

animals prior to pramipexole treatment, but no difference between drug treatment groups 

(saline-vehicle vs. saline-pramipexole, CFA-vehicle vs. CFA-pramipexole) prior to receiving 

pramipexole injections.

3.1.7. Experiment 2. Effects of pramipexole treatment on AMPA GluR1 
subunit phosphorylation in the NAc, DS, VTA, CC, CeA, and PAG of rats—We 

investigated the effects of pramipexole treatment on postsynaptic glutamatergic signaling 

in pain-related brain regions by measuring changes in AMPA receptor (AMPAR) GluR1 

subunit phosphorylation (Serine 845) in rats experiencing chronic inflammatory pain. For 

pGluR1845 in the NAc, there was a significant effect of pramipexole treatment (vehicle vs. 

pramipexole) [F(1,40) = 10.95, p = 0.0020], but no effect of CFA treatment (saline vs. CFA) 

[F(1,40) = 0.2283, p = 0.6354] or interaction [F(1,40) = 0.0107, p = 0.9182] Fig. 7A. In 

the DS, there was a significant effect of pramipexole treatment (vehicle vs. pramipexole) 

[F(1,39) = 5.686, p = 0.0221], but no effect of CFA treatment (saline vs. CFA) [F(1,39) 

= 0.6771, p = 0.4156] or interaction [F(1,39) = 1.558, p = 0.2194] for pGluR1845 Fig. 

7B. Together these data demonstrate that pramipexole treatment decreases pGluR1845 in 

the NAc and DS of animals. There was no effect of pramipexole treatment (vehicle vs. 

pramipexole) [F(1,40) = 1.075, p = 0.3059], CFA treatment (saline vs. CFA) [F(1,40) = 

0.3694, p = 0.5468] or an interaction [F(1,40) = 0.6172, p = 0.4367] for pGluR1845 in 

the VTA Fig. 7C. For pGluR1845 in the CC, there was a significant effect of pramipexole 

treatment (vehicle vs. pramipexole) [F(1,40) = 15.56, p = 0.0003], but no effect of CFA 

treatment (saline vs. CFA) [F(1,40) = 0.5306, p = 0.4706] or interaction [F(1,40) = 1.100, 

p = 0.3005] Fig. 7D. In the CeA, there was a significant effect of pramipexole treatment 

(vehicle vs. pramipexole) [F(1,40) = 7.676, p = 0.0084], but no effect of CFA treatment 
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(saline vs. CFA) [F(1,40) = 0.0078, p = 0.9301] or interaction [F(1,40) = 0.2177, p = 0.6433] 

for pGluR1845 Fig. 7E. In contrast to the NAc and DS findings, these data demonstrate 

that pramipexole treatment increases pGluR1845 in the CC and CeA of animals. Finally, 

for pGluR1845 in the PAG, there was no effect of pramipexole treatment (vehicle vs. 

pramipexole) [F(1,38) = 0.6030, p = 0.4423], CFA treatment (saline vs. CFA) [F(1,38) = 

0.1603, p = 0.6911], or interaction [F(1,38) = 0.0846, p = 0.7728] Fig. 7F.

3.1.8. Experiment 2. Effects of pramipexole treatment on synapsin 
phosphorylation in the NAc, DS, VTA, CC, CeA, and PAG of rats—We next 

investigated the effects of pramipexole treatment on a marker of presynaptic activity in pain- 

and reward-related brain regions by measuring changes in synapsin phosphorylation (Serine 

9) in rats with a history of chronic inflammatory pain. For pSynapsin in the NAc, there 

was a significant interaction [F(1,39) = 6.399, p = 0.0156], but no effect of pramipexole 

treatment [F(1,39) = 3.627, p = 0.0642] or CFA treatment (saline vs. CFA) [F(1,39) = 

0.6309, p = 0.4318] Fig. 8A. Post-hoc analysis of the interaction effect with Sidak’s multiple 

comparisons test revealed a significant increase in pSynapsin for saline-vehicle vs. saline-

pramipexole animals (p = 0.0059), but no difference in pSynapsin between CFA-vehicle 

vs. CFA-pramipexole (p = 0.8876) Fig. 8A. In the DS, there was a significant effect of 

pramipexole treatment (vehicle vs. pramipexole) [F(1,39) = 17.03, p = 0.0002], but no effect 

of CFA treatment (saline vs. CFA) [F(1,39) = 0.0104, p = 0.9192] or interaction [F(1,39) 

= 0.0046, p = 0.9464] Fig. 8B for pSynapsin, demonstrating an increase in pSynapsin with 

pramipexole treatment in the DS. For pSynapsin in the VTA, there was a significant effect 

of pramipexole treatment (vehicle vs. pramipexole) [F(1,40) = 5.826, p = 0.0205], but no 

effect of CFA treatment (saline vs. CFA) [F(1,40) = 1.471, p = 0.2324], or an interaction 

[F(1,40) = 0.0235, p = 0.8789] Fig. 8C, demonstrating increased pSynapsin in the VTA with 

pramipexole treatment. In the CC, there was a significant effect of pramipexole treatment 

(vehicle vs. pramipexole) [F(1,37) = 4.984, p = 0.0317], but no effect of CFA treatment 

(saline vs. CFA) [F(1,37) = 0.0989, p = 0.7549] or interaction [F(1,37) = 0.4307, p = 0.5157] 

Fig. 8D, demonstrating increased pSynapsin in the CC with pramipexole treatment. There 

was also a significant effect of pramipexole treatment (vehicle vs. pramipexole) [F(1,39) = 

5.611, p = 0.0229], but no effect of CFA treatment (saline vs. CFA) [F (1,39) = 0.8953, p 

= 0.3499] or interaction [F(1,39) = 0.2887, p = 0.5941] for pSynapsin in the CeA Fig. 8E, 

demonstrating increased pSynapsin in the CeA with pramipexole treatment. For pSynapsin 

in the PAG, there was a significant effect of pramipexole treatment (vehicle vs. pramipexole) 

[F(1,37) = 6.074, p = 0.0185], but no effect of CFA treatment (saline vs. CFA) [F(1,37) = 

0.9646, p = 0.3324] or interaction [F(1,37) = 1.159, p = 0.2887] Fig. 8F.

3.1.9. Experiment 3. Effects of pramipexole treatment on the intrinsic 
excitability of NAc neurons in rats with a history of chronic inflammatory 
pain—To follow up on the blunted pSynapsin response in the NAc of CFA animals after 

pramipexole treatment, we next examined the functional implications of blunted presynaptic 

activity onto NAc neurons in CFA animals following pramipexole treatment. Specifically, 

we used ex vivo electrophysiology to examine the effects of pramipexole treatment on 

the intrinsic excitability of NAc neurons in both saline and CFA animals. In cells from 

saline-treated animals, we found a significant increase in the rheobase current of NAc 
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neurons following bath application of pramipexole [t(7) = 3.129, p = 0.0166], demonstrating 

decreased intrinsic excitability Fig. 9A & C. In contrast, there was no change in the 

rheobase current of NAc neurons following bath application of pramipexole in cells from 

CFA-treated animals [t(6) = 1.260, p = 0.2545] Fig. 9B & D. There was no difference in the 

rheobase current of NAc neurons between saline-treated and CFA-treated animals prior to 

pramipexole treatment [t(13) = 1.278, p = 0.2236]. No significant difference was observed 

in the resting membrane potential of NAc neurons following pramipexole treatment in 

saline-treated (no drug: −72.7 ± 4.7 mV, pramipexole: −78.6 ± 3.1 mV; [t(7) = 1.556, p = 

0.1637]) or CFA-treated animals (no drug: −73.8 ± 4.8 mV, pramipexole: −75.1 ± 4.1 mV; 

[t(6) = 0.7182, p = 0.4997]). Additionally, no significant difference was observed in input 

resistance of NAc neurons following pramipexole treatment in saline-treated (no drug: 124.0 

± 23.0 MΩ, pramipexole: 104.7 ± 16.7 MΩ; [t(7) = 1.129, p = 0.2960]) or CFA-treated 

animals (no drug: 194.8 ± 65.7 MΩ, pramipexole: 203.4 ± 73.8 MΩ; [t(6) = 0.3757, p = 

0.7201]).

We also examined the number of action potentials fired in response to varying current 

injections before and after bath application of pramipexole. In cells from saline-treated 

animals, there was a significant effect of pramipexole treatment [F(1,14) = 10.21, p = 

0.0065] and current injection [F(2.092,29.29) = 13.15, p < 0.0001] on the number of action 

potentials as well as an interaction effect [F(12,168) = 3.302, p = 0.0003] Fig. 9E. These 

findings show that the number of action potentials increase with increasing current injections 

and that bath application of pramipexole reduces the number of action potentials in saline 

animals. In cells from CFA animals, there was no effect of pramipexole treatment [F(1,12) = 

0.004, p = 0.9515] or current injection [F(1.368,15.97) = 1.864, p = 0.1920] on the number 

of action potentials and there was no interaction [F(12,140) = 0.6283, p = 0.8154] Fig. 9F. 

These findings show that the number of action potentials does not increase with increasing 

current injections and that bath application of pramipexole does not change the number of 

action potentials in CFA-treated animals. Due to the blunted response of cell firing with 

increasing current injections in CFA-treated animals compared to saline-treated animals, we 

completed a follow up three-way repeated measures ANOVA of the action potential data. 

With this analysis, we found a significant three-way interaction of current x (saline vs. CFA) 

x (no drug vs. pramipexole) [F(12,308) = 2.866, p = 0.0009] Fig. 9E & F.

4. Discussion

The present study was designed to test the effects of dopaminergic medications on chronic 

inflammatory pain at both dopamine biosynthesis and dopamine receptor levels using 

clinically available therapeutics, L-DOPA and pramipexole. For this study, we tested the 

hypothesis that acute and repeated dopamine agonist treatment would attenuate mechanical 

hypersensitivity in rats with chronic inflammatory pain as measured by a significant increase 

in von Frey thresholds, indicating decreased hyperalgesia-like behavior. We also examined 

the effects of pramipexole treatment on glutamatergic and presynaptic signaling in pain-

related brain regions including the NAc, DS, VTA, CC, CeA, and PAG. To examine the 

functional implications of blunted presynaptic signaling in the NAc of CFA animals, we 

used ex vivo electrophysiology to examine the effects of pramipexole on the intrinsic 

excitability of NAc neurons in CFA- and saline-treated animals.
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Acute pain activates dopamine neurotransmission in a similar manner to drugs of misuse 

including opioids (Elman and Borsook, 2016; Scott et al., 2006; Wood et al., 2007b). 

In contrast, chronic pain can promote a hypodopaminergic and reward deficiency state 

in the mesolimbic dopamine system comparable to repeated drug use (Borsook et al., 

2016; Hipolito et al., 2015; Martikainen et al., 2015; Wood et al., 2007b). L-DOPA is a 

biosynthetic precursor to dopamine, which is used primarily as a dopamine replacement 

agent that crosses the blood-brain barrier (BBB) to treat motor symptoms associated with 

hypodopaminergic states in Parkinson’s Disease. Consistent with our study design, L-DOPA 

is typically co-administered with a dopamine decarboxylase inhibitor to prevent peripheral 

breakdown of the drug and to allow more of the drug to cross the BBB. Interestingly, there 

is evidence of centrally generated increases in pain in Parkinson’s Disease that is attenuated 

with L-DOPA treatment (Aguirre-Vidal et al., 2020; Blanchet and Brefel-Courbon, 2018; 

Canavero, 2009; Defazio et al., 2008; Gerdelat-Mas et al., 2007; Schestatsky et al., 2007), 

which further supports the role of mesolimbic dopamine regulation in pain processing. 

However, in our model of chronic inflammatory pain, we found that neither acute nor 

repeated administration of L-DOPA significantly reduced mechanical hypersensitivity in 

CFA-treated animals immediately (1 h) after drug treatment. These results demonstrate that 

administration of L-DOPA at 50 mg/kg does not attenuate pain-like behavior in CFA animals 

or produce analgesia in our control animals. It is a possible that higher doses of L-DOPA 

may be needed to reduce pain-like behavior in animals with chronic inflammatory pain. 

At time points consistent with those used in our study, previous investigations found pain-

reducing effects of L-DOPA at higher doses (70–200 mg/kg) in animals with neuropathic 

pain (Cobacho et al., 2010; Park et al., 2013) and visceral pain (Okumura et al., 2016). 

In contrast, lower doses of L-DOPA (3–25 mg/kg) were sufficient to reduce pain-related 

symptoms in Parkinsonian animals (Aguirre-Vidal et al., 2020).

One week after the last acute treatment test, we found an unexpected and significant 

reduction in mechanical hypersensitivity, indicating that either L-DOPA, pramipexole, or 

an additive combination of the two drugs reduced pain-like behavior at this extended 

time point. We sur-mised that this extended effect at one week was unlikely to be due 

to L-DOPA treatment when we were able to parse apart the drug-specific effects following 

the repeated treatment test. However, at the earlier time point, we found reduced mechanical 

hypersensitivity in animals with chronic inflammatory pain three days following repeated 

L-DOPA treatment. This unexpected effect indicates that L-DOPA may have an extended 

effect that results in a reduction in pain-like behavior a few days after treatment. This 

extended effect seems to partially disappear by one- and two-weeks post-treatment. These 

findings suggest that L-DOPA may produce an extended and modest effect on mechanical 

hypersensitivity in our model of chronic inflammatory pain. Further investigations will be 

needed to examine the time course of these extended effects and if drug dose or dosing 

regimen can impact the effects of L-DOPA on pain-like behavior.

As either a cause or consequence of hypodopaminergic states, functional abnormalities in 

presynaptic dopamine release and dopamine D2/3 receptor (D2/3R) signaling have been 

reported in chronic pain (Taylor et al., 2016). Pramipexole is a full dopamine receptor 

agonist with a selective affinity for D2/3Rs. It is a parkinsonian treatment drug that is also 

widely used for the treatment of restless leg syndrome. Pramipexole has replaced L-DOPA 
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as the primary treatment for restless leg syndrome, because of its good absorption, limited 

presystemic metabolism, and limited long-term side effects compared to other dopamine 

agonist medications (Benbir and Guilleminault, 2006). Like Parkinson’s Disease, enhanced 

pain sensitivity has been reported in restless leg syndrome (Edwards et al., 2011; Hoogwout 

et al., 2015). There is some clinical evidence that pain reported in restless leg syndrome 

is attenuated with dopamine agonist treatments including both L-DOPA and pramipexole 

(Winkelmann et al., 2018). Pramipexole has been used to reduce pain in fibromyalgia 

patients and has potential efficacy in the treatment of burning mouth syndrome as well as 

neuropathic pain that is co-morbid spinal cord injuries (Holman and Myers, 2005; Kumru 

et al., 2016; Stuginski-Barbosa et al., 2008). In the current study, we found that acute and 

repeated administration of pramipexole reduced mechanical hypersensitivity in animals with 

chronic inflammatory pain 1 h after drug treatment. Despite a reduction in mechanical 

hypersensitivity in CFA animals following acute pramipexole treatment, this group was 

still significantly different from saline animals given vehicle, indicating that there wasn’t 

a complete attenuation of pain-like responding with acute treatment. In contrast to acute 

treatment, repeated pramipexole treatment completely attenuated pain-like behavior in CFA 

animals. With saline animals there was no change in mechanical hypersensitivity with 

pramipexole treatment, indicating no change in pain-like responding in animals without 

pain. Together these results indicate that acute and repeated administration of pramipexole 

produces anti-hyperalgesic effects, attenuates pain-like behavior in CFA animals, but has no 

analgesic effects in saline animals.

The significant reduction in mechanical hypersensitivity one week after the last acute 

treatment test was most likely due to pramipexole treatment, because a similar decrease 

was observed when we were able parse apart the drug-specific effects following repeated 

treatment testing. This finding suggests potential extended effects of pramipexole treatment 

on reducing mechanical hypersensitivity, which returns to baseline by two weeks. Our 

finding that pramipexole attenuates hyperalgesia-like behavior in the context of chronic 

inflammatory pain contributes to the growing evidence of pramipexole’s efficacy in 

pain treatment. These data are consistent with other preclinical studies demonstrating 

pramipexole’s pain reducing/preventing effects in rodent models of fibromyalgia, 

Parkinson’s Disease, and peripheral nerve injury (Nagakura et al., 2009; Ren et al., 2016; 

Romero-Sánchez et al., 2020). In addition to highlighting the efficacy of pramipexole in 

the treatment of chronic inflammatory pain, our findings provide evidence that a repeated 

dosing regimen may offer superior pain relief compared to acute treatment. Our time course 

data also provides evidence that pramipexole treatment provides some extended effects on 

analgesia-like behavior. Further investigations will be needed to examine the short-term 

and extended behavioral effects of different dosing regimens with pramipexole and other 

dopamine system modulators.

In a follow-up experiment, we examined the effects of pramipexole treatment on 

glutamatergic and presynaptic signaling in pain- and reward-related brain areas. These 

brain regions were chosen based on evidence that the chronification of pain involves a 

shift from sensory brain structures to limbic/motivational brain circuitry (Apkarian et al., 

2013; Thompson and Neugebauer, 2019). These brain regions were also chosen based on 

our previously published examinations of the neurobiological correlates of pain avoidance-
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like behavior (Pahng et al., 2017). For glutamatergic signaling, we chose to examine 

pGluR1S845 in the NAc, DS, VTA, CC, CeA, and PAG. Serine 845 is the PKA site 

for AMPAR phosphorylation of GluR1, which enhances excitatory currents by increasing 

channel open time probability, regulating receptor traf-ficking, and promoting insertion of 

the receptor into the membrane (Blackstone et al., 1994; Oh et al., 2006; Roche et al., 

1996). Accordingly, we interept an increase or decrease in pGluR1845 as an increase or 

decrease in postsynaptic excitatory currents mediated by AMPARs, respectively. In the 

synapses of NAc neurons, time-dependent increases in pGluR1845 have been reported in 

neuropathic and inflammatory pain (Goffer et al., 2013; Su et al., 2015). In our study, we 

did not find a CFA-induced change in pGluR1845 in our whole cell NAc or DS samples. 

We did, however, discover that pramipexole treatment decreased postsynaptic excitatory 

currents mediated by AMPARs in the NAc and DS of animals. It is possible that the 

pramipexole-induced decreases in striatal postsynaptic excitatory currents may contribute 

to anti-hyperalgesic effects observed in CFA animals. Consistent with this interpretation, 

authors from a study measuring the anti-hyperalgesic effects of a tricyclic antidepressant 

medication, desipramine, found that reduced mechanical hypersensitivity in neuropathic 

pain was associated with decreased pGluR1845 in the NAc (Mitsi et al., 2015). We found no 

effect of pramipexole treatment on pGluR1845 in the VTA or PAG.

In contrast to our striatal findings, we found that pramipexole treatment increased 

postsynaptic excitatory currents mediated by AMPARs in the CC and CeA of animals. 

This data provides a limitation to the interpretation that pramipexole reduces pain-like 

behavior through widespread reductions in AMPAR activity in pain- and reward-related 

brain regions. In the literature, there is some evidence that increased AMPAR activity in 

the CC and CeA is associated with increases in pain sensitivity. In the CeA, modulation 

of AMPAR activity regulates pain responses during a tail-flick test with AMPAR agonism 

and antagonism increasing and decreasing pain-like behavior, respectively (Cai et al., 2020). 

In a study examining opioid-induced hyperalgesia, pGluR1845 was acutely increased in 

the CC after the development of hyperalgesia, but returned to baseline levels within 24 

h (Zeng et al., 2018). It is possible that the increased AMPAR activity in the CC and 

CeA is a compensatory response to reduced AMPAR activity in striatal brain areas. In 

future investigations, circuit-based approaches would need to be employed to examine 

this hypothesis. Together, these findings demonstrate that pramipexole treatment has a 

bidirectional effect on AMPAR activity in pain- and reward-related brain regions. Future 

investigations will be needed to examine the potential behavioral implications of this 

bidirectional effect on both alternative pain measures (e. g., thermal, affective) and non-

pain measures (e.g., anxiety, motivation, memory, attention). Additionally, site specific 

approaches would be needed to examine the brain region specific effects of pramipexole on 

glutamatergic signaling.

As a general marker of presynaptic activity, we chose to measure synapsin phosphorylation 

at serine 9, a site regulated by PKA and CaMKII (Czernik et al., 1987; Huttner 

and Greengard, 1979). Phos-phorylation of serine 9 is associated with a facilitation of 

presynaptic neurotransmitter release (Chi et al., 2001; Hosaka et al., 1999). Accordingly, 

we interpret an increase or decrease in pSynapsin as a general increase or decrease in 

presynaptic neurotransmitter release, respectively. We discovered that pramipexole treatment 
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increased synapsin phosphorylation in the DS, VTA, CC, CeA, and PAG. These data 

demonstrate that pramipexole treatment increases presynaptic signaling across multiple 

pain-related brain regions. In future studies, we will examine the potential behavioral 

implications of increased presynaptic signaling from pramipexole treatment on alternative 

pain and non-pain behavioral measures. Future investigations will be needed to examine 

which specific neurotransmitter systems (e.g., dopamine, glutamate, acetylcholine, serotonin 

etc.) are more impacted by increased presynaptic activity following pramipexole treatment.

In the NAc, we discovered that pramipexole treatment only increased presynaptic 

neurotransmitter release in saline-treated animals, while this increase was completely 

blunted in CFA-treated animals. These findings suggest that there is impaired presynaptic 

function in the NAc of animals with chronic inflammatory pain in response to D2/3R 

activation with pramipexole. Consistent with our findings, reduced presynaptic release of 

both dopamine and glutamate in the NAc have been reported with chronic pain conditions 

(Jääskeläinen et al., 2001; Qi et al., 2018; Taylor et al., 2016; Wood et al., 2007a). Our 

findings provide novel mechanistic evidence that chronic nociceptive system stim-ulation 

induces neuroadaptations in the presynaptic vesicle release machinery of NAc neurons. 

There is normally a complex interplay of dopamine, glutamate, and other neurotransmitter 

systems involved in regulating presynaptic release within the NAc. In order to examine the 

functional impact of impaired presynaptic signaling in the NAc with chronic inflammatory 

pain, we next examined the effects of pramipexole treatment on the intrinsic excitability of 

NAc neurons in saline- and CFA-treated animals.

Using ex vivo electrophysiology, we discovered that pramipexole treatment increases 

rheobase current and decreases the number of action potentials generated from current 

injections in saline-treated animals. In contrast, we found that pramipexole did not change 

rheobase current or the number of action potentials generated from current injections in 

animals with a history of chronic inflammatory pain. Additionally, we found that current 

injection in the NAc of CFA-treated animals did not increase the number of action potentials 

as expected. Together, our data demonstrates that pramipexole treatment reduces the intrinsic 

excitability of NAc neurons in saline-treated animals, but not CFA-treated animals as 

measured by rheobase current and the number of action potentials. Our findings indicate 

that there exist impaired dopamine D2/3R function and general functional abnormalities 

in the NAc of animals with chronic inflammatory pain. These findings are consistent with 

the literature demonstrating functional abnormalities in D2/3R signaling in chronic pain 

conditions (Taylor et al., 2016). In a PET scan study, non-neuropathic chronic back pain 

patients had impaired D2/3R binding in the NAc compared to controls (Martikainen et 

al., 2015). During a pain challenge in this study, there was a lower amount of dopamine 

release and subsequent D2/3R activation in chronic back pain patients compared to controls. 

Consistent with this work in human subjects, decreases in NAc D2R levels have been 

reported following in-duction of chronic pain in rodents (Chang et al., 2014; Sagheddu et al., 

2015). In a separate study, ex vivo administration of sulpiride (D2/3R antagonist) in brain 

slices increased intrinsic NAc excitability in healthy animals but had no effect on excitability 

in animals with a peripheral nerve injury (Ren et al., 2016). This is consistent with our data 

showing D2/3R agonism with pramipexole decreases the intrinsic excitability of NAc in 

saline-treated animals but has no effect on the intrinsic excitability of NAc in the context of 
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chronic inflammatory pain. These combined findings demonstrate that impairment of D2/3R 

function in the NAc is consistent across different pain modalities (i.e., Inflammatory vs. 

neuropathic pain) in rodents. Our data provides new evidence of impaired responsiveness of 

NAc neurons to D2/3R agonism and action potential-generating current in animals with a 

history of chronic inflammatory pain.

In conclusion, the present study highlights the efficacy of pramipexole in the treatment of 

mechanical hypersensitivity associated with chronic inflammatory pain. We found that both 

acute and repeated treatment with pramipexole reduced pain-like behavior in animals but 

did not produce analgesic effects in pain-free control animals. These results are clinically 

relevant to investigations into new treatment op-tions for chronic inflammatory pain using 

medications that are currently approved for use in humans. Our findings also provide 

critical insight into the neurobiological effects of pramipexole treatment on glutamatergic 

and presynaptic signaling in animals with and without chronic inflammatory pain. We found 

that pramipexole treatment reduces GluR1 phosphorylation in the NAc and DS but increases 

this marker of glutamatergic activity in the CC and CeA. We discovered that pramipexole 

treatment increases synapsin phosphorylation (marker of presynaptic vesicle release) in 

the DS, VTA, CC, CeA, and PAG. Pramipexole also increased pSynapsin in the NAc of 

saline animals but not CFA-treated animals, indicating blunted presynaptic vesicle release 

in the NAc of CFA-treated animals following pramipexole treatment. We discovered that 

pramipexole treatment reduced the intrinsic excitability of NAc neurons in saline-treated 

animals, but not in animals with a history of pain. Consistent with our molecular findings, 

this demonstrates a blunted response of NAc neurons to pramipexole. Altogether these 

findings indicate alterations in D2/3R signaling in the NAc of animals with a history of 

chronic pain in association with the antihyperalgesic effects of pramipexole treatment.
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Fig. 1. Design and timelines for Experiments 1 and 2.
(A) Experiment 1. Rats were given one week for housing room acclimation, handling by 

the experimenter, and baseline testing of mechanical hypersensitivity. Rats were given either 

CFA or saline intra-plantar injections based on initial mechanical hypersensitivity testing. 

One week after CFA and saline injections, paw withdrawal thresholds were measured. 

Animals were split into four groups (saline-vehicle, saline-drug, CFA-vehicle, CFA-drug) 

based on one-week paw withdrawal thresholds. For the acute treatment tests during week 

4, rats received injections of L-DOPA (50 mg/kg), pramipexole (1 mg/kg), or vehicle 1 h 

prior to measuring paw withdrawal thresholds. L-DOPA was always co-administered with 

a DOPA decarboxylase inhibitor, benserazide (10 mg/kg). The two acute treatment tests 

were separated by more than 48 h, with half of the drug animals receiving L-DOPA first 

and the other half receiving pramipexole first. Paw withdrawal thresholds were measured 

in all animals three days and one week after the acute drug treatment testing. For the 

repeated treatment testing, animals received four daily injections of L-DOPA (50 mg/kg) 

+ benserazide (10 mg/kg), pramipexole (1 mg/kg), or vehicle. The fourth drug injection 

took place 1 h prior to measuring mechanical hypersensitivity. Repeated drug treatment 

tests 1 & 2 were separated by two weeks. Paw withdrawal thresholds were measured in all 

animals four days, one week, and two weeks after the repeated drug treatment test 1. (B) 
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Experiment 2. Rats were given one week for housing room acclimation, handling by the 

experimenter, and baseline mechanical hypersensitivity testing. Rats were given either CFA 

or saline paw injections based on initial mechanical hypersensitivity testing. One week after 

CFA and saline injections, paw withdrawal thresholds were measured. Animals were split 

into four groups (saline-vehicle, saline-drug, CFA-vehicle, CFA-drug) based on one-week 

paw withdrawal thresholds. Thresholds were measured in all animals at two weeks, three 

weeks, and four weeks. All animals were given injections of vehicle 24 h after the last 

mechanical hypersensitivity test. Rats received injections of either pramipexole (1 mg/kg) or 

vehicle 1 h prior to brain collection for Western blotting the following day.
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Fig. 2. Experiment 1: Effects of CFA on mechanical hypersensitivity in rats.
(A) There was no effect of CFA treatment or time on paw withdrawal thresholds in the 

right (non-injected) hindpaw (p > 0.05). (B) At one week, CFA animals demonstrated a 

decrease in paw withdrawal thresholds from baseline (****p < 0.0001) and compared to 

saline controls (****p < 0.0001), indicating mechanical hypersensitivity. (C) One-week 

post-injection, CFA treatment produces visually evident inflammation in the left (injected) 

hindpaw compared to the left hindpaw of saline-injected controls. (D) Rats were split into 

four groups based on one week paw withdrawal thresholds (left paw). Prior to L-DOPA 

& pramipexole treatment, there was an effect of CFA treatment (****p < 0.0001), but no 

difference in drug treatment groups (pre-vehicle vs. pre-drug) (p > 0.05). Bars represent 

means and symbols represent individual data points.
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Fig. 3. Experiment 1: Effects of acute dopamine system agonism on mechanical hypersensitivity 
in rats experiencing chronic inflammatory pain.
(A) For acute L-DOPA treatment, there was an effect of CFA treatment (****p < 0.0001) on 

paw withdrawal thresholds and an interaction (p < 0.05), but no effect of L-DOPA treatment 

(p > 0.05). (B) For acute pramipexole treatment, there were effects of CFA treatment (p 

< 0.0001) and pramipexole treatment (**p < 0.01) on paw withdrawal thresholds, and 

an interaction (p < 0.001). Post hoc analysis revealed that paw withdrawal thresholds of 

CFA-vehicle (****p < 0.0001) and CFA-pramipexole (*p < 0.05) animals were decreased 

compared to saline-vehicle animals. Paw withdrawal thresholds of CFA-pramipexole 

animals were increased compared to CFA-vehicle animals (###p = 0.001), but there was 

no difference in paw withdrawal thresholds between saline-vehicle and saline-pramipexole 

animals (p > 0.05). This demonstrates that acute pramipexole treatment increases paw 

withdrawal thresholds and reduces mechanical hypersensitivity in CFA animals 1 h after 

acute administration but produces no analgesic effects in saline animals. Bars represent 

means and symbols represent individual data points.
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Fig. 4. Experiment 1: Extended effects of acute dopamine system agonism on mechanical 
hypersensitivity in rats with chronic inflammatory pain.
(A) For four-days post-acute drug treatment, there was an effect of CFA treatment (****p < 

0.0001) on paw withdrawal thresholds, but no effect of drug treatment (p > 0.05). (B) For 

one-week post-acute drug treatment, there was an effect of CFA treatment (****p < 0.0001) 

and drug treatment (**p = 0.0082) on paw withdrawal thresholds. This suggests that acute 

drug treatment increases paw withdrawal thresholds one week after acute administration. 

Bars represent means and symbols represent individual data points.
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Fig. 5. Experiment 1: Effects of repeated dopamine system agonism on mechanical 
hypersensitivity in rats with chronic inflammatory pain.
(A) For repeated L-DOPA treatment, there was an effect of CFA treatment (****p < 0.0001) 

on paw withdrawal thresholds and an interaction (p < 0.05), but no effect of L-DOPA 

treatment (p > 0.05). (B) For repeated pramipexole treatment, there were effects of CFA 

treatment (p < 0.0001) and pramipexole treatment (****p < 0.0001) on paw withdrawal 

thresholds, and an interaction (p < 0.05). Post hoc analysis revealed that there was a decrease 

in paw withdrawal thresholds of CFA-vehicle animals compared to saline-vehicle animals 

(****p < 0.0001) and an increase in paw withdrawal thresholds of CFA-pramipexole 

animals compared to CFA-vehicle animals (####p < 0.0001). There was no difference in 

paw withdrawal thresholds between saline-vehicle and saline-pramipexole animals (p > 

0.05). This demonstrates that repeated pramipexole treatment increases paw withdrawal 

and reduces mechanical hypersensitivity in CFA animals 1 h after repeated administration 

but produces no analgesic effects in saline animals. There was no difference in paw 

withdrawal thresholds between saline-vehicle animals and CFA-pramipexole animals (p > 

0.05), demonstrating a complete attenuation of pain-like behavior in CFA animal following 

repeated pramipexole treatment. Bars represent means and symbols represent individual data 

points.
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Fig. 6. Experiment 1: Extended effects of repeated dopamine system agonism on mechanical 
hypersensitivity in rats with chronic inflammatory pain.
(A) At three-days post-repeated L-DOPA treatment, there was an effect of CFA treatment 

(p < 0.0001) on paw withdrawal thresholds and an interaction (p < 0.01), but no effect of 

L-DOPA treatment (p > 0.05). Post hoc analysis revealed that paw withdrawal thresholds 

of CFA-vehicle (****p < 0.0001) and CFA-L-DOPA (*p < 0.05) animals were decreased 

compared to saline-vehicle animals. There was an increase in paw withdrawal thresholds 

of CFA-L-DOPA animals compared CFA-vehicle animals (#p < 0.05). This suggests 

that L-DOPA treatment increases paw withdrawal thresholds and reduces mechanical 
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hypersensitivity in CFA animals three days after repeated administration. (B) At three-days 

post-repeated pramipexole treatment, there was an effect of CFA treatment (****p < 0.0001) 

on paw withdrawal thresholds, but no effect of pramipexole treatment (p > 0.05). (C) At 

one-week post-repeated L-DOPA treatment, there was an effect of CFA treatment (****p < 

0.0001) on paw withdrawal thresholds, but no effect of L-DOPA treatment (p > 0.05). (D) 
At one-week post-repeated pramipexole treatment, there was an effect of CFA treatment 

(****p < 0.0001) and pramipexole treatment (*p < 0.05) on paw withdrawal thresholds. This 

suggests that pramipexole treatment increases paw withdrawal thresholds one week after 

repeated administration. (E) At two-weeks post-repeated L-DOPA treatment, there was an 

effect of CFA treatment (****p < 0.0001) on paw withdrawal thresholds, but no effect of 

L-DOPA treatment (p > 0.05). (F) At two-weeks post-repeated pramipexole treatment, there 

was an effect of CFA treatment < 0.0001) on paw withdrawal thresholds, but no effect of 

pramipexole treatment (p > 0.05). Bars represent means and symbols represent individual 

data points.
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Fig. 7. Experiment 2: Effects of pramipexole treatment on AMPA receptor phosphorylation in 
the NAc, DS, VTA, CC, CeA, and PAG of rats.
(A) Pramipexole treatment decreased pGluR1845 in the NAc (**p < 0.01). (B) Pramipexole 

treatment decreased pGluR1845 in the DS (**p < 0.01). (C) Pramipexole treatment had 

no effect on pGluR1845 in the VTA (p > 0.05). (D) Pramipexole treatment increased 

pGluR1845 in the CC (***p < 0.001). (E) Pramipexole treatment increased pGluR1845 in 

the CeA (**p < 0.01). (F) Pramipexole treatment had no effect on pGluR1845 in the PAG (p 

> 0.05). Bars represent means and symbols represent individual data points.
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Fig. 8. Experiment 2: Effects of pramipexole treatment on synapsin phosphorylation in the NAc, 
DS, VTA, CC, CeA, and PAG of rats.
(A) There was a significant interaction between CFA treatment and pramipexole treatment 

on pSynapsin in the NAc (p < 0.05). Post hoc analysis revealed a significant increase 

in pSynapsin of saline-pramipexole animals compared to saline-vehicle animals (**p < 

0.01), but no difference in pSynapsin between CFA-vehicle and CFA-pramipexole animals 

(p > 0.05). (B) Pramipexole treatment increased pSynapsin in the DS (***p < 0.001). 

(C) Pramipexole treatment increased pSynapsin in the VTA (*p < 0.05). (D) Pramipexole 

treatment increased pSynapsin in the CC (*p < 0.05). (E) Pramipexole treatment increased 
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pSynapsin in the CeA (*p < 0.05). (F) Pramipexole treatment increased pSynapsin in the 

PAG (*p < 0.05). Bars represent means and symbols represent individual data points.
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Fig. 9. Experiment 3. Effects of pramipexole treatment on the intrinsic excitability of the NAc 
neurons in saline rats and rats with chronic inflammatory pain.
(A). In NAc neurons from saline animals, there was a significant increase in rheobase 

current after bath application of pramipexole (*p < 0.05). (B). In NAc neurons from CFA 

animals, there was no change in rheobase current after bath application of pramipexole (p 

> 0.05). (C) Before and after plot of NAc rheobase current in saline animals following bath 

application of pramipexole (*p < 0.05). (D) Before and after plot of NAc rheobase current in 

CFA animals following bath application of pramipexole (p > 0.05). (E) In NAc neurons from 

saline animals, bath application of pramipexole reduced the number of action potentials 

generated by varying current injections (**p < 0.05). (F) In NAc neurons from CFA animals, 

bath application of pramipexole had no effect on the number of action potentials generated 

by varying current injections (p > 0.05).
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