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ABSTRACT
Opioids are among the most powerful analgesics for managing pain, yet their repeated use can lead
to the development of severe adverse effects. In a recent study, we identified the microglial
pannexin-1 channel (Panx1) as a critical substrate for opioid withdrawal. Here, we investigated
whether microglial Panx1 contributes to opioid-induced hyperalgesia (OIH) and opioid analgesic
tolerance using mice with a tamoxifen-inducible deletion of microglial Panx1. We determined that
escalating doses of morphine resulted in thermal pain hypersensitivity in both Panx1-expressing
and microglial Panx1-deficient mice. In microglial Panx1-deficient mice, we also found that acute
morphine antinociception remained intact, and repeated morphine treatment at a constant dose
resulted in a progressive decline in morphine antinociception and a reduction in morphine potency.
This reduction in morphine antinociceptive potency was indistinguishable from that observed in
Panx1-expressing mice. Notably, morphine tolerant animals displayed increased spinal microglial
reactivity, but no change of microglial Panx1 expression. Collectively, our findings indicate
microglial Panx1 differentially contributes to opioid withdrawal, but not the development of opioid-
induced hyperalgesia or tolerance.
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Introduction

The dramatic rise in opioid prescriptions and off-label
use has resulted in a concomitant increase in opioid-
related hospitalizations and deaths.1,2 Yet, opioids
remain an indispensible class of analgesics for manag-
ing moderate to severe pain, and account for approxi-
mately 20% of medications used to treat noncancer
chronic pain in the United States.3 An over-reliance
on opioids, and the potential for severe adverse opioid
effects or abuse, have fueled growing concerns about
the safety of long-term opioid use.

In a recent study, we interogated the underlying
mechanisms of opioid physical dependence, a phe-
nomenon characterized by a severe and debilitating
withdrawal syndrome upon terminating opioid use.
We identified the microglial pannexin-1 (Panx1)
channel as an unexpected and novel therapeutic
target in opioid withdrawal.4 Panx1 are expressed
on neurons and glia within the central nervous sys-
tem, and when activated allow the passage of

molecules up to 1 kDa.5,6 Flow cytometric analysis
revealed that escalating doses of morphine selec-
tively increases Panx1 expression in spinal micro-
glia, and blockade or genetic deletion of microglial
Panx1 alleviates the autonomic and somatic symp-
toms of opioid withdrawal.

The cessation or reduction of opioid use can lead to
a withdrawal syndrome in opioid dependent individu-
als.7 However, long-term and repeated opioid expo-
sure can also result in other adverse effects, such as
opioid-induced hyperalgesia (OIH) and analgesic tol-
erance. OIH manifests as a paradoxical increase in
pain sensitivity,8 while analgesic tolerance is charac-
terized by a progressive reduction in pain relieving
effects.9 In an attempt to reestablish adequate pain
control, opioid dose is often increased; this dose esca-
lation can further exacerbate OIH and increase the
risk of withdrawal symptoms upon discontinuation of
opioids.
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Opioid withdrawal, hyperalgesia, and analgesic
tolerance have been linked to increased microglial
reactivity within the dorsal horn of the spinal
cord,4,10-15 a key site of opioid analgesia. There is,
however, increasing evidence that divergent cellular
mechanisms mediate these adverse effects12,13,16 – in
other words, opioid tolerance, OIH, and withdrawal
may have distinct mechanisms that can be differen-
tially targeted. In the present addendum, we exam-
ined whether genetic deletion of microglial Panx1
affects the development of morphine analgesic toler-
ance and OIH.

Results

To assess the role of microglial Panx1 in OIH and
analgesic tolerance, we used mice with a tamoxifen-
inducible deletion of Panx1 from CX3CR1 expressing
cells (microglial cells within the central nervous sys-
tem; Cx3cr1-CreERT2::Panx1flx/flx). First, we investigated
the contribution of microglial Panx1 in OIH using a
behavioral paradigm where thermal tail withdrawal
latencies were assessed daily before each morning
injection of morphine (Fig. 1a). In both Panx1-
expressing mice (vehicle treated Cx3cr1-CreERT2::
Panx1flx/flx) and Panx1-deficient mice (tamoxifen
treated Cx3cr1-CreERT2::Panx1flx/flx), there was a pro-
gressive reduction in tail withdrawal latencies over the
course of 5 d of morphine treatment, indicating the
development of pain hypersensitivity that was not
observed with saline injections (Fig. 1b,c). To control
for the effects of tamoxifen, we treated mice lacking
Cre recombinase (Panx1flx/flx) with tamoxifen, and
found that these Panx1-expressing mice also developed
thermal pain hypersensitivity with repeated morphine
treatment (Fig. 1b,c). These findings indicate that
microglial Panx1 is not required for the development
of morphine-induced hyperalgesia.

We next evaluated the acute antinociceptive
response of Panx1-expressing and microglial Panx1-
deficient mice to a single injection of morphine
(10 mg per kg) (Fig. 2a). Morphine antinociception
was measured at various time points after the injection
of morphine. We found that both the duration and
peak antinociceptive response to a single dose of mor-
phine were indistinguishable between Panx1-express-
ing and deficient mice (Fig. 2b). Thus, acute morphine
antinociception is intact in microglial Panx1-deficient
mice.

To test whether genetic deletion of microglial
Panx1 affects the development of morphine analge-
sic tolerance, mice were treated with a fixed dose of
morphine (10 mg per kg, i.p.) over 7 consecutive
days (Fig. 2a). Morphine antinociception was
assessed 30 min after each daily injection of mor-
phine. In Panx1-expressing mice, we observed a
progressive decline in thermal tail flick latency with
repeated morphine treatment, and after 7 days,
morphine had no effect on thermal withdrawal
thresholds compared with control animals (Fig. 2c).
Repeated morphine treatment also produced a right-
ward shift in the dose response curve (Fig. 2d), and
a significantly higher median effective dose (ED50)
in morphine-treated mice compared with saline-
treated controls (Fig. 2e). Similar to Panx1-express-
ing mice, littermate microglial Panx1-deficient mice
displayed a progressive decline in thermal tail flick
latency with repeated morphine, and a rightward
shift in morphine dose response concomitant with
increased morphine ED50 (Fig. 2c-e). These findings
suggest that genetic deletion of microglial Panx1
does not impact the development of morphine anal-
gesic tolerance in mice.

We recently reported that treatment with escalat-
ing doses of morphine increased microglial reactivity
(as indicated by increased CD11b immunoreactivity)
within the spinal dorsal horn, and preferentially
upregulated Panx1 expression in CD11b-positive
cells (microglia) isolated from the spinal cord of
morphine dependent animals. Here, we investigated
whether repeated morphine (10 mg per kg) treat-
ment leading to the development of antinociceptive
tolerance might affect CD11b and microglial Panx1
expression. We found that morphine tolerant ani-
mals showed a significant increase in mean intensity
and percent area of CD11b positive staining in the
spinal dorsal horn compared with saline treated con-
trol animals (Fig. 3a-c). Using a flow cytometry
approach, we assessed Panx1 expression in CD11b
positive (microglia) and CD11b negative (neurons
and astrocytes) cells acutely isolated from the spinal
cord of adult mice treated with 7 d of morphine
(10 mg per kg) or saline. We found that Panx1
expression in both CD11b positive and CD11b nega-
tive populations was comparable in morphine and
saline control (Fig. 3d-e), indicating that 7 d of
repeated morphine treatment increased spinal micro-
glial reactivity without affecting Panx1 expression.
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Discussion

We recently discovered that activation of Panx1 on
microglia is critically involved in opioid withdrawal.4

Here, we show that microglial Panx1 is not required
for the development of opioid analgesic tolerance or
OIH. Thus, microglial Panx1 may be a mechanistic
point of divergence that underlies opioid withdrawal,
but not tolerance or hyperalgesia.

Several microglial mechanisms have been implicated
in the adverse actions of opioid analgesics (for review
see11,17,18). For example, the P2X4R-BDNF-KCC2 sig-
naling pathway is a core microglial mechanism causally

involved in OIH.12,16 Activation of P2X4 receptors
(P2X4R) triggers the release of BDNF from microglia,
which signals to downregulate the KC-Cl¡ cotrans-
porter KCC2 resulting in disinhibition of spinal lamina
I nociceptive neurons.12 Blocking key nodes of the
P2X4R-BDNF-KCC2 signaling ensemble effectively
alleviates OIH,16 but has no bearing on morphine anal-
gesic tolerance or withdrawal.12 P2X7 receptors
(P2X7R), on the other hand, are important for opioid
tolerance and withdrawal. In opioid tolerance, micro-
glial P2X7R activation causes phosphorylation of p38
mitogen-activated protein kinases (MAPK) and upre-
gulation of the proinflammatory cytokine IL-18, which

Figure 1. Mice lacking microglial Panx1 develop opioid-induced hyperalgesia. (a) Schematic depicting morphine dosing and behavioral
testing paradigm for opioid-induced hyperalgesia (OIH) experiments. (b) Assessment of daily response to a nociceptive thermal stimulus
throughout the 5 d OIH paradigm. Behavior was assessed using the thermal tail immersion test at baseline before morning injections of
morphine sulfate (MS) or saline (CTR) in vehicle (VEH) and tamoxifen (TAMX) treated Cx3cr1-CreERT2::Panx1flx/flx mice, and tamoxifen
treated Panx1flx/flx mice. (VEH/CTR n D 11, VEH/MS n D 13, TAMX/CTR n D 14, TAMX/MS n D 14, Panx1flx/flx/CTR n D 9, Panx1flx/flx/MS
n D 10). Two-way repeated-measures ANOVA (significant effect of time (F5,325 D 41.70), treatment (F5,65 D 16.47), and interaction
(F25,325 D 7.21)) and Sidak post-hoc test. (c) Quantification of percent change in baseline nociceptive response before administration of
saline (CTR) or morphine (MS) on day 0 compared with responses on day 5 following repeated CTR or MS treatment. VEH/CTR n D 11,
VEH/MS n D 13, TAMX/CTR n D 14, TAMX/MS n D 14, Panx1flx/flx/CTR n D 9, Panx1flx/flx/MS n D 10. One-way ANOVA (F5,65 D 18.01)
and Sidak post-hoc test. In each panel, error bars represent s.e.m; each circle represents data from an individual animal. �P<0.05.
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potentiates spinal NMDAR function and opposes opi-
oid analgesia.15 In opioid withdrawal, activation of
P2X7R opens Panx1 channels to drive release of ATP,
a key spinal substrate for the autonomic and somatic
signs of opioid withdrawal.4 Our conclusion that
microglial Panx1 is a mechanistic point of divergence
supports growing evidence that opioid withdrawal, tol-
erance, and hyperalgesia do not necessarily reflect a
single underlying mechanism, but rather these adverse
effects may be a consequence of both overlapping and

distinct signaling pathways involving multiple cell
types.12,13,16

Although Panx1 channels on microglia may not
be required for development of morphine tolerance
or hyperalgesia, microglia nonetheless remain
promising therapeutic targets for improving opioid
pain therapy. In rodents, broad-spectrum inhibitors
of glial function, such as propentofylline, ibudilast,
or minocycline, have been shown to reduce toler-
ance, OIH, and withdrawal.14,19-21 Furthermore,

Figure 2. Genetic deletion of microglial Panx1 does not impact acute response to morphine or the development of morphine analgesic
tolerance. (a) Schematic depicting morphine dosing and behavioral testing paradigm for morphine analgesic tolerance experiments. (b)
Time course of antinociceptive response to an acute injection of morphine sulfate (MS) or saline (CTR) in vehicle (VEH) and tamoxifen
(TAMX) treated Cx3cr1-CreERT2::Panx1flx/flx mice, and tamoxifen treated Panx1flx/flx mice. (VEH/CTR n D 11, VEH/MS n D 13, TAMX/CTR
n D 14, TAMX/MS n D 18, Panx1flx/flx/CTR n D 6, Panx1flx/flx/MS n D 7). Two-way repeated-measures ANOVA (significant effect of time
(F5,315 D 236.9), treatment (F5,63 D 56.45), and interaction (F25,315 D 52.49)) and Sidak post-hoc test. (c) Assessment of daily morphine
antinociception throughout the 7 d tolerance paradigm. Behavior was assessed using the thermal tail immersion test 30 min after injec-
tion of morphine (MS) or saline (CTR) and was normalized to daily baseline in Cx3cr1-CreERT2:Panx1flx/flx mice treated with vehicle (VEH/
CTR n D 12, VEH/MS n D 17) or tamoxifen (TAMX/CTR n D 15, TAMX/MS n D 21), or Panx1flx/flx mice that received tamoxifen (Panx1flx/
flx/CTR n D 6, Panx1flx/flx/MS n D 7). Two-way repeated-measures ANOVA (significant effect of time (F6,432 D 73.80), treatment (F5,72 D
109.5), and interaction (F30,432 D 16.67)) and Sidak post-hoc test. (d-e) Morphine dose-response curve, (d), and median effective dose
(ED50), (e), in mice that received 7 d of morphine (MS) or saline (CTR). VEH/CTR n D 10, VEH/MS n D 14, TAMX/CTR n D 13, TAMX/MS
n D 18, Panx1flx/flx/CTR n D 6, Panx1flx/flx/MS n D 7. One-way ANOVA (F5,62 D 9.15) and Sidak post-hoc test. In each panel, error bars
represent s.e.m; each circle represents data from an individual animal. �P<0.05.
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intrathecal administration of a neutralizing anti-
body against the fractalkine receptor (CX3CR1),
which in the central nervous system is localized on
microglia, significantly attenuates hyperalgesia and
tolerance,10 whereas depletion of spinal microglia
suppresses hyperalgesia and withdrawal.4,12

The dissociation between increased CD11b staining
and no change in Panx1 expression in response to
morphine treatment provides a potential cellular
explanation for the lack of Panx1 involvement in the
development of morphine antinociceptive tolerance. It
is important to note that in contrast to the tolerance
paradigm where morphine was administered at a con-
stant dose over 7 days, establishment of OIH and
physical dependence involved escalating doses of mor-
phine over 5 days, which increased both microglial
reactivity and Panx1 expression within the dorsal
horn.4 Based on our finding that genetic deletion of
microglial Panx1 does not impact OIH, we surmise
that the increase in spinal microglial Panx1 expression
and function may be preferentially unmasked and
expressed as autonomic and somatic physical symp-
toms during opioid withdrawal, but are not required
for the development of OIH.

In addition to the classical definition of OIH as
pain hypersensitivity that develops with repeated
opioid use, OIH has also been described as a

symptom of opioid withdrawal.22 Our data suggest
that the cellular adaptations that underlie physical
withdrawal symptoms and opioid-induced pain
hypersensitivity develop differently. For instance,
synaptic facilitation underlying OIH has been
shown to represent a presynaptic mechanism
within the dorsal horn,13 whereas we demonstrate
that opioid withdrawal manifests as postsynaptic
facilitation.4 Furthermore, OIH has been shown to
depend on microglial-BDNF dependent disinhibi-
tion of dorsal horn synapses, a pathway that is not
critical for withdrawal.12 Therefore, our findings
together with other developments in the field,
point to divergent mechanisms underlying OIH
and withdrawal.

In conclusion, we have identified microglial Panx1
as a cellular point of divergence that critically under-
lies opioid withdrawal, but not opioid tolerance or
hyperalgesia. Since these side effects are mechanisti-
cally separable, it may be possible to differentially tar-
get opioid withdrawal, tolerance and OIH.

Methods

Animals

Adult male and female mice aged 8–14 weeks were
used for all experiments. Mice were housed under a

Figure 3. Morphine tolerant mice exhibit increased microglial reactivity, but no change in microglial Panx1 expression (a-e) Mice
received daily morphine sulfate (MS, 10 mg per kg) or saline (CTR) for 7 d. (a) Representative images of CD11b immunoreactivity (IR) in
spinal dorsal horn sections taken from CTR and MS mice. Scale bar D 25 mm. (b-c) Quantification of (b) mean intensity of CD11b-immu-
noreactivity (CD11b-IR) or (c) percent area of CD11b-IR in CTR (n D 21) and MS (n D 19) treated mice. N values indicate the number of
sections analyzed. Two-tailed t-test (mean intensity, t D 5.38 df D 38; percent area, t D 4.28 df D 38). (d) Dot plot of flow cytometric
analysis representing gating parameters used for CD11b negative (CD11b-, black) and CD11b positive (CD11bC, red) populations used
to calculate mean fluorescent intensity (MFI) of Panx1 expression. (e) Quantification of Panx1 mean fluorescent intensity (MFI) in
CD11b- or CD11bC spinal cord cell populations obtained from saline (CTR) or morphine (MS) treated mice. MFI values from MS cells are
normalized to respective CD11b- or CD11bC control cells. ND 6 experimental replicates from 4 CTR and 4 MS animals. One-way ANOVA
(F3,20 D 1.17, p D 0.35). In each panel, error bars represent s.e.m; each circle represents data from an individual experiment. �P<0.05.
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12-h/12-h light/dark cycle with ad libitum access to
food and water. Mice were randomly allocated to dif-
ferent test groups, and experimenters were blind to
drug treatment and genetic profile of mice. All experi-
ments were approved by the University of Calgary
Animal Care Committees and are in accordance with
the guidelines of the Canadian Council on Animal
Care.

Morphine dosing paradigms and nociceptive
behavioral models

Morphine sulfate (PCCA) prepared in sterile saline
solution was administered via intraperitoneal (i.p.)
injection into male and female Cx3cr1-CreERT2::
Panx1flx/flx or Panx1flx/flx mice (weight ranging 18–
32 g). Thermal nociceptive thresholds were assessed
using the tail immersion test. Briefly, the distal por-
tion of the tail was submerged in a 50 �C (tolerance)
or 48 �C (hyperalgesia) water bath, and time latency
to vigorous tail flicking was recorded and averaged
over 3 consecutive responses. A maximum cutoff
time was set at 10 s for 50 �C and 20 s for 48 �C to
prevent tissue damage. For the hyperalgesia para-
digm, mice were treated with escalating doses of
morphine twice daily for 5 d (Day 1: 10 mg per kg;
Day 2: 20 mg per kg; Day 3: 30 mg per kg; Day 4
and 5: 40 mg per kg). Nociceptive measurements
were taken before all morning morphine injections
throughout the testing paradigm. All values were
adjusted to baseline on day 0 and maximum cut-off
time of 20 s (%MPE). On day 1 of the tolerance par-
adigm (in a subset of mice), a time course of mor-
phine-induced antinociception was performed at 30,
45, 60, 90 and 120 min after the first injection of
morphine (10 mg per kg). Mice then received 7 con-
secutive days of fixed dose morphine treatment
(10 mg per kg). Nociceptive measurements were
taken before and 30 min after morphine injections,
and values were adjusted to daily baseline and maxi-
mum cut-off time (% MPE). On day 8 (following 7
d of morphine or saline treatment) a subset of mice
were subjected to a morphine dose response. During
the dose response, mice were injected with escalat-
ing doses of morphine (2.5 mg per kg to 40 mg per
kg), until tail flick latencies reached the maximal
cutoff time of 10 s. ED50 was calculated from the
dose response curve using GraphPad Prism 6
software.

Generation of Cx3cr1-CreERT2::Panx1flx/flx mice

Mice with microglial-specific deletion of Panx1 were
generated using a Cre-loxP system as described
previously.4 Briefly, Panx1flx/flx homozygote mice with
loxP sequences flanking exon 2 of the Panx1 gene were
crossed with C57BL6/J mice expressing Cre-ERT2
fusion protein under the Cx3cr1 promoter (Jax mice:
B6.129P2(Cg)-Cx3cr1tm2.1(cre/ERT)Litt/WganJ, stock
number 021160). To induce Cre recombination, mice
were injected i.p. with tamoxifen (1 mg, Sigma) over 5
d in the tolerance paradigm and 2 d in the hyperalgesia
paradigm. Comparable levels of recombination were
observed in mice receiving 5 d versus 2 d of tamoxifen.
Control mice were littermates that received vehicle
injections (sunflower oil with 10% ethanol), while
tamoxifen-related effects were controlled for using
Panx1flx/flx (no Cre expression) littermate mice that
received tamoxifen injections. All experiments were
conducted at least 21 d after the first tamoxifen or
vehicle injection to control for the effects of peripheral
Cx3cr1-expressing cells.

Immunohistochemistry

Mice were treated for 7 d with saline or morphine
(10 mg per kg). On day 7, mice were anesthetized
with isoflurane and perfused transcardially with
PBS. Following dissection, the spinal lumbar seg-
ment was post-fixed in 4% PFA, then cryoprotected
in 30% sucrose for at least 24 hr. Spinal cords were
sliced at 30 mm into free-floating sections, then
incubated overnight at 4�C in rat antibody to
CD11b (1:1000, Abcam, ab8878). Sections were then
washed and incubated at 4�C with fluorochrome-
conjugated secondary antibodies (1:2000 donkey
anti-rat IgG Alexa Fluor 647, Abcam, ab150155).
Images were taken with a Nikon A1R multiphoton
microscope and image quantification was performed
using Image J (NIH).

Flow cytometry

Mice were treated for 7 d with saline or morphine
(10 mg per kg). On day 7, mice were anaesthetized
with isoflurane and perfused transcardially with
PBS. The lumbar segment of the spinal cord was
isolated and submerged in HBSS. Following blunt
dissection, spinal cord contents were filtered
through a 70 mm cell strainer into DMEM
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containing 10 mM HEPES and 2% FBS. Isotonic
Percoll (density 1,23 g/mL, GE Biosciences) was
mixed into the cell suspension, followed by a 1,08 g/
mL Percoll underlay. Samples were spun at 3000 r.
p.m. for 30 min at 20 �C, after which myelin debris
was discarded and the interface between Percoll gra-
dients was collected and transferred to fresh
medium. Samples were centrifuged again at 1350 r.
p.m. for 10 min at 4 �C, and the pellet was reconsti-
tuted in PBS containing 1% BSA. Cells were fixed
with 2% PFA for 10 min, washed, then permeabi-
lized in 0.1% Triton-X for 10 min. Cells were then
stained with fluorophore-conjugated CD11b/c-PE
(1:500 eBioscience, 12–0110–82) and rabbit anti-
body to Panx1 (1:400 Pierce, PA5–34475, and 1:400
Life Technologies) pre-incubated with fluorophore-
conjugated anti-rabbit secondary antibody (1:500
Cell Signaling Technology, 4414S) for 1 hr at 20 �C.
Cell fluorescence was measured by an Attune
Acoustic Focusing Cytometer (Applied Biosystems).
Viable cell population was gated using forward and
side scatter plots. CD11b- and Panx1-positive stain-
ing were gated using BL2 and RL1 intensities, in
single stained compared with unstained cells.

Statistics

All data are presented as mean § s.e.m., and each data
point represents an individual animal or experiment.
Tests of statistical difference were performed with
GraphPad Prism 6 software using unpaired 2-tailed
t-test, ordinary one-way ANOVA or 2-way repeated-
measures ANOVA with post hoc Sidak. For all experi-
ments, statistical significance was defined at p < 0.05.
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