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Abstract

Opioids, such as morphine, induce potent analgesia and are the gold standard for the treatment of
acute pain. However, opioids also activate glia, inducing pro-inflammatory cytokine and
chemokine production, which counter-regulates the analgesic properties of classical opioid
receptor activation. It is not known how long these adverse pro-inflammatory effects last or
whether prior morphine could sensitize the central nervous system (CNS) such that responses to a
subsequent injury/inflammation would be exacerbated. Here, multiple models of inflammation or
injury were induced 2 d after morphine (5 mg/kg b.i.d., 5 d, s.c.) to test the generality of morphine
sensitization of later pain. Prior repeated morphine potentiated the duration of allodynia from
peripheral inflammatory challenges (complete Freund’s adjuvant [CFA] into either hind paw skin
or masseter muscle) and from peripheral neuropathy (mild chronic constriction injury [CCI] of the
sciatic nerve). Spinal cord and trigeminal nucleus caudalis MRNAS were analyzed to identify
whether repeated morphine was sufficient to alter CNS expression of pro-inflammatory response
genes, measured 2 d after cessation of treatment. Prior morphine elevated IL-18 mRNA at both
sites, MHCII and TLR4 in the trigeminal nucleus caudalis but not spinal cord, but not glial
activation markers at either site. Finally, in order to identify whether morphine sensitized
proinflammatory cytokine release, spinal cord was isolated 2 d after morphine dosing for 5 day,
and slices stimulated ex vivo with lipopolysaccharide. The morphine significantly induced TNFa
protein release. Therefore, repeated morphine is able to sensitize subsequent CNS responses to
immune challenges.
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1. Introduction

Opioids are the gold standard for treatment of severe acute and chronic pain. Opioids exert
their potent analgesic properties via classical opioid receptors. However, opioids also induce
a pro-inflammatory response within the central nervous system (CNS). The primary cell
type initiating such pro-inflammatory responses is likely microglia, the predominant
immunocompetent cell within the CNS. These cells have been implicated in chronic pain
and dysregulating the effects of opioids (Hutchinson et al., 2007; Hutchinson et al., 2008a;
Hutchinson et al., 2011; Watkins et al., 2007).

Activation of microglia by inflammation or injury can lead to the production of pro-
inflammatory mediators (Watkins et al., 2007). Evidence is now emerging that activated
microglia can either return to a homeostatic surveying state or become “primed” (sensitized)
following the initial immune challenge. If these “primed” microglia are challenged within a
certain period with a second immune challenge, the pro-inflammatory response is
exacerbated. Most studies that have investigated glial priming have focused on the
hippocampus (Frank et al., 2010a; Frank et al., 2010b; Frank et al., 2012; Jurgens and
Johnson, 2012). However, microglial priming can also occur in the spinal cord resulting in
heightened pain responses to later challenge (Alexander et al., 2009; Hains et al., 2010).
Heightened pain responses following later inflammatory challenge from systemic or
intrathecal lipopolysaccharide (LPS) are associated with enhanced proinflammatory
cytokine levels in spinal cord and are blocked by intrathecal interleukin-1 receptor
antagonist (Hains et al., 2011; Loram et al., 2011). Such examples are suggestive that
sensitization, likely of microglial origin, can occur in the spinal cord, resulting in
exaggerated pain following a subsequent challenge.

Morphine can also induce pro-inflammatory responses within the CNS, likely via the
activation of microglia (Hutchinson et al., 2011). To date, most studies that have explored
the pro-inflammatory responses to morphine have focused on acute effects soon after
morphine administration. The blockade of IL-1 with IL-1 receptor antagonist in the spinal
cord increased the intensity and duration of morphine-induced analgesia (Hutchinson et al.,
2008a). In addition, repeated morphine enhances the pro-inflammatory response when
measured within 2 h of the last dose of morphine (Hutchinson et al., 2008a). However, it is
not known how long the morphine-induced pro-inflammatory response lasts or whether
morphine exposure sensitizes CNS responses to subsequent peripheral injury/inflammation.
If morphine induces, or sensitizes, long duration pro-inflammation, even after termination of
morphine administration, this may potentially impact the development of pain to subsequent
inflammatory/traumatic events..

Therefore, the aim of this study was to discover whether a multi-day morphine regimen is
able to sensitize neuroinflammatory and/or pain responses to a later challenge. Here we
explored whether such sensitized responses may occur in response to a variety of later
challenges, including peripheral inflammation of both the hind paw and orofacial muscle
and peripheral nerve injury.

2. Materials and Methods

2.1 Animals

Pathogen-free male Sprague-Dawley rats (300-350g, Harlan Laboratories, Madison, W1)
were housed two per cage with temperature (23+£0.3°C) and light (12:12 light:dark cycle;
lights on at 07:00) controls. Rats had free access to water and standard chow and acclimated
1 wk before experimentation. All behavioral testing occurred during lights on. The
Institutional Animal Care and Use Committee of the University of Colorado at Boulder
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approved all procedures. In all experiments, behavior and tissue were analyzed using
blinded procedures.

Morphine sulfate (gifted by Mallinckrodt, St. Louis, MO, USA) was prepared and reported
as free base concentrations. Morphine was dissolved in endotoxin-free sterile saline at 5 mg/
ml/kg. Morphine or saline was administered subcutaneously twice daily for 5 d at 08:00-
10:00 and at 16:00-18:00. Five days of morphine administration was selected as it has been
shown previously to enhance the pro-inflammatory response over acute morphine
administration (Hutchinson et al., 2008a; Johnston et al., 2004). A two day recovery period
was chosen to ensure morphine had ample time to clear from the circulation and allow for
the return of behavioral responses back to pre-morphine values. Complete Freund’s adjuvant
(CFA) was purchased from Sigma (F5881; Sigma-Aldrich, St. Louis, MO, USA) and 50 pl
of heat killed Mycobacterium tuberculosis suspended in 50 .l of sterile saline to a 1:1 oil:
saline emulsion was administered.

2.3 von Frey testing for mechanical allodynia

Hind paw—The von Frey test was performed on the plantar surface of each hind paw
within the region of sciatic nerve innervation, as described previously (Milligan et al., 2000).
Before testing, rats were habituated to the testing environment for 4 days, 40 min/day. A
logarithmic series of 10 calibrated Semmes-Weinstein monofilaments (0.407 — 15.136 g,
Stoelting, Wood Dale, IL, USA) was applied randomly to the hind paws, each for 8 s at
constant pressure.

Orofacial—The von Frey test was performed on the face within the region of trigeminal
nerve innervation, for both the V; and V3 branches (Ren, 1999; Sugiyo et al., 2005). Before
testing, rats were handled and habituated to remain still in a leather glove, unrestrained,
while their nose rests between the tester’s thumb and index finger. A logarithmic series of
10 calibrated Semmes-Weinstein monofilaments (2 g — 65 g, Stoelting, Wood Dale, IL,
USA) was applied for ~1 s, randomly to the cheek and above the eye. Each rat was tested
three times upwards until three consecutive positive responses were identified.

The stimulus intensity threshold to elicit withdrawal responses (face or hind paw) was used
to calculate the 50% paw withdrawal threshold (absolute threshold) using the maximum
likelihood fit method to fit a Gaussian integral psychometric function (Harvey, 1986) and is
described as allodynia or mechanical sensitivity throughout the text.

2.4 RNA isolation and cDNA synthesis

RNA was extracted using phenol: chloroform with TRIzol Reagent (Invitrogen, Carlsbad,
CA) according to the manufacturer’s guidelines. Total RNA was reverse transcribed using
Superscript Il First-Strand Synthesis System (Invitrogen, Carlsbad, CA) (Loram et al.,
2011). cDNA was diluted 2-fold in nuclease-free water and stored at —80°C until PCR was
performed.

2.5 Real-time polymerase chain reaction (PCR)

Primer sequences (Genbank, National Center for Biotechnology Information;
www.ncbi.nlm.nih.gov) are displayed in Table 1. cDNA amplification was performed using
Quantitect SYBR Green PCR kit (Qiagen, Valenica, CA) in iCycler iQ 96-well PCR plates
(Bio-Rad, Hercules, CA) on a MyiQ single Color Real-Time PCR Detection System (Bio-
Rad). Each sample was measured in duplicate using the MyiQ single Color Real-Time PCR
Detection System (Bio-Rad) (Loram et al., 2011). Threshold for detection of PCR product
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was set in the log-linear phase of amplification and the threshold cycle (Ct) was determined
for each reaction. The level of the target MRNA was quantified relative to the housekeeping
gene (GAPDH) using the A A Ct method. GAPDH was not significantly different between
treatments.

2.6 Enzyme linked immunoassay (ELISA)

Supernatants were collected and assayed for TNF-a using a rat multiplex ELISA (Aushon,
CA, USA), according to manufacturer’s instructions. Chemiluminescence was quantified on
a Signature PLUS CCD (Aushon, CA, USA) and analyzed using PRO array Analyst
Software (Aushon).

2.7 Experimental designs

2.7.1 Effect of prior repeated morphine on CFA-induced hind paw allodynia—
In order to identify whether repeated morphine can sensitize later spinally mediated pain
responses, CFA or saline was administered into one plantar hind paw (s.c.) with the needle
directed between the toes with the needle tip placed subcutaneously into the plantar surface
of the foot so to avoid backleak of the injectate, 2 d after the last morphine dose, under brief
isoflurane anesthesia. Mechanical thresholds were tested on the ipsilateral and contralateral
hind paws before morphine, before CFA, 3 d after CFA and then weekly for 5 wk.

2.7.2 Effect of prior repeated morphine on sciatic injury-induced hind paw
allodynia—Two days after the 5 d morphine/saline regimen, a modified chronic
constriction injury (CCI) was performed to create mild sciatic nerve injury with subsequent
mild allodynia (Grace et al., 2010). Briefly, rats were anesthetized with isoflurane, followed
by one loose ligation of the sciatic nerve with sterile chromic gut suture (cuticular 4-0;
Ethicon, Somerville, NJ, USA) at mid-thigh level of the left hind leg. Mechanical thresholds
were tested on both hind paws before morphine, before CClI, 3, 9, 11 and 14 d, and then
weekly after surgery to 5 wk.

2.7.3 Effect of prior repeated morphine on CFA-induced masseter muscle
allodynia—To identify whether prior repeated morphine sensitizes orofacial/trigeminal
pain, rats received intra-masseter muscle CFA (50 .l CFA in a 1:1 saline emulsion, 100 p.l;
26 G needle) under brief isoflurane anesthesia, 2 d or 9 d after the last morphine/saline dose.
To minimize animal use, control rats were not included in this study, as no effect was noted
in response to morphine alone in the hind paw study. Facial testing occurred before
morphine/saline, before CFA, 3 d after CFA and then weekly thereafter for 5 wk. Response
thresholds to mechanical stimuli were tested on the ipsilateral side in both the region
affected by the CFA (V3) and also in V1 (above the eye).

2.7.4 Effect of prior repeated morphine on pro-inflammatory gene expression
in the spinal cord and nucleus caudalis—In order to determine if repeated morphine
alters proinflammatory gene expression in the pain-relevant CNS sites after cessation of
morphine exposure, MRNA in the spinal cord and nucleus caudalis was collected from a
separate group of rats 2 d after cessation of 5 d morphine. Rats were deeply anesthetized
with sodium pentobarbital and transcardially perfused with ice-cold saline. The spinal cord
was dissected and snap frozen in liquid nitrogen. The brains were dissected out and frozen in
isopentane. The hindbrain with attached cervical spinal cord was removed and sliced in a
cryostat to reveal the Sp5C nucleus of the trigeminal ganglia. An 18 Gauge needle with a
blunted tip kept on dry ice was used to bilaterally punch out the Sp5C nucleus of the
trigeminal ganglia. The needle was pushed in ~1-2 mm, just enough so that the tissue filled
the very end of the needle. The micropunch was placed directly from the needle into a 1.5
ml tube on dry ice. The tissue was then sliced through at 50 um until the hole left by the
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punch was no longer visible. The process was repeated 1-2 more times until the interface
between the Sp5C and Sp5I1 nuclei became apparent. The tissue was then processed for
MRNA analysis. mMRNA was selected over protein expression as in our hands we are unable
to measure TNFa protein expression in CNS tissue.

2.7.5 Effect of prior repeated morphine on pro-inflammatory mediators
induced by CFA into the masseter muscle—In a separate group of rats, rats were
administered morphine/saline for 5 d, as above. Two days later, rats received either intra-
masseter CFA or control procedure, as above. One wk later (9 d after the last morphine
dose), rats were transcardially perfused with ice-cold saline. The brains were dissected and
snap frozen. Brains were then sliced in a cryostat and the nucleus caudalis micropunched
using an 18 G needle. Samples were collected in 2.5 ml Eppendorf tubes on dry ice and
processed for mRNA.

2.7.6 Effect of prior repeated morphine on the pro-inflammatory response of
spinal cord tissue stimulated with LPS ex vivo—Given the prominent upregulation
of TLR4 in the trigeminal nucleus caudalis and a similar trend in the spinal cord (see
results), an ex vivo assay was used (Hutchinson et al., 2008a; Johnson et al., 2004) to
determine if prior morphine sensitized the spinal neuroinflammatory response to LPS, a
classical TLR4 agonist. Two days after cessation of repeated systemic morphine or repeated
systemic saline vehicle, rats were lightly anesthetized (isoflurane) and then decapitated.
Spinal cords were dissected out and rinsed with 70% ethanol. Dorsal spinal cords were
isolated and rinsed with sterile HBSS, and three 1.75 cm sections of the spinal cord were
isolated. Tissue was placed, dorsal side up, in 25 pL of incubation medium (DMEM,
supplemented with 2 mM L-glutamine, 100 U penicillin, 100 pg streptomycin and 10 mM
HEPES buffer, Invitrogen, Carlsbad, CA, USA), inside a sterile modified 500 .l Eppendorf
centrifuge tube. 200 .l media and 100 ng/ml LPS or equivolume vehicle were added and
tissue incubated for 3 h at 37 °C, 5% CO,. Supernatants were collected and assayed for
TNF-a protein levels.

2.8 Statistical analysis

3. Results

Behavioral measures were normalized as above. Baseline values were compared between
groups using a one-way ANOVA. In order to determine the effect of morphine on
subsequent injury or inflammation a 2-way repeated measures ANOVA was used to
compare morphine+injury vs vehicle+injury in each group with group and time as main
effects. RT-PCR was analysed using t-tests. ELISA data was analyzed using a 2-way
ANOVA with morphine and second immune challenge as the main effects. Bonferroni post-
hoc tests were used where appropriate and P<0.05 was considered statistically significant.

3.1 Prior repeated morphine does not potentiate hind paw allodyniainduced by
subcutaneous CFA

In order to determine if morphine is able to potentiate allodynia from peripheral
inflammation, CFA was subcutaneously injected into one hind paw 2 d after the cessation of
repeated morphine. Figure 1 shows the response threshold in the ipsilateral (panel A) and
contralateral (panel B) hind paws before morphine or vehicle, before and after CFA or
vehicle injections into the hind paw. There was no significant difference between groups at
baseline or after morphine/saline administration (group effect ipsilateral: F3 50=0.81,
P=0.50). There was significant interaction on the ipsilateral paw (time x group:
F18120=6.28, P<0.0001) and contralateral paw (time x group: F1g 147=2.05, P<0.05). For the
ipsilateral paw, morphine+CFA having greater allodynia compared to morphine alone or
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saline control groups from 3-35 d (P<0.05). Vehicle+CFA group had greater allodynia
compared to morphine alone or saline control groups from 3-21 d (P<0.05). However, there
was no significant difference between morphine+CFA and vehicle+CFA at any time point
on either hind paw.

3.2 Prior repeated morphine potentiates peripheral neuropathic allodynia

As documented above, prior repeated morphine may lead to a later exaggerated pain
response to hindpaw inflammation. As mechanisms underlying inflammatory pain and
neuropathic pain differ (Xu and Yaksh, 2011), prior repeated morphine was similarly tested
to define whether it would exaggerate allodynia induced by peripheral nerve injury. Here, a
mild sciatic CCI model was used to create mild allodynia so to allow observation of pain
enhancement, were it to occur. There was significantly greater allodynia in the ipsilateral
hind paw induced in rats receiving prior morphine compared to those given vehicle (Fg g =
7.51 P<0.0001) from 9-35 d (Fig. 2). There were no significant differences between
morphine and vehicle groups at any time in the contralateral paw (Fg gg = 2.23 P> 0.05).
Sham control groups were not done, as morphine alone did not affect hind paw response
thresholds in the CFA experiment above.

3.3 Prior repeated morphine potentiates orofacial allodynia induced by masseter
inflammation

As documented above, prior repeated morphine led to a later exaggerated pain response to
both hindpaw inflammation and injury of the hindlimb sciatic nerve. Thus the effect of
morphine generalizes across two major types of spinally-mediated pain enhancement.
However, it remains an open question whether such effects of prior repeated morphine also
generalize to trigeminally-mediated pain. This is because mechanisms underlying spinally-
and trigeminally-mediate pain enhancement differ (Bereiter et al., 2000; Chiang et al., 2011;
Xu and Yaksh, 2011). Thus, prior repeated morphine was now followed by CFA injected
into the masseter muscle so to induce orofacial allodynia. Again, control groups receiving
vehicle instead of CFA were not included as experiment one shows no effect of morphine
alone. Figure 3 shows the response thresholds to mechanical stimuli applied to the cheek
(V3, panel A) and periorbital skin (V1, panel B) before and after repeated systemic saline
followed by intra-masseter CFA(vehicle+CFA), and repeated systemic morphine followed
by intra-masseter CFA either 2 d (morphine+CFA) or 9 d (morphine+delayed CFA) after
cessation of repeated morphine. This morphine+delayed CFA group was included so to
define whether pain enhancement was persistent across time. When comparing the three
groups in the V3, there was a significant difference between groups (F 10=18.46, P<0.0001)
and a significant allodynia over time (F10,go=9.22, P<0.0001). The significant differences
were identified between morphine+CFA and vehicle+CFA (P<0.01). There was no
significant difference between delayed morphine+CFA and vehicle+CFA (P>0.05). In the
V1 region, there was no significant difference between the three groups (F; 10=1.58,
P=0.24). However a significant main effect of time was seen collapsing across groups
(F10,80=11.15, P<0.0001). There was no significant interaction between drug and time at
either site tested (lpsilateral: F1g go=0.44, P=0.92, Contralateral: F10 gp=0.79, P=0.64). There
was also no significant difference between groups either before morphine or before CFA at
either site tested (P>0.05).

3.4 Prior repeated morphine enhances pro-inflammatory mediator mRNA in trigeminal and
spinal sites in the absence of a second challenge

From the prior experiments we have demonstrated that allodynia arising from diverse
models of injury or inflammation can be potentiated by 5 d of repeated morphine before
inflammation/injury onset. However, it is unknown whether prior repeated morphine altered
proinflammatory gene expression the spinal cord or nucleus caudalis (Sp5c) at the time that
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the later inflammation or nerve injury would occur. Therefore, 2 d after the last dose of
morphine, when in the previous experiments the subsequent inflammation/injury was
delivered, the lumbar spinal cord and nucleus caudalis (Sp5c) were collected for mMRNA
analysis. Interleukin-1p (IL-1p) was measured to test for a pro-inflammatory cytokine
response. Major histocompatibility class Il (MHC-11) and TLR4 mRNA were selected as
they have been shown to be upregulated in states where glial “priming” has been identified
(Frank et al., 2010b; Loram et al., 2011). Cd11b for microglial activation and glial fibrillary
acidic protein (GFAP) for astrocyte activation were assessed. CCL2 was measured to
identify whether any changes in the chemokine occurred suggestive of immune cell
recruitment. In the trigeminal nucleus caudalis, there was a significant increase in IL-1p
(t12=3.01, P<0.05), MHC-II (t4=2.16, P<0.05) and TLR4 (t14=3.15, P<0.01) mRNA in the
morphine group compared to saline, whereas CCL2 (P=0.41), cd11b (P=0.07) and GFAP
(P=0.51) mRNA showed no significant differences between groups (Fig. 4). For the lumbar
spinal cord, there was a significant increase in spinal IL-18 mRNA in the morphine group
compared to vehicle (t14=2.17, P<0.05) whereas MHC-I1 (P=0.55), toll-like receptor 4
(TLR4; P=0.13), CCL2 (P=0.66), cd11b (P=0.79) and GFAP (P=0.45) mRNA showed no
significant differences between groups (Fig. 4).

3.5 Prior repeated morphine enhances immune mediators within the ipsilateral nucleus
caudalis 1 wk after CFA into the masseter muscle

In order to determine if the potentiated facial allodynia is associated with a potentiated pro-
inflammatory response in the trigeminal nucleus as a consequence of prior repeated
morphine, nucleus caudalis were collected 1 wk after CFA into the masseter vs. control
procedure and analyzed for mRNA. This time point was chosen so to correspond to maximal
expression of allodynia observed in Experiment 3. Figure 5 shows the IL-1p, TLR4 and
MHC-II mRNA responses in the nucleus caudalis in all groups. Collapsing across prior
morphine/saline treatment, there was a significant main effect of CFA with reliable
elevations in IL-1 mRNA (F 23=3.08, P<0.05) and MHC-1l mRNA (F; 20=16.34, P<0.05).
However, there was no effect of prior morphine (IL-1pB: F1 1=0.54, P=0.38, MHC-II:
F11=3.31, P=0.25). TLR4 mRNA showed a significant interaction (F1 24=1.50, P<0.01) with
morphine+CFA showing the greatest elevation.

3.6 Prior repeated morphine increases basal pro-inflammatory responses in spinal cord ex

Vivo

Acute administration of morphine can induce acute proinflammatory responses in the CNS
(Hutchinson et al., 2008a). Here, the aim was to determine whether prior repeated morphine
primed a later proinflammatory response by immune and/or glial cells resident in the spinal
cord. LPS, a classical TLR4 agonist, was selected due to the prominent upregulation of
TLR4 in the trigeminal nucleus caudalis and a similar trend in the spinal cord. The spinal
cord was selected over the nucleus caudalis because of availability of tissue allowing for
paired analysis of saline versus LPS ex vivo. Ex vivo LPS treatment was chosen instead of
in vivo so to focus on spinal cord responses independent of peripheral immune responses to
the later inflammatory challenge and to quantify accumulated TNF-a. TNFa was selected as
the incubation time was 3 h and may not be sufficient time to induce release of other
downstream pro-inflammatory cytokines (Cunha et al., 1992). Therefore, spinal cord
sections were isolated from rats 2 d after repeated systemic morphine versus repeated saline
vehicle treatment, and incubated for 3 h ex vivo with LPS versus media control, and the
release of TNFa quantified (Table 2). Prior repeated morphine significantly increased later
release of TNF-a (F1 32 = 8.03 A< 0.01). LPS significantly increased release of TNF-a
(F1,32 = 10.68 P< 0.01). However, there was no significant interaction between morphine
and LPS at the time point tested. Hence, prior repeated systemic morphine enhanced ex vivo
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tonic release of TNF-a from acutely isolated dorsal spinal cord as well as enhancing TNF-a
release in response to ex vivo LPS.

4. Discussion

The present series of studies demonstrate that 5 d of repeated morphine potentiates the
duration of mechanical allodynia induced by either subcutaneous CFA inflammation of the
hind paw or CFA-induced inflammation of the master muscle, when CFA was delivered 2 d
(but not 9 d) after cessation of repeated morphine. Whether the same effect occurs with
thermal hyperalgesia remains to be determined. The sensitization by morphine extended to
neuropathic allodynia induced by mild sciatic nerve CCI, where nerve damage again
occurred 2 d after cessation of repeated morphine. Repeated morphine was sufficient to
increase IL-1B mRNA in the spinal cord and trigeminal nucleus caudalis after morphine
cessation. MHC-I1 and TLR4 mRNA were significantly upregulated in trigeminal nucleus
caudalis as well. IL-1p, MHC-II, and TLR4 each have established roles in central pain
mechanisms (Grace et al., 2011; Milligan and Watkins, 2009; Nicotra et al., 2012). Lastly,
ex vivorelease of TNF-a protein was enhanced from dorsal spinal cord tissues acutely
isolated from rats that had received repeated systemic morphine ending 2 d prior to tissue
isolation. This enhanced TNF-a release was observed both basally (potentially stimulated
by the acute tissue isolation) and in response to ex vivo LPS. The finding that prior repeated
morphine trended toward enhanced TNFa release ex vivo (though no statistical interaction
was observed) is consistent with a role of TNFa in pain enhancement. Whether prior
repeated morphine enhances peripheral immune responses to inflammation and/or injury
remains to be defined.

Prior studies reported that morphine is sufficient to induce IL-1f protein and mMRNA within
the spinal cord when measured within a few hours after both acute and chronic dosing
(Hutchinson et al., 2008a; Johnson et al., 2004). This pro-inflammatory cytokine induction
occurred when morphine was administered either systemically or directly over the spinal
cord (Hutchinson et al., 2007; Hutchinson et al., 2008a; Muscoli et al., 2010; Tumati et al.,
2012). Furthermore, blockade of IL-1p with IL-1 receptor antagonist has been shown to
increase the magnitude and duration of morphine-induced analgesia (Hutchinson et al.,
2008a). Extending this work, the present study is the first to show that pro-inflammatory
cytokines, in this instance IL-18 mRNA in the spinal cord and trigeminal nucleus caudalis,
as well as TNFa release from isolated spinal cord, remained elevated at least 2 days after the
last dose of morphine. This sustained elevation of pro-inflammatory cytokine gene
expression and protein release suggests that morphine induces a classically activated
immune response within the spinal cord as well as the trigeminal nucleus caudalis. We did
not test whether the biochemical changes caused the change in behavioral outcomes in this
series of studies. However, previously studies have tested the causal relationship between
pro-inflammatory mediators and behavioral responses after acute and chronic morphine
(Hutchinson et al., 2008a). Therefore, it is likely that the same is true here also. Microglia
and astrocytes are the major immunocompetent cells within the CNS and are the likely
candidates mediating these effects, though future studies to investigate the specific cell types
involved and the causal relationship between chemical mediators and behavior are required.
They are major contributors of pro-inflammatory mediator release, which critically
contributes to the development and maintenance of pain, including in the models studied
here (Costigan et al., 2009; Watkins et al., 2007).

Morphine is able to induce a pro-inflammatory response /in vitro, in addition to /in vivo as
noted above (Hutchinson et al., 2008a; Wang et al., 2012). This induction of pro-
inflammatory cytokine responses by /in vitroand in vivo morphine has now been identified
to occur via signaling through the innate immune receptor, TLR4 (Hutchinson et al., 20083;
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Wang et al., 2012). Activation of TLR4 by morphine elicits a pain-enhancing
neuroinflammatory state, which counter-regulates acute and chronic morphine analgesia
(Hutchinson et al., 2011). Thus, morphine has similarities with peripheral nerve injury that
induces neuropathic pain in that each can enhance pain via signaling through TLR4
(Hutchinson et al., 2011; Nicotra et al., 2012). Since TLR4 is also expressed on a range of
peripheral immune cells (Hennessy et al., 2010), the “sensitizing” effects of systemic
morphine, described here, may not be limited to the glial cells. Activated peripheral immune
cells may traffic to the CNS (Grace et al., 2011), or their pro-inflammatory products may
directly peripherally sensitize nociceptors (Austin and Moalem-Taylor, 2010), vagal
afferents or may be transported into the CNS (Dantzer et al., 2008). Finally, the diverse
neuronal adaptations that follow repeated morphine exposure (e.g. mu-opioid down-
regulation (Christie, 2008)) should be noted. However, such adaptations fail to explain the
exacerbated behavioral and neurochemical response to the subsequent non-opioid stimuli
examined in the present study.

The observation in the present study that prior repeated systemic morphine can upregulate
TLR4 gene expression 2 days later extends the understanding of TLR4 gene regulation in
contributing to chronic pain. Prior studies document upregulation of TLR4 mRNA in the
dorsal spinal cord shortly (2 hours) after the last dose of repeated intrathecal morphine
(Hutchinson et al., 2008a) as well as following exposure to the non-opioid TLR4 agonist
(+)-methadone, which induces allodynia (Hutchinson et al., 2010). Further, upregulation of
TLR4 mRNA and/or its co-receptors occurs in spinal cord in response to peripheral nerve
injury that induces neuropathic pain, leading to its consideration as a glial activation marker
(Cao et al., 2009; Hutchinson et al., 2008b; Tanga et al., 2005; Tanga et al., 2004).
Upregulation of TLR4 mRNA (as well as allodynia) also occurs in response to low-dose
intrathecal LPS, but only if this dose of LPS is preceded by stress levels of systemic
glucocorticoids 24 hours prior (Loram et al., 2011). Notably, such studies contribute to the
concept that upregulation of TLR4 and/or its co-receptors may be reflective of glial priming
or activation (Li et al., 2009) that may contribute to pain enhancement. While TLR4 gene
expression was only statistically significant in the trigeminal nucleus caudalis, a similar
trend was observed in the spinal cord. Such differences may relate to the glial phenotype
heterogeneity that exists between the spinal cord and trigeminal nucleus caudalis (Chiang et
al., 2011).

If morphine induced a continued pro-inflammatory state 2 days after the cessation of dosing,
one would have anticipated elevations in activation markers for microglia and/or astrocytes
(Hutchinson et al., 2007; Song and Zhao, 2001). However, no elevation in either the
microglial or astrocyte activation markers were noted at the time the tissue was collected.
Therefore, it is possible that morphine can induce a classically activated, pro-inflammatory
phenotype while morphine is present (Hanisch and Kettenmann, 2007), but may enduringly
sensitize glial cells subsequent to pro-inflammation. In addition, the studies cannot exclude
other anatomical regions involved in pain processing including higher order relays or
descending pain pathways. Future studies to investigate causality and site involvement are
needed.

Microglia that had previously been activated but are not yet fully resolved back to a
quiescent, surveying state is reflective of a sensitized phenotype. Primed glial cells, prior to
the second immune challenge, usually fail to exhibit elevated expression of glial activation
markers (Frank et al., 2010b; Horvath et al., 2010). However, some studies have identified
significant elevations in MHC-II in the microglial population (Frank et al., 2010a; Henry et
al., 2009). Such elevated MHC-I1 expression has previously been reported in microglia of
aged rats. Aging is described as a priming event with a new immune challenges inducing a
significantly greater pro-inflammatory response compared to young rats (Barrientos et al.,
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2010; Frank et al., 2010a; Jurgens and Johnson, 2012). Aged rats exhibit a greater pro-
inflammatory response to a TLR4 challenge both /7 vivo and upon éx vivo stimulation of
their hippocampal microglia. The elevated MHC-I1 in the trigeminal nucleus caudalis
following repeated morphine could occur in both pro-inflammatory, classically activated
immune/glial cells and from immune/glial cells in a “primed” state. The lack of increased
MHC-1I in the spinal cord following morphine requires further investigation, but may relate
to the glial phenotype heterogeneity that exists between the spinal cord and trigeminal
nucleus caudalis (Chiang et al., 2011).

An additional feature of glial priming is reflected in behavioral responses. To date, studies
of the impact of glial priming on later pain responses have all focused on mechanical
allodynia as the behavioral response. In all of these reports, while the priming event (i.e., the
initial challenge that induces a consequent primed glial state) may have been sufficient to
transiently enhance pain responses, pain thresholds were at normal, basal levels prior to the
second challenge used to create an enhanced pain state (Alexander et al., 2009; Hains et al.,
2010; Hains et al., 2011; Loram et al., 2011). This was true in all the models tested in the
present study, as well. Therefore, there appears to be an apparent contradiction in the results
of the present study between elevated IL-1p mRNA in the trigeminal and spinal tissues and
the absence of enhanced behavioral responses at the time point of tissue collection. Whether
this elevated IL-1p mRNA occurs in the absence of elevations in IL-1p protein expression
or release remains to be determined, but appears likely given the lack of observed allodynia
at this time.

A more defining feature of sensitized glial cells is an exaggerated response to a subsequent
challenge (Johnson et al., 2003; Johnson et al., 2002; Perry et al., 2002). In prior studies,
such exaggerated responses were reflected in both neuroinflammation and allodynia. For
example, prior glucocorticoids, at a dose equivalent to an acute stressor, potentiated spinally
mediated neuroinflammation and allodynia induced by intrathecal LPS 24 hours later
(Loram et al., 2011). Increased glucocorticoids are not the only priming event to potentiate
spinally mediated allodynia and neuroinflammation. A number of different priming events
and subsequent second challenges have been used to demonstrate glial priming within the
spinal cord resulting in potentiated allodynia both in intensity and duration (Alexander et al.,
2009; Hains et al., 2010). Both heightened glial activation and pain responses occurred
following incisional pain induced in neonates exacerbating both glial reactivity and pain
responses in adults (Beggs et al., 2012). The present series of studies extend these findings
by demonstrating that both the duration and the intensity of later allodynia can be
potentiated even when the pain-enhancing procedures occur 2 days after termination of
repeated morphine.

The putative glial priming markers, identified in the present study, may provide insight into
the mechanisms responsible for these exaggerated neuro-inflammatory phenomena. For
example, as TLR4 signaling is a powerful initiator of the innate immune response,
upregulation in a primed state is indicative of heightened immuno-surveillance, and the
capacity for a rapid response to endogenous danger signals (Nicotra et al., 2012). In a
similar fashion, upregulation of MHC-I1 is suggestive of an increased capacity for resident
innate immune cells to present antigens to infiltrating T cells, likely causing rapid escalation
of a pro-inflammatory environment via direct production of pro-inflammatory mediators and
activation of further immune cell populations, such as astrocytes (Grace et al., 2011). It is
intriguing that CFA alone was able to induce an upregulation of MHC-I1I in the nucleus
caudalis, but both morphine and CFA were required to sustain an upregulation of TLR4
mRNA in the nucleus caudalis one week after the CFA induction. Whether sustained TLR4
could be used as a marker for chronic pain remains to be determined.
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The present study showed differential effects of glial priming on contralateral allodynia.
Prior morphine did not significantly potentiate contralateral allodynia induced by mild CClI,
in contrast to the significant bilateral allodynia induced by CFA. It has been previously
shown that contralateral allodynia is dependent on the degree of inflammation (Chacur et al.,
2001). Hence, the discrepancy between models may be due to lower magnitude
inflammation induced by mild CCI, compared to that induced by CFA.

Whether prior morphine sensitizes CNS pain-relevant sites with shorter dosing regimens is
worthy of further investigation. The aim of this study was to investigate whether prior daily,
repeated morphine could potentiate a subsequent pain response. Morphine, administered in
the presence of allodynia also exacerbates pre-existing pain, such as that seen following
spinal cord injury (Hook et al., 2007; Hook et al., 2009). Morphine is able to activate a pro-
inflammatory response following acute morphine administration (Hutchinson et al., 2008a),
acutely after repeated administration (Johnston et al., 2004) and potentiate allodynia induced
by a second injury induced 2 days subsequent to termination of morphine dosing. Whether
the immune cells within the CNS remain activated or resolve to a primed state is worthy of
further investigation. Regardless of the glial phenotype, prior morphine potentiates allodynia
from a subsequent injury or inflammation.
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Figure 1. Chronic morphine pretreatment potentiates allodynia from hind paw inflammation
Rats were dosed with morphine (solid) or vehicle (open) at 5mg/kg b.i.d. for 5 days. Two
days after the conclusion of dosing, CFA (square) or saline (circle) was injected into the
hind paw, and mechanical allodynia characterized in both the (A) ipsilateral and (B)
contralateral paws. Significant potentiation of mechanical allodynia by morphine was
observed in the ipsilateral and contralateral hind paw. BL denotes baseline pre morphine/
saline dosing. Data presented as mean + SEM (n=6/group). *P<0.05 between vehicle+CFA
and saline+saline, $ P<0.05 between morphine+CFA and saline +saline for each time point.
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Figure 2. Chronic mor phine pretreatment potentiates allodynia resulting from peripheral nerve
injury

Rats were dosed with morphine or vehicle at 5mg/kg b.i.d. for 5 days. Two days after the
conclusion of dosing, mild CCI was performed, in which 1 chromic gut suture was tied
around the sciatic nerve, and mechanical allodynia characterized in both the (A) ipsilateral
and (B) contralateral paws. Significant potentiation of mechanical allodynia was observed in
the ipsilateral paw. BL denotes baseline pre morphine/saline dosing. Data presented as mean
+ SEM (n=6/group). **P<0.05 compared to vehicle controls.
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Figure 3. Chronic mor phine pretreatment potentiated allodynia induced by masseter muscle
inflammation

Response thresholds to mechanical stimulation applied on the ipsilateral cheek (V3, A), and
above the eye (V1, B) were measured before (BL, baseline) and after morphine/saline and
after CFA into the masseter muscle. Morphine was administered for 5 d b.i.d followed by 2
d or 9 d by CFA into the masseter muscle or control procedure. There was significantly
greater allodynia in the morphine+CFA group (solid square) vs the saline +CFA (open
square) in the V3 but not V1 regions when CFA was given 2 days after the last dose of
morphine. In addition, when the CFA was delayed from 2 d to 9 d after the last dose of
morphine, there was no significant effect of the morphine (solid diamond). BL denotes
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baseline pre morphine/saline dosing. Data presented as mean + SEM (n=6/group) *P<0.05
main effect of morphine+CFA vs saline+CFA.
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Figure4. Chronic morphine alters CNS pro-inflammatory markers 2 d after cessation of

mor phine

Lumbar spinal cord and the nucleus caudalis (Sp5c) were isolated from rats that were dosed
with morphine or vehicle at 5mg/kg b.i.d. for 5 days (/7= 8/group, mean£SEM), 2 days after
the conclusion of dosing. Significant effect of morphine *~ < 0.05.
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Figure 5. Chronic mor phine potentiates pro-inflammatory and glial responsein trigeminal
nucleus caudalis subsequent to masseter muscle inflammation

IL-1B, TLR4 and MHC-II mRNA in the nucleus caudalis 1 wk after CFA/control with or
without prior morphine (5 d of 5 mg/kg b.i.d, s.c.). There was a significant elevation in
IL-1B and MHC-II in the CFA groups irrespective of prior morphine. TLR4 mRNA was
significantly increased in the morphine+CFA group. Data presented as mean = SEM (n=6-
8/group). *P<0.05 between groups where indicated. For TLR4 mRNA, *P<0.05 compared
to all other groups.
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Table 1
Primer sequences

Gene Primer sequence (5’-3") GenBank accession No.

GAPDH TCTTCCAGGAGCGAGATCCC (forward)  NC_005103.2
TTCAGGTGAGCCCCAGCCTT (reverse)

TLR4 TCCCTGCATAGAGGTACTTC (forward) NM_019178.1
CACACCTGGATAAATCCAGC (reverse)

IL-1B CCTTGTGCAAGTGTCTGAAG (forward) NM_0315122.2
GGGCTTGGAAGCAATCCTTA (reverse)

MHC-1I  AGCACTGGGAGTTTGAAGAG (forward) NM_019111.4
AAGCCATCACCTCCTGGTAT (reverse)

CD11b CTGGTACATCGAGACTTCTC (forward) NM_012711.1
TTGGTCTCTGTCTGAGCCTT (reverse)

GFAP AGATCCGAGAAACCAGCCTG (forward) NM_017009.2
CCTTAATGACCTCGCCATCC (reverse)

CCL2 GTCTCAGCCAGATGCAGTTA (forward)  NM_031530

CACAGATCTCTCTCTTGAGC (reverse)
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Table 2

Chronic morphine pretreatment in vivo increases TNFa release ex vivo in dorsal spinal cord

Salineinvivo  Morphinein vivo

Media 47.89+15.05 71.78+8.73
LPS 77.70+13.26 130.84+16.15

Spinal cord sections were isolated from rats that were dosed with morphine or vehicle at 5mg/kg b.i.d. for 5 days (/7= 6/group), 2 days after the
conclusion of dosing. Tissue was incubated with LPS or media control for 3 h, and the supernatants collected for TNFa protein (mean +SEM, pg/
ml). There was a main effect of morphine (P<0.01) and a main effect of LPS (P<0.01). There were no significant interactions between morphine
and LPS. Detection limits were 6.25-1600 pg/ml.
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