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Abstract

The present series of studies examine the impact of systemically administered therapeutics 

on peripheral nerve injury (males; unilateral sciatic chronic constriction injury [CCI])-induced 

suppression of voluntary wheel running, across weeks after dosing cessation. Following CCI, 

active phase running distance and speed are suppressed throughout the 7-week observation 

period. A brief course of morphine, however, increased active phase running distance and speed 

throughout this same period, an effect apparent only in sham rats. For CCI rats, systemic co-

administration of morphine with antagonists of either P2X7 (A438079) or TLR4 ((+)-naloxone) 
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(receptors critical to the activation of NLRP3 inflammasomes and consequent inflammatory 

cascades) returned running behavior of CCI rats to that of shams through 5+ weeks after dosing 

ceased. This is a striking difference in effect compared to our prior CCI allodynia results using 

systemic morphine plus intrathecal delivery of these same antagonists, wherein a sustained albeit 

partial suppression of neuropathic pain was observed. This may point to actions of the systemic 

drugs at multiple sites along the neuraxis, modulating injury-induced, inflammasome-mediated 

effects at the injured sciatic nerve and/or dorsal root ganglia, spinal cord, and potentially higher 

levels. Given that our data to date point to morphine amplifying neuroinflammatory processes put 

into motion by nerve injury, it is intriguing to speculate that co-administration of TLR4 and/or 

P2X7 antagonists can intervene in these inflammatory processes in a beneficial way. That is, that 

systemic administration of such compounds may suppress inflammatory damage at multiple sites, 

rapidly and persistently returning neuropathic animals to sham levels of response.
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1 | INTRODUCTION

Outcome measures used to evaluate nociception (pain) in rodents typically rely on evoked 

withdrawal responses to applied mechanical or thermal stimuli. However, such withdrawal 

responses are generated by experimenter-delivered stimuli, rather than being spontaneous, 

self-motivated behaviors by the animal. Sole reliance on evoked withdrawal responses 

has come under increasing criticism in this research field, leading to the search for more 

naturalistic behavioral indices of pain (Deuis, Dvorakova, & Vetter, 2017; Larson, Wilcox, & 

Fairbanks, 2019; Mogil & Crager, 2004; Tappe-Theodor, King, & Morgan, 2019; Yezierski 

& Hansson, 2018).

An additional concern regarding standard pain tests is that the animals’ responses are 

typically assessed during the inactive (light) phase of the rodent’s circadian cycle, rather 

than during the active (dark) phase. As circadian variations in pain behaviors have been 

noted, including for neuropathic pain (Burish, Chen, & Yoo, 2019; Koyanagi et al., 2016; 

Perissin, Facchin, & Porro, 2000), testing in the active phase of the animals may be 

predicted to have ecological and physiological relevance, but bears systematic comparison to 

measures made in the inactive phase.

Taken together, such issues lead to a consideration of inactive versus active phase voluntary 

wheel running as outcome measures in rats experiencing neuropathic pain. Voluntary wheel 

running may improve the translation of preclinical findings as expression of this behavior is 

entirely of the rodent’s own volition, with maximal expression of this behavior during the 

rodent’s natural active phase. Thus, voluntary wheel running may present a more integrated 

model for evaluating pain (Cobos et al., 2012; Grace, Strand, Maier, & Watkins, 2014; 

Kandasamy, Calsbeek, & Morgan, 2016; Mogil, 2009; Tappe-Theodor et al., 2019).

The only prior study of wheel running after sciatic chronic constriction injury (CCI) found 

a suppression of voluntary wheel running during the inactive (light) phase, but not during 
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the active (dark) phase, when rats were given access to running wheels for just 1 hr per 

day (Whitehead et al., 2017). Constraining the daily duration of rodents’ access to running 

wheels has the effect of increasing both the motivation to run and the novelty of the wheel 

(Novak, Burghardt, & Levine, 2012). Providing continuous (24 hr/day, 7 days/week) access 

to running wheels may provide the most naturalistic expression of spontaneous behavior.

Notably, no prior study to our knowledge has examined the effect of peripheral nerve injury 

on subsequent voluntary wheel running when rats are housed with continuous free access 

to a running wheel, nor have any prior studies examined the impact of therapeutic drugs on 

this spontaneous behavior. This is the design of the experiments presented here, wherein rats 

had continuous free access to a running wheel throughout the multi-week experiment. This 

decreases the novelty of the wheel, as well as more accurately measures subtle differences 

in the rats’ daily choice to run, such as changes over the circadian cycle, across days, in 

response to sham versus CCI surgery, and in response to pharmacological interventions 

predicted to suppress neuropathic pain.

2 | MATERIALS AND METHODS

2.1 | Animals

Pathogen-free adult male Fischer 344 (F344) rats, 10 weeks old on arrival (Envigo, 

Indianapolis, IN) were used in all experiments. Males were the subjects of this study given 

that the Department of Defense funding required this one sex to be used. Upon arrival, 

rats were pair-housed for up to 1 week during acclimation to the colony, and then single-

housed for 1 week before the study began. Single housing has not previously been found 

to significantly impair post-surgical recovery (Jirkof, Cesarovic, Rettich, Fleischmann, & 

Arras, 2012). Colony rooms are temperature-controlled (23 ± 3°C) and light-controlled (12 

hr light–dark cycle; lights on at 07:00 hr) rooms with standard rodent chow and water 

available ad libitum. All procedures were approved by the Institutional Animal Care and 

Use Committee of the University of Colorado Boulder. Random assignment and blinded 

procedures for group assignments were used throughout these studies. The following 

experimental design was tested across six experiments: 2 (sham control vs. CCI) × 2(saline 

control vs. morphine) × 3(saline control vs. (+)-naloxone, vs. A438079). With a sample size 

of six for each group, an ANOVA will have 80% power to detect an effect size of 0.2534 in a 

variable among the eight groups, assuming a type I error rate of 0.05 (nQuery Advisor 7.0). 

Each experimental group included 5–6 rats; a total of 65 rats were used in this study.

2.2 | Drugs

Morphine was gifted from the National Institute on Drug Abuse Drug Supply Program 

(NDSP) Division of Therapeutics and Medical Consequences, Research Triangle Institute, 

NC. The Toll-like receptor 4 (TLR4) antagonist (+)-Naloxone was synthesized by Dr. 

Kenner Rice (National Institute on Drug Abuse/National Institute on Alcohol Abuse and 

Alcoholism, Bethesda) for use in these studies. The P2X7 antagonist A438079 was obtained 

commercially (Tocris Bioscience). Endotoxin-free physiological saline (Hospira Inc.) was 

the vehicle for each.
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2.3 | Drug administration

Morphine ((−)-morphine) was administered subcutaneously (s.c.) at 5 mg/kg (calculated 

as free base), twice daily for 5 days. This was administered at approximately 09:00 hr 

and 17:00 hr. Equivolume saline vehicle (1 ml/kg) was administered s.c. to controls. (+)-

Naloxone, A438079, or equivolume saline vehicle was administered s.c. twice daily for 5 

days immediately before morphine or saline injections. (+)-Naloxone and A438079 were 

administered s.c. at 20 mg/kg (Lewis et al., 2012; Wang et al., 2019) and at 1 mg/kg 

(McGaraughty et al., 2007), respectively. Dosing began upon full expression of CCI-induced 

neuropathic pain (Day 10 post-surgery) and concluded on Day 14 post-surgery.

2.4 | CCI surgery

Neuropathic pain was induced using the unilateral CCI model of sciatic nerve injury 

(Bennett & Xie, 1988). Surgery was aseptically performed under isoflurane anesthesia 

at mid-thigh level of the left hind leg as previously described (Milligan et al., 2004). 

The sciatic nerve was gently isolated, and four sterile chromic gut sutures (cuticular 4–0 

WebGut; Patterson Veterinary, Devens, MA) were loosely tied around the nerve. For sham 

surgery, the sciatic nerve was isolated, but no chromic gut sutures were tied around the 

nerve. Rats were monitored postoperatively until fully ambulatory and then returned to their 

home cage.

2.5 | Voluntary wheel running

Rats were single-housed in SCURRY rat running wheel chambers (Lafayette Instruments, 

Lafayette, IN). Unrestricted access to running wheels was continuously provided throughout 

the experiment, beginning 7 days before CCI surgery, and continuing for 42 days after 

surgery. Running data were collected by computer (SCURRY activity systems software, 

Lafayette, IN) 24 hr per day for the entire study. Parameters analyzed were total daily 

distance traveled and maximum running speed. On days when systemic injections were 

administered (Days 10–14 post-surgery), the hour required to administer drugs to all of the 

rats and the hour immediately following were discarded from data analysis as not reflective 

of undisturbed behavior (Tappe-Theodor et al., 2019).

2.6 | Rotarod

The rotarod (IITC Life Science, Woodland Hills, CA) test was used to evaluate motor 

coordination. The rotarod consisted of a 9.53-cm-diameter drum that rotated slowly at 

10 RPM fixed speed for 180 s. At 180 s the rotarod stopped, and the trial ended. Rats 

were acclimated and trained on rotarod three times each on three separate days prior to 

collecting baseline data, for a total of nine acclimations trials. During training, rats were 

placed immediately back on the rotarod after falling up to five times, for a total of 180 s 

running time each trial. Rats were returned to their home cage to rest for 15 min between 

trials. For data collection, rats were placed on the rotarod and time in seconds until fall was 

recorded. Rats were placed in the home cage after falling. Data for each time point tested 

were calculated as highest score in seconds out of three trails, with 15 min to rest between 

trials.
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2.7 | Statistics

Differences between treatment groups in the time course of running distance and maximum 

speed were determined using two-way repeated measures ANOVA followed by Sidak post 

hoc and by unpaired t test of area under curve (AUC) analysis of the mean values for time 

points after treatment.

3 | RESULTS

3.1 | Experiment 1: CCI persistently reduces maximum running speed and distance, 
compared to shams, only during the active (dark) phase of the circadian cycle

Experiment 1 examined whether CCI of the sciatic nerve would differentially suppress 

voluntary running behavior during the inactive versus active portions of the circadian cycle, 

compared to sham surgery. Rats were allowed unlimited access to running wheels for 1 

week prior to, and 6 weeks after, surgery. As Experiments 3–6 examine the impact of 5 

days of twice daily treatment with systemic drugs beginning 10 days post-surgery, subjects 

in Experiment 1 received equivolume saline on this same schedule. This served to verify, 

prior to proceeding with drug studies, whether this repeated disruption of rats with in-cage 

running wheels would markedly alter ongoing behavior in a manner that would confound 

interpretation of effects observed.

Running distance and speed were continuously recorded for the entire 49 days of running 

wheel access (Figure 1). Prior to surgery, no differences in running distance or maximum 

speed were observed between groups (Days −7 to −1), either during the active (Figure 1a,c) 

or inactive (Figure 1e,g) phases of the circadian activity cycle.

CCI significantly reduced both active phase running distance (Figure 1a; Table 1 unpaired 

t test of AUC for Days 1–42 after surgery: p < 0.01) and active phase maximum speed 

(Figure 1b; Table 1 unpaired t test of AUC for Days 1–42 after surgery: p < 0.01), relative 

to sham controls. As expected, 5 days of twice daily saline did not alter running behaviors, 

beyond the effect of CCI alone. This conclusion was based on analysis of behavior for Days 

15–42 (i.e., after the conclusion of saline dosing), calculated as a change from pre-injection 

behavior (mean of recordings on Days 8 and 9 after surgery, just prior to initiation of 

systemic injections). Behaviors after 5 days of saline dosing did not change relative to 

behavior before dosing.

During the inactive (light) phase, sham and CCI groups exhibited comparable running 

behavior across the entire 42 days after surgery (distance: Figure 1c, Table 1; maximum 

speed: Figure 1d, Table 1). Both groups exhibited a general depression in running in the 

days following surgery. No reliable between-group differences were observed across the 5 

weeks following 5 days of saline treatment.

3.2 | Experiment 2. Unilateral CCI does not compromise rotarod performance

The active phase decrease in wheel running by unilateral CCI in Experiment 1 raised the 

question as to whether this reflected a confound of an ongoing physical impairment that 

made CCI rats incapable of motor movements necessary for locomotion, relative to shams. 

To test this, forced motor performance, as measured by the rotarod test, was assessed 
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across 5 weeks after CCI versus sham surgery. A separate group of rats was used for this 

experiment, to avoid disturbing voluntary wheel running behavior. To parallel the procedures 

of Experiments 1 and 3 (below), rats again received 5 days of twice daily injections of either 

saline (paralleling Experiment 1) or morphine (paralleling Experiment 3) beginning on Day 

10 after either surgery. Because there have been indications in the literature that opioids, 

albeit at higher doses, can compromise motor function after injury (Hook et al., 2007), 

the present morphine dosing regimen was included to assess whether unexpected motoric 

compromise occurred, prior to undertaking the studies below.

Analyses of rotarod performance revealed that there were no differences in motor 

performance between groups either before surgery, Day 9 after surgery (i.e., prior to saline/

morphine dosing), or across time through 5 weeks after cessation of saline/morphine dosing. 

Hence, observations of depressed voluntary wheel running behavior in the studies reported 

here do not appear to reflect a physical impairment that makes rats incapable of running 

(Figure S1).

3.3 | Experiment 3. Long after cessation of 5 days of morphine co-administered with 
either TLR4 or P2X7 antagonists, active phase running distance and active phase 
maximum running speed are persistently enhanced in CCI rats, relative to 5 days of 
morphine alone

We have previously reported that 5 days of co-administration of the TLR4 antagonist 

(+)-naloxone ((+)-NLX) (Wang et al., 2016) or the P2X7 antagonist A438079 (King, 2007) 

with morphine, beginning on Day 10 after CCI, prevents morphine-induced potentiation 

of allodynia by suppressing the spinal glia-activating, neuroinflammatory effects of 

morphine (Grace et al., 2018; Grace, Strand, et al., 2016). Notably, the suppression of 

morphine-induced potentiation of allodynia by (+)-NLX and A438079 co-administration 

with morphine persists for at least 2 months after all drug dosing ceases (Grace, Strand, et 

al., 2016). To determine whether administration of these antagonists along with morphine 

would also prevent suppression of active phase voluntary wheel running by CCI (Figure 

2a,b, Table 1), rats were given a 5-day course of morphine along with either saline (vehicle), 

(+)-NLX, or A438079. Systemic dosing was chosen for all drugs in this study, given concern 

that indwelling intrathecal catheters may alter voluntary wheel running. As above, running 

distance and maximum speed were recorded for 7 days prior to, and for 42 days after, 

surgery.

Prior to surgery, there were no reliable differences between groups for distance run or 

maximum speed, either during the active phase (Figure 2a,b) or inactive phase (Figure 

S2a,b). CCI surgery again depressed both active (p < 0.001) and inactive phase distance run 

(p < 0.01) and active phase (p < 0.001) maximum speed, relative to pre-surgery performance 

levels (comparing 1 day prior to vs. 1 day after CCI) (Figure 2a,b; Figure S2a,b).

Across the 4 weeks after cessation of drug dosing (Days 15–42 post-surgery), co-

administration of either the TLR4 antagonist (+)-NLX or the P2X7 antagonist A438079 

during the 5 days of morphine treatment markedly potentiated both active phase distance 

run (Figure 2a; Table 1, AUC: F(2,13) = 10.56, p < 0.01; post hoc morphine + saline vs. 

morphine + (+)NLX: p < 0.001; post hoc morphine + saline vs. morphine + A438079: p 
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< 0.001) and active phase maximum speed (Figure 2b, Table 1; AUC: F(2,13) = 12.49, p < 

0.001; post hoc morphine + saline v.s morphine + (+)NLX: p < 0.05; post hoc morphine + 

saline vs. morphine + A438079: p < 0.05). This enduring potentiation of running distance 

and maximum speed by these antagonists was despite neither antagonist having any effect 

on voluntary running during the 5 days drug dosing (Figure 2a,b; Figure S2a,b). No reliable 

enhancement of either running distance or maximum speed was observed during the inactive 

(light) phase (Figure S2a,b).

3.4 | Experiment 4. In the absence of either morphine or neuropathic pain, TLR4 and 
P2X7 antagonists do not potentiate wheel running

Potentiation of active phase running distance and active phase maximum running speed 

observed in Experiment 3 (where TLR4 and P2X7 antagonists were co-administered with 

morphine in CCI rats) raises the question of whether these effects require co-administration 

of morphine and/or the presence of neuropathic pain. As a first test, sham-operated rats 

received saline co-administered with either saline (vehicle), (+)-NLX, or A438079 in a 

design parallel to that for Experiment 3, above, and active phase running analyzed. As 

differences in post-surgery activity levels were noted across the three sham groups prior to 

drug injections, data collected post-drugs for each group were analyzed as a difference from 

the mean of Days 8 and 9 (last days prior to initiation of drug dosing). This adjustment 

allowed for an unbiased examination of drug effects on running behavior. As evident in 

Figure S3a,b, neither the TLR4 nor the P2X7 antagonist had any effect on running distance 

or maximum speed. Thus, the results of Experiment 3 cannot be simply accounted for 

by effects of these drugs in the absence of morphine and/or nerve injury. The marked 

differences in behavior recorded for TLR4 and P2X7 inhibitors co-administered with 

morphine in CCI rats (Experiment 3) versus these inhibitors co-administered with saline in 

sham rats (Experiment 4) suggest an interaction between the presence of either neuropathic 

pain and/or morphine with these receptor antagonists that creates the potentiation of running 

behaviors observed in Experiment 3. The studies that follow examine this possibility.

3.5 | Experiment 5. In the absence of morphine, TLR4 and P2X7 antagonists do not 
potentiate active phase voluntary wheel running in the presence of neuropathic pain

Potentiation of active phase running distance and active phase maximum speed observed 

in Experiment 3 (where TLR4 and P2X7 antagonists were co-administered with 5 days 

of twice daily morphine in CCI rats) raises the question of whether this is simply an 

enduring effect of TLR4 and P2X7 receptor blockade per se, versus an interaction with the 

co-administered morphine. To address this, CCI rats received 5 days of twice daily saline 

co-administered with either saline (vehicle), (+)-NLX, or A438079 in a design parallel to 

that for Experiment 3, above.

There were again no differences between groups in either active phase (Figure 2c,d, Table 1) 

or inactive phase (Figure S4a,b, Table 1) running distance or maximum speed, either prior 

to surgery (days −7 to −1) or prior to drug administration (Days 0–9). Running distance 

and maximum speed were again suppressed post-CCI in both active (comparing 1 day prior 

to vs. 1 day after CCI; distance: p < 0.001; max speed: p < 0.001) and inactive phases 

(comparing 1 day prior to vs. 1 day after CCI; distance: p < 0.001; max speed: p < 0.05). 
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During the 5 days of drug dosing, neither drug affected running distance (Figure 2c; Figure 

S4a) or maximum running speed (Figure 2d; Figure S4b) in either activity phase, similar to 

Experiment 3.

Importantly, in contrast to the results of Experiment 3, neither (+)-NLX nor A438079 had 

any reliable effect on running distance or maximum running speed in CCI + Saline rats 

across the 5-week post-drug observation period, for either active (Figure 2c,d) or inactive 

(Figure S4a,b) phases. The marked differences in behavior recorded for TLR4 and P2X7 

inhibition with (Experiment 3) versus without (Experiment 5) co-administration of morphine 

suggests that it is the interaction of morphine with these receptor antagonists in neuropathic 

rats that underlies potentiation of running behaviors, rather than a simple independent effect 

of these inhibitors alone.

3.6 | Experiment 6. In the absence of neuropathic pain, TLR4 and P2X7 antagonists do 
not potentiate active phase voluntary wheel running in the presence of morphine

Potentiation of active phase running distance and active phase maximum running speed 

observed in Experiment 3 (where TLR4 and P2X7 antagonists were co-administered with 

morphine in CCI rats) raises the additional question of whether these same effects would 

occur in sham-operated rats; that is, in the absence of neuropathic pain. To address 

this, sham-operated rats received morphine co-administered with either saline (vehicle), 

(+)-NLX, or A438079 in a design parallel to that for Experiment 3, above.

There were again no differences between groups in either active phase (Figure 3a,b, Table 1) 

or inactive (Figure S5a,b, Table 1) phase running distance or maximum speed, either prior 

to surgery (days −7 to −1) or prior to drug administration (Days 0–9). Sham surgery itself 

did suppress inactive phase, but not the active phase, running distance (comparing 1 day 

prior to CCI vs. 1 day after CCI; p < 0.01). During the 5 days of drug dosing, neither drug 

affected running distance (Figure 3a; Figure S5a) or maximum running speed (Figure 3b; 

Figure S5b) in sham rats in either activity phase. This is similar to Experiments 3 and 4 in 

CCI rats.

Importantly, in contrast to the results from CCI rats in Experiment 3, neither (+)-NLX nor 

A438079, co-administered with morphine in sham rats, had any effect on running distance 

(Figure 3a, Table 1, Figure S5a) or maximum running speed (Figure 3b, Table 1, Figure 

S5b) across the 5-week post-drug observation period, for either active or inactive phases. 

The marked differences in behavior recorded for morphine co-administered with TLR4 

and P2X7 inhibition with (Experiment 3) versus without (Experiment 5) the presence of 

peripheral nerve injury again suggest that it is the interaction of neuropathic pain with these 

receptor antagonists plus morphine that underlies potentiation of running behaviors.

Additionally, a striking observation here was the apparent difference in running distance 

and speed of sham + morphine + saline rats here (Figure 3a,c) versus the sham + saline 

rats of Experiment 1 (Figure 1a,b). As these groups ran at the same time and under 

identical conditions, their data were compared here (Figure 4a,b). Analyzing AUC for Days 

15–42 across these two groups (i.e., 5 weeks of observations after cessation of saline vs. 

morphine in shams) supported this impression, as both running distance (Table 1; unpaired 
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t test; p < 0.05) and maximum running speed (Table 1; unpaired t test; p < 0.01) were 

significantly greater in sham rats administered 5 days of morphine, relative to shams 

receiving saline. This supports and extends prior literature demonstrating, after an initial 

suppression, enhancement of voluntary running by morphine (Domino, Vasko, & Wilson, 

1976; Sisti & Lewis, 2001), albeit in studies where analyses were restricted to just the first 

few hours after morphine dosing rather than across 5 weeks after dosing cessation as in the 

present study.

4 | DISCUSSION

The present series of studies are the first to examine the impact of peripheral nerve injury 

and therapeutic drug treatment in male rodents with continuous free access to voluntary 

wheel running, analyzing both inactive (light) and active (dark) phases of the circadian 

activity cycle across an 8-week observation period. Males were the sole subjects as the 

Department of Defense funding source required that males would be used. Whether the 

results replicate in females awaits future studies. Regarding drug effects, the primary focus 

was on the enduring effects of treatments, long after drug dosing ceased, rather than on acute 

drug effects themselves. This focus is based on our prior studies of multi-week amplification 

of CCI-induced neuropathic pain by morphine (as well as other opioids (Green-Fulgham et 

al., 2019)), long after dosing ceases, and the amelioration of these negative consequences of 

morphine treatment by the antagonists under study here (Grace et al., 2018; Grace, Strand, 

et al., 2016). The data from the present series of experiments document that: (a) 5 days of 

morphine enduringly enhances active phase running distance and maximum speed in sham 

rats throughout the 5-week post-dosing observation period; (b) unilateral CCI suppresses, 

compared to sham controls, both distance run and maximum running speed, with the impact 

observed across the 6-week post-surgery period; (c) the impact of CCI on running distance 

and maximum speed was only observed in the active phase of the circadian cycle, as no 

between-group differences were found in the inactive phase attributable to nerve injury; (d) 

the impact of CCI on voluntary wheel running does not appear to indicate a physical motor 

impairment as CCI rats performed equally to shams on the rotarod test; (e) intriguingly, 

while co-administration of either an s.c. non-opioid TLR4 antagonist ((+)-Naloxone; (+)-

NLX) or an s.c. P2X7 antagonist (A438079) with s.c. morphine had no effect on either 

active or inactive phase wheel running during the 5 days dosing period, both antagonists 

significantly potentiated both running distance and maximum running speed in the active 

phase (but not inactive phase) for several weeks after cessation of drug dosing; and (f) this 

persistent potentiation of active phase distance and speed by the TLR4 and P2X7 antagonists 

across the 5-week post-dosing period required both the presence of peripheral nerve injury 

(CCI) as well as the 5-day co-administration of morphine, as the antagonists had no effect on 

running distance or speed when delivered in the absence of co-administered morphine and/or 

in the absence of nerve injury. Remarkably, this brief (5 days) drug treatment, beginning 

10 days after nerve injury, returned the running distance and speed of CCI rats to being 

comparable to those of sham animals across the 5-week observation period after all drug 

dosing ceased (compare Figure 2c,d with Figure 1c,d).

Clear differences between groups were observed during the active (dark) phase, but not 

during the inactive (light) phase. This may in part be attributable to rats displaying 

Green-Fulgham et al. Page 9

J Neurosci Res. Author manuscript; available in PMC 2021 December 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



approximately 95% of their daily running in the active phase (Kandasamy et al., 2016; 

Pitzer, Kuner, & Tappe-Theodor, 2016), limiting sensitivity for observing group differences 

in the daytime, especially with free access to running wheels rather than very restricted 

access (Whitehead et al., 2017). Consistent with previous reports, the activity of the 

rats increased over time, which may be accounted for by the novel environment and/or 

training effects (Shyu, Andersson, & Thorén, 1984). Additionally, male rats (as studied 

here) typically run less than their female counterparts (Rosenfeld, 2017). While there are rat 

strains that are more robust runners than the Fischer 344 (F344) rats chosen for study here 

(Shyu et al., 1984), inter-individual variability in strains with higher capacity for running 

can confound data interpretation (Moraska & Fleshner, 2001; Novak et al., 2012; Sasse et 

al., 2008). Male F344s were chosen for use given that we have previously documented that 

morphine robustly enhances the magnitude and duration of CCI allodynia in male F344s, 

using the identical CCI method as employed in the present study (Grace et al., 2018; Grace, 

Strand, et al., 2016). Additionally, we have shown that the TLR4 and P2X7 inhibitors, 

under study in the present series of studies, each block morphine-induced enhancement 

of allodynia in males of this rat strain (Grace et al., 2018; Grace, Strand, et al., 2016). 

While amplification of CCI-induced neuropathic pain is also observed, actually to a greater 

extent, in female than male F344s (Grace et al., Unpub. Observ.), the pharmacological 

underpinnings of this effect in females have not as yet been elucidated. This combination of 

factors makes male F344 rats the ideal subjects for the current study.

Intriguingly, the observation that a brief (5 days) co-administration of morphine with either 

a non-opioid TLR4 ((+)-NLX) or P2X7 (A438079) antagonist potentiates voluntary running 

distance and speed through at least 5 weeks after all drug dosing ceases extends and 

contrasts our prior report where these drugs were studied for their effects on experimenter-

evoked CCI allodynia (Grace et al., 2018; Grace, Strand, et al., 2016). In Grace, Strand, 

et al. (2016), the identical 5-day morphine regimen: (a) enhanced the magnitude and 

duration CCI-induced allodynia through at least 8 weeks in F344 rats after morphine 

dosing ceased, and (b) co-administration of either (+)-NLX or A438079 with morphine 

prevented morphine-induced enhancement of allodynia. That is, CCI-induced allodynia 

was still evident, but the allodynia expressed in rats receiving morphine plus either (+)-

NLX or A438079 was comparable to CCI rats that received saline (Grace, Strand, et al., 

2016) (compare Figure 1a to Figure 5a,b of Grace, Strand, et al. (2016)). In contrast, 

when voluntary wheel running serves as the outcome measure rather than experimenter-

evoked allodynia, a quite different pattern of results emerges. First, there was no apparent 

amplification of CCI effects on running by the 5-day course of morphine, relative to saline-

treated CCI rats through 5 weeks after drug cessation. And second, co-administration of 

morphine with either the TLR4 or P2X7 antagonist in CCI rats returned running behaviors to 

a level comparable to shams.

Regarding the first point, that CCI + morphine did not result in enhanced running relative to 

CCI + saline, it is notable that, in shams, 5 days of morphine enduringly potentiated active 

phase voluntary wheel running distance and maximum speed across the 5-week post-dosing 

observation period. One would have anticipated this same amplification of running distance 

and speed in CCI rats, as well. Instead, running distance and speed was comparable for CCI 

+ saline and CCI + morphine groups. Given that CCI + morphine amplifies neuropathic 
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pain, as measured by allodynia (Grace et al., 2018; Grace, Strand, et al., 2016), it is possible 

that the enduring enhancement of running by morphine, as observed in sham rats, offset the 

enhanced pain by CCI + morphine (Grace et al., 2018; Grace, Strand, et al., 2016), which 

would suppress running (Experiment 1), obscuring the ability to detect a change in running 

by CCI + morphine rats, compared to CCI + saline.

Regarding the second point, that co-administration of morphine with either the TLR4 or 

P2X7 antagonist in CCI rats returned running behaviors to a level comparable to shams, 

this is, indeed, a remarkable finding as it suggests not a simple, temporary reversal of 

nerve injury effects but rather an apparently permanent resolution (at least through the 

5-week post-drug observation period) by blocking TLR4 or P2X7, but only during morphine 

dosing. Given that voluntary wheel running has been argued by some to be potentially more 

reflective of clinically relevant measure than experiment-evoked allodynia (Tappe-Theodor 

et al., 2019), these striking differences between allodynia versus voluntary running behaviors 

as outcome measures are intriguing. In addition, it has been argued that another feature 

that makes wheel running especially useful in screening drugs is that only treatments that 

produce antinociception in the absence of disruptive side effects will restore wheel running 

(Tappe-Theodor et al., 2019). Notably, both allodynia and wheel running as outcome 

measures, while distinct in their pattern of results, each provide clear support that TLR4 and 

P2X7 inhibition in the presence of morphine can each have marked positive and remarkably 

enduring effects on the behavior of neuropathic rats.

A caveat to consider when comparing wheel running versus experimenter-evoked endpoints 

is that the wheel running may influence pathophysiological processes systemically. For 

example, voluntary wheel running can increase expression of endogenous opioids, and can 

also promote anti-inflammatory immune cell phenotypes by reducing expression of cell 

surface receptors, inhibiting chemotaxis, and stimulating synthesis of anti-inflammatory 

mediators (Kawanishi, Yano, Yokogawa, & Suzuki, 2010; Koltyn, 2000; Nielsen & 

Pedersen, 2008; Pedersen, 2009; Pedersen & Hoffman-Goetz, 2000; Pedersen & Toft, 2000; 

Petersen & Pedersen, 2005, 2006; Singhal, Jaehne, Corrigan, & Baune, 2014; Walsh et 

al., 2011). Given the anti-nociceptive role of these processes, these events could alter the 

development of pain and potentially reduce effect sizes between surgery groups (Grace, 

Fabisiak, et al., 2016).

One potentially important, but as yet unexplored difference between the current series of 

experiments and our prior studies of morphine-induced potentiation of CCI allodynia and 

its amelioration by TLR4 and P2X7 antagonists (Grace, Strand, et al., 2016) lies in the 

route of drug administration. In both the present study and Grace et al. studies (Grace et 

al., 2018; Grace, Strand, et al., 2016), morphine was administered systemically. In contrast, 

while Grace et al. administered (+)-NLX and A438079 intrathecally in order to test for 

a spinal cord site of action (Grace et al., 2018; Grace, Strand, et al., 2016), the present 

study utilized systemic administration for these drugs because of a concern for the dorsally 

curved postures of rats in the running wheel, whether an indwelling catheter could alter the 

outcomes and/or create frank spinal damage.
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Notably, by utilizing intrathecal drug delivery, Grace et al. implicated the spinal 

inflammasome pathway as creating opioid-induced amplification of neuropathic pain, 

utilizing a number of convergent pharmacological approaches (Grace et al., 2018; Grace, 

Strand, et al., 2016). This approach provided strong evidence that morphine induces, in 

the presence of ongoing neuropathic pain, the potent spinal expression of a wide array of 

Danger Associated Molecular Patterns (DAMPs; danger signals) known to activate glia to 

a neuroinflammatory, pain-enhancing state (Grace et al., 2018; Grace, Strand, et al., 2016). 

As documented by Grace et al. (2018) and Grace, Strand, et al. (2016) this, in turn, sets 

off the activation of the inflammasome/NLRP3 pathway in spinal cord via actions at P2X7 

and TLR4, leading to the release of a host of pain-enhancing products (Grace et al., 2018; 

Grace, Strand, et al., 2016). Extending these concepts to the present study, it is intriguing 

to consider that systemic (instead of intrathecal) delivery of the P2X7 and TLR4 antagonist 

along with morphine may in fact now block inflammasome activation at multiple levels 

of the neuroaxis from the sciatic injury site, dorsal root ganglia, as well as spinal cord. 

Given that inflammasome activation has also been noted in injured sciatic nerve (Sun et 

al., 2019a, 2019b) and dorsal root ganglia (Yousuf et al., 2019), and given that systemic 

administration of P2X7 and systemic TLR4 antagonists along with morphine permanently 

returned wheel running behavior to sham levels throughout the 5-week observation period, 

these observations taken together suggest the potential for simultaneous actions at multiple 

sites for these inflammasome inhibitors along the pain pathway. Indeed, multiplicative 

interactions of drugs simultaneously acting at both peripheral and multiple central sites are 

well documented (Hayashida & Eisenach, 2008; Kolesnikov, Jain, Wilson, & Pasternak, 

1996; Pasternak & Pan, 2013; Pavlovic & Bodnar, 1998; Rossi, Pasternak, & Bodnar, 1993; 

Yeung & Rudy, 1980). Furthermore, the multi-month lifespan of the leukocytes supports a 

possible role for these cells. If this is the basis for the present observation of systemic TLR4 

and P2X7 inhibitors returning morphine-treated neuropathic rats to sham levels of running, 

it suggests that this same systemic drug administration approach would be worthy of study 

with allodynia as the outcome measure as well. That is, it predicts a more potent blockade 

of morphine- induced enhancement of neuropathic pain than observed with intrathecal 

antagonists alone.

Work from others implicates the mu-opioid receptor in the deleterious effects of opioids, 

including paradoxical hyperalgesia (Corder et al., 2017; Ferrini et al., 2013). However, 

we established that the enduring, pain amplifying effects of early post-trauma morphine 

was occurring not via classical opioid receptors, but rather TLR4 (Grace, Strand, et al., 

2016). That is, knock down of the mu-opioid receptor failed to prevent morphine-induced 

pain amplification. Additionally, systemic administration of (+)-morphine (which, given 

severe stereo-selectivity of the opioid receptor, does not bind this receptor but does equally 

activate TLR4 (Hutchinson et al., 2010; Wang et al., 2012)), fully recapitulates the effects 

of (−)-morphine (Grace, Strand, et al., 2016). These results strongly implicate TLR4 

rather than classical opioid receptors in the outcomes created. Furthermore, inactivating 

microglia prevented morphine-induced amplification of CCI-induced neuropathic pain, 

further emphasizing independence from the classical opioid receptor on neurons (Grace, 

Strand, et al., 2016). Whether such manipulation equally impact the voluntary wheel running 

as the outcome measure is as yet unknown but worthy of study.
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In conclusion, the present series of studies have examined the impact that systemically 

administered therapeutic drugs have on suppression of wheel running behavior of 

neuropathic (CCI) rats, weeks after cessation of drug dosing. CCI suppressed active phase 

running distance and speed throughout the 7-week observation period. Morphine, however, 

enhanced active phase running distance and speed throughout the 7-week observation 

period, an effect apparent only in sham rats. Notably, co-administration of morphine 

with antagonists of either P2X7 or TLR4 (receptors critical to the activation of NLRP3 

inflammasomes and consequent inflammatory cascades) returned the voluntary running 

behavior of CCI rats to that of shams through at least 5 weeks after dosing ceased. Future 

studies will need to define whether the striking effects of systemically administered TLR4 

and P2X7 antagonists observed in the present study, enduringly returning nerve injury rat 

running distance and speed to that of shams, would also be observed with allodynia as the 

outcome measure. If so, this would likely point to multiple sites of action of the systemically 

administered drugs, modulating injury-induced effects, inflammasome-mediated effects at 

the injured sciatic nerve and/or dorsal root ganglia, in addition to spinal cord and potentially 

higher levels of the neuraxis. Given that our data to date point to morphine amplifying 

inflammatory processes put into motion by nerve injury, it is intriguing to speculate that 

co-administration of TLR4 and/or P2X7 antagonists can intervene in these inflammatory 

processes in a beneficial way, suppressing the inflammatory damage occurring at peripheral 

sites and thereby returning CCI animals to sham levels not only persistently but also more 

rapidly as well. As opioids remain the standard analgesic for chronic pain despite known 

long-term consequences, these results may indicate that co-administration of antagonists 

with morphine could be utilized to reduce the long-term deleterious effects of opioids, 

without sacrificing mu opioid receptor-mediated analgesia.
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Significance

Evoked withdrawal responses to measure pain are increasingly criticized, stimulating 

the search for naturalistic behavioral indices. This study tests systemically administered 

therapeutics on nerve injury–induced suppression of voluntary wheel running, across 

weeks after dosing cessation. Nerve injury suppressed running distance and speed for 

7+ weeks. A brief course of morphine increased running distance and speed for 5+ 

weeks, only in shams. Morphine plus antagonists of receptors that activate inflammatory 

cascades returned running of neuropathic rats to that of shams. This is strikingly different 

from results with intrathecal antagonists. This may point to systemic drugs acting 

simultaneously at multiple sites along the neuraxis.
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FIGURE 1. 
Enduring reduction of active (dark) phase voluntary wheel running by sciatic nerve injury. 

Unilateral sciatic nerve chronic constriction injury (CCI), which induces prolonged and 

stable neuropathic pain, induced prolonged and stable suppression of voluntary wheel 

running distance (a) and maximal running speed (b), relative to sham controls in the 

active phase. Five days of twice daily systemic saline (vertical gray bar) was administered 

beginning on Day 10 after surgery so to provide a regimen comparable to that followed 

in subsequent experiments. No such changes were observed in these same rats in the light 

phase (c, d). n = 5–6 per group
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FIGURE 2. 
Enduring potentiation of CCI active (dark) phase voluntary wheel running by 5 days of 

systemic morphine co-administered with systemic P2X7 or TLR4 inhibitors; no such change 

in the absence of morphine. In unilateral CCI rats, systemic co-administration of 5 days of 

morphine with either (+)-NLX (non-opioid TLR4 antagonist) or A438079 (P2X7 antagonist) 

(vertical gray bar) resulted in enhanced active phase running distance (a) and maximum 

running speed (b), relative to CCI rats treated with morphine plus saline (vehicle). This 

potentiation of voluntary wheel running continued through the 5-week observation after all 

drug dosing ceased. No such potentiation of running behavior was observed in response to 

identical A438079 or (+)-NLX dosing (vertical gray bar) in the absence of co-administered 

morphine (c, d). n = 5–6 per group
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FIGURE 3. 
No potentiation of Sham active (dark) phase voluntary wheel running by 5 days of 

systemic morphine co-administered with systemic P2X7 or TLR4 inhibitors. To test whether 

potentiation of wheel running behavior arose simply as a result of co-administration of 

morphine with P2X7 or TLR4 antagonists, the paradigm was replicated in sham rats, instead 

of CCI. Systemic co-administration of morphine with either (+)-NLX nor A438079 (vertical 

gray bar) failed to alter either running distance (a) or maximum speed (b). n = 5–6 per group
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FIGURE 4. 
Enduring potentiation of sham active (dark) phase voluntary wheel running by 5 days of 

systemic morphine. In sham rats, systemic administration of 5 days of morphine (vertical 

gray bar) resulted in enhanced active phase running distance (a) and maximum running 

speed (b), relative to sham rats treated with saline (vehicle). This potentiation of voluntary 

wheel running continued through the 5-week observation after all dosing ceased. n = 5–6 per 

group
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