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(Ahlbeck, 2011). In addition to these adverse effects, chronic use can lead to the 

development of drug dependence, which compels individuals to continue using their 

opioid medications (Evans & Cahill, 2016). Drug dependence is a drug-induced state 

that, following a period of abstinence from repeated opioid use, manifests as drug 

seeking, drug craving, anhedonia and/or physical withdrawal. This can cause patients 

who are no longer in pain to continue using their opioids or may make it difficult for 

individuals using illicit opioids to stop their opioid use. Opioid dependence is now seen 

as a major contributor to the current opioid epidemic (Evans & Cahill, 2016). 

 Opioid withdrawal is often described as a severe bout of the flu. The symptoms 

of opioid withdrawal include tachycardia, nausea/vomiting, diarrhea, muscle cramps and 

hyperhidrosis. In addition to these physical symptoms, patients often experience a 

negative emotional state, characterized by the manifestation of symptoms such as 

anxiety, depression and insomnia (B. Sharma et al., 2016; World Health Organization, 

2009). Depending on the half-life of the opioid used, withdrawal can occur between 8-48 

hours following the last dose, and can persist for weeks (World Health Organization, 

2009). Severity and duration of withdrawal is dependent on the kinetics of the opioid 

used. Short-acting opioids cause a quicker onset of withdrawal that is more severe, but 

also terminates sooner. Conversely, long-acting opioids cause a slower onset of 

withdrawal that is less severe, but persists for a longer period of time (Kleber, 2007; 

Ries et al., 2009; World Health Organization, 2009). Regardless of onset or duration, 

the severity of opioid withdrawal compels individuals to continue using opioids to avoid 

these symptoms. 
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Figure 1.1: The cellular effect of opioids on neurons 

(a) When there are no opiods present, adenlyl cyclase (AC) converts ATP to cAMP
at a normal rate. (b) When MORs are stimulated by acute opioid administration, they
inhibit the function of AC, thereby decreasing the production of cAMP. This causes a
decrease in the release of NE. (c) After chronic administration of opioids, the neuron
adjusts to this tonic inhibition and produces normal levels of cAMP. (d) When no
opioids are present, the neuron overproduces cAMP, causing anxiety, tremors,
muscle cramps, diarrhea, etc.
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also involved in the induction of LTP during withdrawal (Yang et al., 2018a). Together, 

these findings suggest a complex interaction between neurons and glia during 

withdrawal. 

1.6: Microglia 

It was thought that opioid action occurred primarily on neurons within the CNS. 

However, evidence implicating neuron-microglia interactions during opioid signalling has 

emerged (Matsushita et al., 2013; Valentinova et al., 2019; Wen et al., 2011). Microglia 

are the resident immune cells of the CNS. They react to changes in the local 

environment, are highly mobile, and display phagocytic characteristics, similar to 

macrophages that populate the periphery. Microglia actively monitor their local 

environment and secrete molecules capable of modulating neuronal activity. They are 

morphologically and functionally dynamic cells, shifting from a surveillance state to a 

reactive state in response to environmental changes. These changes can be local insult 

(Nimmerjahn et al., 2005), chronic disease states (Dheen et al., 2007), or in response to 

pharmacological agents (Trang et al., 2015). Morphologically, the shift from a 

surveillance state to a reactive state displays retracted processes and an enlarged cell 

body (Kettenmann et al., 2011). Reactive microglia can be identified 

immunohistochemically by increased cell surface expression of markers such as cluster 

of differentiation molecule 11b (CD11b), ionized calcium-binding adaptor molecule 1 

(Iba1) and major histocompatibility complex II (MHC II) (Jeong et al., 2013). 

Functionally, reactive microglia release factors such as adenosine triphosphate (ATP), 

glutamate, cytokines and chemokines (Frackowiak et al., 1997; Fujita et al., 2008) that 

can modulate neuronal activity and alter behaviour.  







12 

Figure 1.2: Mechanisms of Panx1 channel activation 

There is evidence for both direct activation of Panx1 channels by P2X7 and indirect 
activation by other means. Panx1 is also activated by caspase cleavage of the C-
terminal tail, mechanical stimulation, high intracellular Ca2+, high extracellular K+, 
ATP or Src kinase phosphorylation. 
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interaction highlights further P2X7-independent mechanisms of Panx1 activation, 

demonstrating the complex and pervasive involvement of Panx1 in cell signalling. 

Microglial Panx1 has been implicated as a key player involved in opioid 

withdrawal (Burma et al., 2017). Flow cytometry shows an upregulation of Panx1 on 

microglia isolated from adult rat lumbar spinal cords following withdrawal. Additionally, 

genetic deletion of microglial Panx1 resulted in attenuated withdrawal behaviours. 

Pharmacological blockade of Panx1 by probenecid and mefloquine also attenuated 

withdrawal behaviours in rats, demonstrating that Panx1 on microglia plays a vital role 

during opioid withdrawal, and is a viable target for the treatment of withdrawal 

symptoms. 

1.8: Therapies to combat opioid withdrawal 

Therapies for combating opioid withdrawal are few and far between, as the 

symptoms of opioid withdrawal are complex and can be difficult to manage. Current 

therapies differ in their effectiveness, severity and availability, which poses a challenge 

to clinicians and patients hoping to terminate their opioid use. One approach is opioid 

replacement therapy, which substitutes short acting opioids with long-lasting, less 

euphoric opioids such as methadone (Kleber, 2007). The driving principle of this therapy 

is that opioids with a longer half-life produce stable drug plasma levels, and therefore 

require less frequent dosing (Amato et al., 2013). However, access to methadone is 

limited as there is a shortage of physicians that are licensed to prescribed it (Kleber, 

2007). Methadone treatment is also cumbersome for patients as they are required to 

pick up their dose on a day-to-day basis to limit the potential for abuse, introducing 
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anxiety or diarrhea, therefore it is suggested that lefoxidine be used as an adjunctive 

with other therapies to fully treat the symptoms of opioid withdrawal (Patel & Kosten, 

2019; Walsh et al., 2003). 

Targeting microglia may prove to be an effective strategy for ameliorating the 

symptoms of withdrawal. The Panx1 channel blocker probenecid was shown to 

attenuate the symptoms of withdrawal in rodents (Burma et al., 2017). While this 

evidence is preclinical, probenecid is an already Health Canada and FDA approved for 

the treatment of gout and hyperuricemia and has therefore already undergone rigorous 

efficacy and safety testing. Thus, the process of repurposing probenecid for the 

treatment of withdrawal symptoms is a viable and rapidly translatable option. However, 

probenecid displays poor solubility, specificity for Panx1, and blood brain permeability 

(Melethil & Conway, 1976; Qi et al., 2015; Sawatani et al., 2019). Therefore, targeted 

modification of the chemical structure of probenecid may improve its therapeutic 

potential in the treatment of withdrawal. Furthermore, it is unclear how probenecid or its 

analogues alter neuronal activity. Understanding how probenecid and future analogues 

affect neurons is key in determining its efficacy as a treatment for withdrawal. 

1.10: Research Statement 

Opioid withdrawal is a debilitating syndrome that prevents individuals from 

ending their opioid use. However, current therapies available are not effective at 

attenuating the symptoms of withdrawal without producing undesirable side effects. The 

microglial Panx1 channel has been identified as a therapeutic target for the treatment of 

opioid withdrawal. However, antagonists of the Panx1 channel are limited, and those 

available have limitations of their own. Probenecid, while effective at attenuating the 







18 

CHAPTER 1: Methods 

2.1: Animals 

Adult male C57BL/6J (7-9 weeks) and male Cx3cr1-CreERT2::Panx1flx/flx (7-16 

weeks) mice were used. Mice were housed under 12/12 hour light/dark cycles with ad 

libitum access to food and water. Mice were randomly allocated to different test groups. 

All experiments were approved by the University of Calgary Animal Care Committee 

and are in accordance with the guidelines of the Canadian Council on Animal Care. 

2.2: Generation of Cx3cr1-CreERT2::Panx1flx/flx mice 

Mice with a microglial specific deletion of Panx1 were generated using a Cre-loxp 

system. Panx1flx/flx homozygote mice containing flox sequences flanking exon 2 of the 

Panx1 gene were crossed with C57BL/6J mice expressing Cre-ERT2 fusion protein and 

enhanced yellow fluorescent protein (eYFP) under the Cx3cr1 promoter (Jax mice: 

B6.129P2(Cg)-Cx3cr1tm2.1(cre/ERT)Litt/WganJ, stock number 021160). Progeny 

genotype was screened using PCR, and homozygous Panx1flx/flx and Cx3cr1-CreERT2 

mice were bred and backcrossed for 8 generations to yield conditional Cx3cr1-

CreERT2::Panx1flx/flx knock-out mice. To induce recombination, mice were injected 

intraperitoneally (i.p.) with tamoxifen (1 mg, Sigma) for 2 days. Wild-type mice were 

littermate mice that received vehicle injections (sunflower oil with 10% ethanol) for 2 

day. Testing occurred 7 days after final tamoxifen injection to control for effects of 

peripheral Cx3cr1-expressing cells 
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2.2: Behavioural assessment of morphine withdrawal 

Morphine sulfate (MS, PCCA) prepared in 0.9% sterile saline solution was 

injected i.p.  into male C57BL/6J (20-30g) and male Cx3cr1-CreERT2::Panx1flx/flx (18-28g) 

mice. Mice received ascending doses of morphine (i.p.) at 8 hours intervals: day 1, 

10mg/kg; day 2, 20 mg/kg; day 3, 30 mg/kg; day 4, 40mg/kg. On day 5, mice received a 

morning injection of morphine (50 mg/kg). A subset of mice received probenecid (15, 

25, and 50 mg/kg i.p., Invitrogen) or EG-2184 (0.1, 0.5 and 1 mg/kg) 1 hour following 

morphine. Another subset of mice received probenecid (50 mg/kg) and EG-2184 (0.5 

mg/kg) 1.5 hours following morphine. Mice then received i.p. naloxone (2 mg/kg, 

naloxone hydrochloride dihydrate, Sigma) 2 hours following morphine to rapidly induce 

opioid withdrawal. Control mice received equivalent volumes of 0.9% saline or 

appropriate vehicle solution (0.1% DMSO in saline) and were challenged with naloxone 

on day 5. Withdrawal behaviours were then scored for 30 minutes post naloxone 

injection. Behaviours were scored for occurrence and then scaled for severity at 5-

minute intervals. Behaviours that were assigned a standardized score between 0-3 

depending on severity were jumping, headshakes, wet-dog shakes, chewing/licking, 

and teeth chattering. Behaviours that were scored 1 point for presence during a 5-

minute interval include piloerection and tremors/twitching. The mice were then weighed 

following the 30 minutes, and the weight difference was assigned a standardized score 

dependent on the weight change between 0-3 as well. The scaled and present/absent 

signs were compiled over the 30 minutes to produce a composite withdrawal score 
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(Figure 3.2 A,B). Pre-treatment with EG-2184 significantly blocked Panx1 channel 

activity at a concentration 100,000 fold lower than probenecid (Figure 3.2 A, B). This 

finding indicates that EG-2184 is more potent than probenecid at inhibiting Panx1 

channel opening in BV-2 cells.  

Next, I asked whether pre-treatment with EG-2184 60 minutes prior to naloxone 

injection affects morphine withdrawal behaviours. EG-2184 significantly attenuated 

withdrawal behaviours at 0.1, 0.5 and 1 mg/kg, doses 50-500 fold lower than 

probenecid (Figure 3.3 A,B). These data demonstrate that the structural modifications 

made to probenecid allow for efficacious withdrawal attenuation at a significantly lower 

dose. To assess whether the pharmacokinetics of EG-2184 differed from probenecid, I 

repeated the naloxone-precipitated morphine withdrawal model, but instead 

administered probenecid (50 mg/kg) and EG-2184 (0.5 mg/kg) 30 minutes prior to 

withdrawal (Figure 3.4 A). Both probenecid and EG-2184 were not effective at 

attenuating withdrawal behaviours when given 30 minutes before withdrawal (Figure 3.4 

B). Therefore, EG-2184 attenuates withdrawal behaviours in mice with a similar 

temporal onset as probenecid, but at concentrations 50-500 fold lower. 
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3.2: Probenecid and EG-2184 suppress neuronal activation in the LC and 

SDH during morphine withdrawal 

Having demonstrated that probenecid and EG-2184 are effective at attenuating 

morphine withdrawal behaviours, I next assessed whether these compounds alter 

neuronal activation during withdrawal. To do this, brain and spinal cord tissue were 

collected from mice treated according to the naloxone-precipitated morphine withdrawal 

model that were administered probenecid or EG-2184 1 hour before withdrawal. Tissue 

was collected 2 hours following withdrawal to allow for maximum expression of cFos (an 

immediate early gene that denotes recent neuronal activation). Using this tissue, I 

performed immunohistochemistry to investigate changes in cFos expression in the LC 

and in the SDH, as these are key regions implicated in withdrawal. Tissue was tested 

from mice given vehicle, EG-2184 (0.5 mg/kg), and two doses of probenecid: 15 mg/kg 

(ineffective dose, to confirm that a dose of probenecid that is ineffective at altering 

behaviour is not altering neuronal activation) and 50 mg/kg (effective). In the LC of mice 

treated with vehicle, there was a significantly higher number of cFos positive cells in 

both the LC and SDH compared to both the 50 mg/kg probenecid group and the 0.5 

mg/kg EG-2184 group (Figures 3.5 and 3.6). In mice treated with 15 mg/kg probenecid, 

there was no significant difference compared to the vehicle treated groups (Figures 3.5 

and 3.6). Additionally, to confirm that probenecid and EG-2184 do not alter neuronal 

activation in regions not involved during withdrawal, cFos expression was analyzed in 

the spinal ventral horn (SVH). Here, there was no significant difference between any of 

the treatment groups and the control group (Figure 3.7). Therefore, probenecid at 50 

mg/kg and EG-2184 at 0.5 mg/kg reduce neuronal activation in the LC and SDH. 










































































