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Morphine-induced glial proinflammatory responses have been documented to contribute to tolerance to
opioid analgesia. Here, we examined whether drugs previously shown to suppress glial proinflammatory
responses can alter other clinically relevant opioid effects; namely, withdrawal or acute analgesia. AV411
(ibudilast) and minocycline, drugs with distinct mechanisms of action that result in attenuation of glial
proinflammatory responses, each reduced naloxone-precipitated withdrawal. Analysis of brain nuclei
associated with opioid withdrawal revealed that morphine altered expression of glial activation markers,
cytokines, chemokines, and a neurotrophic factor. AV411 attenuated many of these morphine-induced

;\(/fi{‘;?grl‘ij: effects. AV411 also protected against spontaneous withdrawal-induced hyperactivity and weight loss
Astrocyte recorded across a 12-day timecourse. Notably, in the spontaneous withdrawal study, AV411 treatment
Neuron was delayed relative to the start of the morphine regimen so to also test whether AV411 could still be
Morphine effective in the face of established morphine dependence, which it was. AV411 did not simply attenuate
Oxycodone all opioid effects, as co-administering AV411 with morphine or oxycodone caused three-to-five-fold

increases in acute analgesic potency, as revealed by leftward shifts in the analgesic dose response curves.
Timecourse analyses revealed that plasma morphine levels were not altered by AV411, suggestive that
potentiated analgesia was not simply due to prolongation of morphine exposure or increased plasma
concentrations. These data support and extend similar potentiation of acute opioid analgesia by minocy-
cline, again providing converging lines of evidence of glial involvement. Hence, suppression of glial pro-
inflammatory responses can significantly reduce opioid withdrawal, while improving analgesia.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction opioid exposure induces physical dependence, wherein continued

exposure to opioids becomes required, and without which the

Spinal cord glia are now known to contribute to morphine tol-
erance (Raghavendra et al., 2004), whereby less and less pain sup-
pression (analgesia) is induced by the same opioid dose, requiring
progressive increases in opioid dosing to maintain pain suppres-
sion. Astrocytes and microglia respond to repeated opioids in a
proinflammatory fashion, with upregulated activation markers
and proinflammatory cytokines. Attenuating this response, block-
ing glial proinflammatory mediators, or genetically disrupting
interleukin-1 signaling markedly delays morphine tolerance
(Watkins et al. (2007), for review).

Whether microglia and astrocytes broadly influence opioid ac-
tions is unknown but clinically important. For example, continued
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organism displays a characteristic behavioral withdrawal syn-
drome (Fishbain et al., 1992). Treatments that circumvent such as-
pects of opioid dependence would be greatly beneficial. If drugs
known to suppress microglial and astrocytic proinflammatory acti-
vation were found to curtail negative consequences of opioid use,
this would both provide a novel strategy for increasing the clinical
utility of opioids and provide the stimulus for an equally important
parallel line of glial-opioid research that would complement the
wealth of neuronal-opioid knowledge.

The present studies explore whether different-class drugs that
suppress glial proinflammatory responses can suppress the expres-
sion of morphine withdrawal. Moreover, association between the
glial proinflammatory response in brain nuclei previously impli-
cated in opioid withdrawal and general opioid action, and the con-
comitant withdrawal behaviors is also addressed. Oxycodone
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withdrawal was additionally evaluated to determine whether such
effects are generalizable beyond the prototypical opioid morphine,
a method previously recommended when characterizing novel opi-
oid actions (Sibinga and Goldstein, 1988). Oxycodone was chosen
here as it is structurally distinct from morphine but, like morphine,
is commonly used clinically for pain control. To explore generality,
the effect of a glial attenuator was also assessed on the acute dose-re-
sponse functions of morphine and oxycodone analgesias. To attenu-
ate systemic opioid-induced glial proinflammatory responses in the
central nervous system (CNS), AV411 (ibudilast; 3-isobutyryl-2-iso-
propylpyrazolo-[1,5-a]pyridine) was employed (Ledeboer et al.,
2007a). AV411 has been used for many years in the Orient for the
treatment of bronchial asthma, post-stroke dizziness, and ocular
allergies, based on its inhibition of platelet aggregation, inhibition
of tracheal smooth muscle contractility, and improvement of cere-
bral blood flow (Ledeboer et al., 2007a,b). AV411 was chosen for
use here owing to its blood-brain-barrier permeability, documented
suppression of proinflammatory responses by microglia in vitro and
in vivo, tolerability, and long duration of action (Ledeboer et al.,
2007a,b). In addition, AV411 appears to distribute evenly through-
out the CNS with no apparent depoting (Ledeboer et al., 2007a,b).
AV411 suppresses the production of proinflammatory cytokines
and chemokines, nitric oxide, phosphodiesterase activity, and reac-
tive oxygen species; has no known p38 MAP kinase effect; and
increases the anti-inflammatory cytokine interleukin-10 and glia-
derived neurotrophic factor (GDNF) (Ledeboer et al., 2007a,b;
Mizuno et al., 2004). Minocycline  (2-naphthacenecarboxamide,
4,7-bis(dimethylamino)-1,4,4a,5,53,6,11,12a-octahydro-3,10,12,12a-
tetrahydroxy-1,11dioxo-,monohydrochloride,[45(4a,4aa,5aa,12aa)]-
4, 7-Bis(dimethylamino)-1,4,4a,5,5a,6,11,12a-octahydro-3,10,12,
12a- tetrahydroxy-1,11-dioxo-2-naphthacenecarboxamide mono-
hydrochloride, http://www.newdruginfo.com/pharmacopeia/usp28/
v28230/usp28nf23s0_m54170.htm) is structurally distinct from ibudi-
last and is a compound which inhibits microglial p38 MAP kinase
and proinflammatory cytokine production and release but has no
known phosphodiesterase activity (Ledeboer et al., 2005; Yrjanheik-
ki et al., 1998), was also assessed for attenuation of morphine
withdrawal. Minocycline, a semi-synthetic second-generation tet-
racycline, was discovered in the early to mid-1990s to have
anti-inflammatory properties separate from its actions as an antibi-
otic, including inhibition of matrix metalloproteinases, depression
of oxygen radical release, inhibition of inducible nitric oxide syn-
thase, and peroxynitrite scavenging (Yrjanheikki et al., 1998). These
qualities, and its superior blood brain barrier permeability, led min-
ocycline to be discovered as a microglial activation inhibitorin 1998
(Yrjanheikkietal., 1998). Minocycline was used in addition to AV411
in order to provide converging lines of evidence of the potential cau-
sal role of the proinflammatory activation of microglia and astro-
cytes in opioid withdrawal, as each drug shares the ability to
attenuate glial proinflammatory responses. If proven efficacious
here, it would provide the first evidence that: (a) microglia and astro-
cytes in brain may be importantly involved in phenomena associ-
ated with opioid dependence, and (b) a single manipulation
(inhibiting microglial and astrocytic proinflammatory responses)
may be able to simultaneously suppress some negative conse-
quences of opioids (withdrawal) and enhance positive opioid actions
(analgesia).

2. Methods
2.1. Subjects
Pathogen-free male Sprague-Dawley rats (300-350 g; Harlan

Labs, Madison) were housed in pairs in temperature (23 + 3 °C)
and light (12:12 light: dark) controlled rooms with ad libitum chow

and water and allowed 1-week acclimatization. All procedures
were performed during the light cycle and approved by the Institu-
tional Animal Care and Use Committee. All data collected were ob-
tained by personnel blinded to group assignment.

2.2. Drugs

Morphine sulfate (Mallinckrodt), AV411 (ibudilast; Avigen),
naloxone HCIl (Sigma), minocycline (Sigma), and oxycodone HCl
(Sigma) were used. Where applicable, drugs are reported as free
base concentrations.

2.3. Experiment 1: effect of AV411 and minocycline on naloxone-
precipitated morphine withdrawal when co-administered during the
development of morphine dependence

2.3.1. Drug administration and behavior

Habituation (2 x 60 min/day) to handling and the withdrawal
environment preceded drug exposure. AV411: Rats received
twice-daily i.p. AV411 (7.5 mg/kg in 35% polyethylene glycol
[PEG; Sigma] in saline; dose volume 2.5 ml/kg) or equivolume i.p.
vehicle, for 7-days (n = 12/group). Minocycline: Rats received a 6-
day dosing regimen (n =6/group). The evening prior to the first
morphine dose, rats received 50 mg/kg minocycline (or vehicle;
5 ml/kg) by gavage, followed by twice daily 25 mg/kg gavages.
Minocycline was administered via gavage to mimic the clinically
employed route of delivery and to avoid injection irritation issues
experienced with repeated intraperitoneal minocycline injections.
The morning injection occurred between 1:45 and 2:15 h after
lights on, with the afternoon injection occurring between 9:45
and 10:15 h after lights on. On day 3 for AV411 and day 2 for min-
ocycline, a 5-day dependence regimen began of subcutaneous mor-
phine or equivolume vehicle (1 ml/kg saline). When morphine was
administered near AV411 or minocycline, it occurred 45 min after
the drug administration. The dependence regimen (times relative
to lights on) dose escalated from 15 to 22.5 mg/kg/day: day 3:
5mg/kg (2 h), 5mg/kg (6 h), 5mg/kg (10h); day 4: 7.5 mg/kg
(2 h), 12.5 mg/kg (10 h); day 5: 15 mg/kg (2 h); day 6: 17.5 mg/
kg (2 h); and day 7: 22.5 mg/kg (2 h). Such dosing regimens induce
reliable dependence and naloxone precipitated withdrawal
(Colloier, 1972). Body weights were recorded prior to each dosing.
Following the final dose, rats were placed in the withdrawal envi-
ronment, consisting of a cage with bedding with an inverted clear
Perspex cage enclosing the rats. Sixty min later, naloxone (10 mg/
kg in 1 ml/kg) was administered subcutaneously to precipitate
withdrawal. Withdrawal behaviors were scored by two investiga-
tors (three rats/investigator) blinded to treatment for 6 x 10 min
blocks, with investigators rotating between the two sets of three
rats every 10 min to control for tester biases. Behaviors scored
have previously been described as standardly associated with opi-
oid withdrawal and are the set of behaviors routinely measured in
studies of precipitated morphine withdrawal (Fdez Espejo et al.,
1995; Gellert and Holtzman, 1978): jumping, rearing, exploration
(movement greater than one body length), teeth chattering, wet
dog shakes, abnormal posture, ptosis, diarrhea, penis licking, pica
(oral stimulation by filling of mouth with bedding), paw chewing,
cleaning, salivation, vocalization, chewing (large jaw movements
including masseter muscle contraction), and fidgeting (a writhing
type of behavior involving small shifts in body position). Counts
of each were made upon their presentation. In cases where the re-
sponse was prolonged, for example ptosis, counts were made every
30s. Each behavior was analyzed separately and as a combined
score to provide an overall assessment of elicited withdrawal
behavior, as is standard in the field (Fdez Espejo et al., 1995; Gellert
and Holtzman, 1978).
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2.3.2. Tissue collection

Following withdrawal assessment, rats were sacrificed (over-
dosed sodium pentobarbital; Abbott Laboratories) and then tran-
scardially perfused. Six to nine rats of each group (randomly
assigned) were perfused with saline only (for mRNA and protein
quantification) and the remaining four with saline followed by
4% paraformaldehyde (for immunohistochemistry) and brains col-
lected. Saline perfusion of tissues for mRNA and protein quantifica-
tion ensured that measured analytes would not be confounded by
any potential changes in circulating levels of these immune prod-
ucts by either morphine or AV411. Samples from saline perfused
rats were flash frozen in liquid nitrogen and stored at —80 °C. Para-
formaldehyde perfused samples were stored in 4% paraformalde-
hyde for 48 h and then transferred to 30% sucrose (0.1% azide)
until sagittal sectioning. Brain nuclei from frozen, saline perfused
brains were collected into chilled tubes and stored at —80 °C for
mRNA and protein analysis. The brain nuclei associated with the
behavioral sequalae of opioid withdrawal (Bozarth, 1994) that
were analyzed were the dentate gyrus and cornu ammonis of the
hippocampus (Tremblay and Charton, 1981; Trujillo, 2000), dorsal
periaqueductal gray (Maldonado et al., 1992; Punch et al., 1997),
cingulate cortex (Trafton and Marques, 1971), substantia nigra
(Baumeister et al., 1989, 1992), ventral tegmental area (Wang
et al, 2004), central nucleus of the amygdala (Calvino et al,
1979; Tremblay and Charton, 1981) and mediodorsal thalamic nu-
clei (Tremblay and Charton, 1981). The selection of these, versus
other withdrawal-associated regions, was based on the structures
being of sufficient size to allow the analyses under study. In addi-
tion, to define if morphine-induced glial proinflammatory changes
are restricted to brain regions associated with withdrawal versus
brain regions more generally, the following brain nuclei were also
analyzed: ventral periaqueductal gray, the bed nucleus of the stria
terminalis, nucleus accumbens and medial prefrontal cortex.

2.4. Xb61

2.4.1. Immunohistochemistry

Immunoreactivity for the opioid withdrawal related brain nu-
clei (ventral tegmental area, nucleus accumbens, dentate gyrus,
cornu ammonis of the hippocampus, dorsal periaqueductal gray
and substantia nigra) and additional brain nuclei not associated
with withdrawal (ventral periaqueductal gray, medial prefrontal
cortex, caudate putamen, dorsal raphe nucleus, rostral ventrome-
dial medulla and trigeminal nucleus) were assessed for markers
of microglia (CD11b; 0X42 labeling) and astrocytes (glial fibrillary
acidic protein; GFAP) which are cell type specific markers known
to upregulate in response to cellular activation (Milligan et al.,
2001). As their use here is to detect increases in GFAP and CD11b
expression commonly related to activation, for simplicity these
are referred to here as activation markers. Densitometry of immu-
nohistochemical staining was evaluated using an Olympus XB61
light microscope, NIH Image, and a macro that enables the area
and intensity of the signal +3.5 SD above background to be deter-
mined automatically, as reported previously (Foley et al., 2006).

2.4.2. RNA isolation and enrichment

Total RNA was isolated based on the method of Chomczynski
and Sacchi (1987), as previously described (Johnston et al., 2004).
UV spectrophotometry was used to assess purity and concentra-
tion. Samples were DNase treated (DNA-free kit; Ambion), fol-
lowed by requantitation before cDNA synthesis.

2.4.3. mRNA quantification

Amplification of cDNA was performed using the QuantiTect SYBR
Green PCRKit (Qiagen)iniCycleriQ96 well PCR plates (Bio-Rad)on a
MyiQ Single Color Real-Time PCR Detection System (Bio-Rad), as

previously described (Johnston et al., 2004). Quality controls were
also as previously detailed (Johnston et al., 2004). SYBR Green 1 fluo-
rescence (PCR product formation) was monitored in real time using
the MyiQ Single Color Real-Time PCR Detection System (Bio-Rad).
Threshold for detection of PCR product was set in the log-linear
phase of amplification and the threshold cycle (CT, the number of cy-
cles to reach threshold of detection) was determined for each reac-
tion. The levels of the target mRNAs were quantified, using blinded
procedures, relative to the level of the housekeeping gene glyceral-
dehyde-3-phosphate-dehydrogenase (GAPDH) using the compara-
tive CT (ACT) method (Livak and Schmittgen, 2001). Expression of
the housekeeping gene was not significantly altered by experimen-
tal treatment. The following targets were investigated: interleukin-
1B, and interleukin-10 (Ledeboer et al., 2005); and glial derived
neurotrophic factor (NM_019139; forward: GGCTAACAAGTGAC
AAGGTA,; reverse: AGGGTCAGATACATCCACA). Primers were pur-
chased from Proligo.

2.4.4. Cytokine, chemokine, and GDNF quantification

Tissue processing for protein quantification was as described pre-
viously (Johnston et al., 2004). As the balance of proinflammatory to
anti-inflammatory cytokines/chemokines is increasingly recog-
nized as important for their final effect, multiplex protein quantifica-
tion (Thermo Scientific SearchLight) was utilized to quantify the
following from single micropunches. Cytokine, chemokine and neu-
rotrophic factors previously reported to be modifiable by at least
some opioid regimens in some tissues were included: tumor necro-
sis factor-o (TNF-at) (Andjelkov et al., 2005; Liang et al., 2008), gran-
ulocyte macrophage colony stimulating factor (GMCSF) (Liang et al.,
2008), interferon-y (IFN-v) (Carrigan et al., 2004; Roy et al., 2001),
interleukin (IL)-10 (Limiroli et al., 2002; Messmer et al., 2006), IL-
1B (Liang et al., 2008; Pourpak et al., 2004), IL-2 (Wang et al.,
2007), and IL-6 (El-Hage et al., 2005; Liang et al., 2008), GRO/KC
(CXCL1) (Liang et al., 2008), monocyte chemotatic protein-1 (MCP-
1, CCL2) (El-Hage et al., 2005; Rock et al., 2006), macrophage inflam-
matory protein (MIP) -2 (Wang et al., 2005), regulated upon activa-
tion normal T-cell expressed and secreted (RANTES; CCL5) (El-Hage
et al., 2005; Happel et al., 2008) and fractalkine (Johnston et al.,
2004). Glial derived neurotrophic factor (GDNF) was measured as
elevation of GDNF has previously been documented to inhibit
behavioral responses to drugs of abuse and decrease morphine-in-
duced sensitization and opioid reward (Niwa et al., 2007a,b). IL-1a,
MIP-1a, and MIP-3a were also quantified as part of the broad screen
of proinflammatory products but have not previously been reported
to be modified by opioids. Each of these analytes are produced by
astrocytes and/or microglia. However, a number of these have now
been reported to be expressed by other cell types such as neurons.
For example, there is expression of TNF in vitro by primary hippo-
campal neurons (Renauld and Spengler, 2002), GMCSF in neurons
in human fetus (Dame et al., 1999), MIP-1alpha in cortical neurons
of 1 of 13 neuropsychiatric patients (Ishizuka 97), and IFNgamma
in a few neurons of hypothalamus and midbrain and in motoneurons
following axotomy (Kiefer and Kreutzberg, 1990 although its rela-
tionship to immune-derived interferon-gamma has been ques-
tioned Kiefer, 1991 p. 89; Olsson et al., 1989). MCP-1 likewise can
be induced in neurons in response to injury (Zhang and De Koninck,
2006). IL-1beta has been observed in human hypothalamic neurons
(Huitinga et al., 2000) and IL-6 can be induced in neurons in culture
by S100beta (Li et al., 2000). Of the analytes investigated, GDNF has
the broadest evidence of neuronal expression in widespread brain
regions in adult rat (Pochon et al., 1997).

Hence, there is a potential for at least some of the results ob-
tained to reflect changes in neuronal production as well as glial.
All molecular protein endpoints were corrected for total protein
concentration (Bradford assay).
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2.5. Experiment 2: effect of AV411 on spontaneous opioid withdrawal
when administration begins after development of opioid dependence

Given the success of AV411 in Experiment 1, the influence
AV411 has on spontaneous opioid withdrawal was also investi-
gated. This protracted response mimics the clinical condition
where opioid users and abusers experience pharmacokinetically-
induced removal of opioid action when drug administration is
stopped rather than as a result of pharmacological blockade of opi-
oid action. In addition, the experiment was designed to test
whether AV411 could be effective when treatment began after
morphine dependence was established; that is, several days of
morphine dosing preceded the start of AV411. This is an important
question as the literature supports that some treatments can sup-
press opioid withdrawal only when drug treatment begins prior to
the establishment of dependence, but cannot affect withdrawal if
begun after dependence exists (Shoemaker et al., 1997; Trujillo,
2000).

Rats were individually housed in the telemetry room and accli-
matized 1 week. Five handling sessions (60 min each group;
n=6-10) were performed this week. Rats were anesthetized (iso-
flurane; Phoenix Pharmaceuticals) and emitters for measuring
core body temperature and activity (MiniMitter) were implanted
in the peritoneal cavity per manufacturer’s instructions. The emit-
ter had to move for activity to be counted. Activity counts and
core body temperature were measured every min and a moving
average over 120 min was calculated for data smoothing.
Computer-controlled recording of telemetry data occurred
automatically throughout the entire experiment. Times when
experimenters entered the room were eliminated from analyses
due to spuriously increased activity. In the same surgery, rats
were also implanted with two subcutaneous lumbar osmotic
minipumps (model 2ML2, Alzet), which each pumped ~5 pl/h
for 14 days (combined total: 10 pl/h). One of the two pumps/rat
had a lead length of polyethylene-60 tubing pre-loaded with sal-
ine to delay the morphine or oxycodone (or vehicle) delivery for 2
days. Therefore, the pumps delivered a combined dose of 6.25 mg
of morphine or oxycodone/day on days 1 and 2, and then 12.5 mg/
day from then onwards. On day 12-post-opioid dosing, rats began
a 7-day twice daily i.p. AV411 regimen (7.5 mg/kg in 35% PEG in
saline, dose volume 2.5 ml/kg) or equivolume i.p. vehicle, com-
pleting the final dose on the afternoon of day 18, hence ending
4 days after morphine or oxycodone. The morning injection of
AV411 or vehicle occurred between 1:45 and 2:15 h after lights
on, with the afternoon injection occurring between 9:45 and
10:15 h after lights on. On day 14, the pumps were removed un-
der brief isoflurane anesthesia to begin spontaneous opioid with-
drawal in rats receiving morphine and oxycodone. Body weights
were recorded daily, including prior to each dosing session. In
accordance with prior literature (Azar et al., 2004), spontaneous
opioid withdrawal was quantified as decreases in body weight
and changes in activity.

2.6. Experiment 3: effect of AV411 on morphine and oxycodone
analgesia

Rats received at least four 60 min habituations to the test envi-
ronment prior to behavioral testing. Thresholds for behavioral re-
sponse to heat stimuli applied to the tail were assessed using a
modified Hargreaves test (Hargreaves et al., 1988). All testing
was conducted blinded. Briefly, baseline withdrawal values were
calculated from an average of two consecutive withdrawal laten-
cies of the tail, measured at 15-min intervals. Latencies for the
thermal stimulus at baseline ranged from 2 to 3 s, and a cut-off
time of 10 s was imposed to avoid tissue damage. Baseline with-
drawal latency assessments were performed 45 min prior to opioid

administration, and 30 min prior to opioid dosing, rats received i.p.
AV411 or vehicle. Withdrawal latencies were again tested 10 min
prior to opioid administration. At time 0, rats received morphine
or oxycodone subcutaneously (0.1, 0.4, 1, or 4 mg/ml/kg, n=6/
group) or vehicle and were tested every 10 min for 230 min.

2.6.1. Plasma morphine quantification

Plasma morphine concentrations were quantified to determine
whether the pharmacodynamic differences in analgesia could
potentially be explained by altered morphine pharmacokinetics
with AV411 co-administration. The same dosing regimen as em-
ployed in the Hargreaves experiment (4 mg/kg morphine, 7.5 mg/
kg AV411) was used here. Whole blood from tail vein bleeds
(~500 pl) were collected 0, 5, 30, 60, and 180 min following mor-
phine administration, and plasma collected and frozen until ana-
lyzed. Morphine levels were quantified by a modification of a
high-performance liquid chromatographic electrochemical
detection method previously described (Doverty et al., 2001;
Van Crugten et al., 1997). While morphine-6-glucuronide is the
major metabolite of morphine, levels are low to undetectable in re-
sponse to relatively low dose acute morphine administrations and,
furthermore, any significant modulation of morphine-6-glucuro-
nide levels would be reflected by alterations in morphine concen-
trations (Van Crugten et al., 1997).

The system consisted of an ESA 5600A Coularray detector with
an ESA 5014B analytical cell and an ESA 5020 guard cell. The col-
umn was an ESA MD-150 (C-18, 3 um, 150 x 3.2 mm), and the mo-
bile phase was ESA buffer MD-TM. The analytical cell potentials
were kept at —100mV and +250mV and the guard cell at
+300 mV. Plasma (100 pl) was diluted in water for a total volume
of 1 ml. Samples were then alkalinized with 500 pl of sodium
bicarbonate buffer (500 mM; pH 9.6) and extracted with chloro-
form (6ml) for 120s on vortex followed by centrifugation
(1700g; 10 min). The upper aqueous layer was aspirated to waste
followed by a further addition of the sodium bicarbonate buffer.
Samples were then vortexed (10s) and centrifuged (1700g;
10 min). After aspirating the aqueous layer to waste, morphine
was back extracted from 5 ml of chloroform into 300 pl NaH,PO4
(50 mM; pH 2) by vortexing for 120 s. After centrifugation, an ali-
quot (100 pl) of the aqueous phase was injected onto the system.
Calibration standards ranged from 0.25 ng/ml to 400 ng/ml, and
samples above this were diluted with water and reanalyzed. High
(300 ng/ml) and low (1 ng/ml) quality control samples were as-
sayed with each assay, and were within 10% of the nominal con-
centrations. The limit of quantification was 0.25ng/ml with
inter-assay variability of the bottom standard 7.4%. The slope and
intercept of the 1/Y weighted line of best-fit varied 4.3% and
3.4%, respectively. There were no interfering peaks in the
chromatography.

2.7. Statistics

Statistical significance was assessed using a one-way repeated
measure ANOVA with Bonferroni posthoc test when comparing
the individual behaviors and densitometry values between treat-
ment groups. For protein and mRNA analysis a two way ANOVA
with Bonferroni posthoc test was used to compare the treatment
effect of each molecular endpoint across each of the brain nuclei
(n=6-9/group). The analgesic responses were calculated as the%
of maximal possible effect (¥MPE) using the following equation
MPE — tef i baselnearenc! x 100 (Carmody, 1995). The area under
the response curve was calculated using Prism 5.0 for individual
rats and analyzed between groups with a Students t-test. All anal-
yses and calculations were conducted with Excel 2003 SP2 (Micro-
soft), R Project version 2.6.1, SPSS 14.0.1 (SPSS) and Prism 5.0
(GraphPad). Significance was set at P < 0.05.
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3. Results

3.1. Experiment 1: AV411 and minocycline protect against naloxone-
precipitated morphine withdrawal when co-administered during the
development of morphine dependence

Morphine injections were escalated over 7 days (s.c. 15-22 mg/
kg/day). This produced dependence as vehicle + morphine produced
marked withdrawal behaviors across the 60 min post-naloxone
observation period (area under the withdrawal score curve: vehi-
cle + morphine 2.358 + 260 vs. AV411 + saline 332 + 73; Fig. 1). Rats
receiving AV411 + morphine or minocycline + morphine exhibited
significantly reduced overall withdrawal behavior scores compared
to controls. AV411 and minocycline reliably reduced jumping
(AV411: P<0.05; minocycline: P < 0.05), teeth chattering (AV411:
P<0.001; minocycline: P<0.05), abnormal posture (AV411:
P < 0.001; minocycline: P < 0.05), ptosis (AV411: P < 0.001; minocy-

AV411 + Saline- H

AV411 + Morphine-

_|*

AKX

Vehicle + Morphine i

T T T

T 1
50 75 100 125

Percent of maximal observed
area under the curve of
opioid withdrawal scores

f o
N
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B

Minocycline + Morphine- 4’

Vehicle + Morphine *k

T T T T 1
25 50 75 100 125
Percent of maximal observed
area under the curve of
opioid withdrawal scores

O =

Fig. 1. AV411 and minocycline significantly reduced naloxone precipitated mor-
phine withdrawal. (A) Co-administration of AV411 (7.5 mg/kg twice daily) with
morphine significantly reduced the area under the naloxone precipitated opioid
withdrawal behaviors across a 60 min post-naloxone timecourse, compared to
vehicle + morphine treated rats. To enable of comparison of data, data are expressed
as percent of maximal observed withdrawal score as the vehicle (PEG) caused a
substantial modification in the behaviors observed (P<0.001, ###). Behaviors
included in this analysis included: jumping, rearing, exploration (movement greater
than one body length), teeth chattering, wet dog shakes, abnormal posture, ptosis,
diarrhea, penis licking, pica (oral stimulation by filling of mouth with bedding), paw
chewing, cleaning, salivation, vocalization, chewing (large jaw movements includ-
ing masseter muscle contraction) and fidgeting (a writhing type of behavior
involving small shifts in body position). Counts of each of these behaviors were
made upon their presentation. In cases where the response was prolonged, for
example ptosis, counts were made every 30 s. As seen in the figure, some behaviors
still persisted compared to AV411 + saline treated rats (P < 0.05, *). Vehicle + mor-
phine rats displayed significant withdrawal behaviors compared to AV411 + vehicle
controls (P<0.001; xxx), n=10-11/group. B: Co-administration of minocycline
(25 mg/kg gavage twice daily) with morphine significantly reduced the sum of all
scored naloxone precipitated opioid withdrawal behaviors compared to vehi-
cle + morphine treated rats (P < 0.01, **). n = 6/group. Scored behavior and presen-
tation are as in A, above.

cline: P <0.05), diarrhea (AV411: P<0.001; minocycline: P<0.01),
penis licking (AV411: P<0.05; minocycline: P<0.05), pica
(AV411: P<0.05; minocycline: P<0.01), paw chewing (AV411:
P < 0.05; minocycline: P < 0.05), cleaning (AV411: P < 0.05; minocy-
cline: P < 0.05), salivation (AV411: P < 0.05; minocycline: P < 0.05),
chewing (AV411: P<0.001; minocycline: P<0.01) and fidgeting
(AV411: P<0.001; minocycline: P<0.01). No changes were ob-
served, for either drug, for rearing, exploration, or wet dog shakes,
compared to vehicle + morphine treated rats (P > 0.05). Thus consis-
tent effects were observed using the two mechanistically distinct
inhibitors of glial proinflammatory responses. To facilitate compar-
ison of data across glial attenuators, Fig. 1 is expressed as the percent
of maximal observed area under the naloxone precipitated opioid
withdrawal timecourse. This was done since the PEG vehicle used
for AV411 delivery caused a substantial enhancement in the mor-
phine-induced withdrawal behaviors observed (P < 0.001, ###).
Tissues were collected from these animals to enable analyses of
where microglial and/or astrocytic activation would be observed in
brain, by immunohistochemistry. The intent was to define whether
microglia and astrocyte would both be globally affected, indepen-
dent of brain site, versus revealing site-specificity and/or cell type
specificity in the activation patterns observed. Immunohistochem-
ical analyses of the microglial activation marker CD11b and astro-
cyte activation marker GFAP were thus conducted on the
AV411 + morphine brains and related control tissues (Table 1).
For simplicity and space considerations, representative examples
of the drug-induced changes in immunohistochemically-detected
microglia and astrocyte activation markers are illustrated in
Fig. 2 from one brain region, chosen at random, but representative
of the effects observed across nuclei. Vehicle + morphine signifi-
cantly upregulated both microglial and astrocytic activation mark-
ers compared to AV411 + saline in both opioid withdrawal related
and other brain nuclei (Table 1). Morphine reliably increased the
expression of GFAP in astrocytes in five of the six brain nuclei
examined in both brain nuclei related to opioid withdrawal and
general brain nuclei. In contrast morphine significantly increased
the expression microglial CD11b in three opioid withdrawal re-
lated brain nuclei, and significantly decreased CD11b expression
in the other three regions (Table 1). In the general brain nuclei
examined, microglial CD11b expression was increased in four of
six regions (Table 1). Of these opioid withdrawal related and gen-
eral brain nuclei, AV411 reliably attenuated increases in GFAP
expression in four of six and three of six brain nuclei, respectively.
For morphine-induced CD11b expression changes, AV411 attenu-
ated five of six morphine-induced changes in opioid withdrawal
brain nuclei. AV411 attenuated morphine-induced CD11b changes
in the general brain nuclei in three of four regions and caused a sig-
nificant decrease in CD11b expression in two others (Table 1).
Brains from separate rats from the behavioral study were used
to analyze mRNA and protein of potential mediators of interest (for
citations below, see Experiment 1 Section 2). A broad analysis was
done, in part, given increasing recognition that the relative balance
of proinflammatory and anti-inflammatory mediators can impact
brain function and behavior. The choices of analytes were also gov-
erned by prior literature reporting that TNF-a,, GMCSF, IFN-v, IL-10,
IL-1, IL-2, IL-6, GRO/KC, MCP-1 (CCL2), MIP-2, RANTES (CCL5) and
fractalkine are modifiable by at least some opioid regimens in
some tissues. GDNF was measured as GDNF elevation has previ-
ously been reported to suppress behavioral responses to drugs of
abuse, decrease morphine-induced sensitization, and decrease
morphine reward. Related analytes (IL-1a, MIP-1oe and MIP-3a)
were included as part of the proinflammatory screen but not pre-
viously studied with regard to modifiability by opioids. These anal-
yses were done on both opioid withdrawal related nuclei and other
nuclei not previously related to opioid withdrawal in order to de-
fine whether observed changes across sites were selective for sites
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Table 1

AV411 reduced morphine-induced elevations of astrocytic GFAP and microglial CD11b activation markers as assessed by densitometry.

245

Astrocyte activation (GFAP)

Microglial activation (CD11b)

Saline + AV411 AV411 + morphine Vehicle + morphine Saline + AV411 AV411 + morphine Vehicle + morphine
Opioid withdrawal associated brain nuclei
Ventral tegmental area 453.8 £59.1 535.3+44.8 1041 £ 82.0%** ### 54.4+20.10 64.0+19.1 185.2+£39.6* #
Nucleus accumbens 1204 +15.6 313.3 £23.0"** 340.5 +31.6™** 2263 +22.1 2458 +76.1 58.8 £15.5" #
Dentate gyrus 184.3£10.4 162.9£13.9 260.2 + 33.4* ## 21.2+35 222+3.0 49.3 + 2.9%** ###
Cornu ammonis of the hippocampus 190.7 £22.6 232.2+18.7 406.3 + 27.7%* ### 1324 +£22.7 102.6 £7.0 59.3 +6.6*
Dorsal periaqueductal gray 387.9+41.1 383.0+£24.9 756.4 + 35.4%** #4## 69.0 £25.9 50.7 £13.9 140.2 +30.7#
Substantia nigra 291.0+31.2 133.1 £30.7* 111.1 £37.4* 340.6 £ 55.3 141.5 £19.8* 147.6 £23.1*
General brain nuclei of interest
Medial prefrontal cortex 422 +43 242.7 £35.4"* ## 253.7 £26.5™* ## 90.6 +6.3 31.2+6.8** 61.9+5.7
Ventral periaqueductal gray 406.7 + 48.0 455.0+19.3 776.0 + 53.9%** #4## 87.1+£24.0 72.1+18.8 261.9 + 18.0™** ###
Caudate Putamen 227.2+£322 2435+18.5 442.0 £26.4™* ## 25.8+2.0 244+35 64.0 £ 3.6%** ###
Dorsal raphe nucleus 831.1+129.3 752.9+217.5 873.0+127.0 290.2+1144 257.2+53.0 280.5 +38.0
Rostral ventromedial medulla 71.8+5.9 168.8 £22.3 443.0 + 2.5*** ## 30.1£6.2 22.7+2.0 753 7.7 #
Trigeminal nucleus 85.3+17.7 188.4+14.8* 429.7 £10.8*** ## 53.2+3.0 23.02 +3.0* 83.5+7.6™ #

Densitometry analysis of individual brain nuclei for expression of GFAP or CD11b in several brain regions. A one-way ANOVA with Bonferroni posthoc analysis revealed
significant reductions in glial activation markers when compared to saline + AV411 (*P < 0.05, **P < 0.01, ***P < 0.001) or morphine + AV411 (# P < 0.05, ## P < 0.05, ###
P <0.001). Dark shading of the table cells indicates an increase in staining, while lighter cell shading signifies a decrease. n = 4/group.

Fig. 2. Morphine-induced increases in microglial (CD11b expression) and astrocytic (GFAP expression) activation were significantly reduced by AV411 treatment. For
simplicity, representative examples of the drug-induced changes in immunohistochemically-detected glial activation markers are illustrated from one brain region, chosen at
random. Microglial CD11b expression from the dorsal periaqueductal gray of representative rats (A, B and C) following naloxone precipitated withdrawal in rats that received
AV411 + saline (A), AV411 + morphine (B) and vehicle + morphine (C). Astrocytic GFAP expression from the dorsal periaqueductal gray of representative rats (D, E and F)
following naloxone precipitated withdrawal in rats that received AV411 + saline (D), AV411 + morphine (E) and vehicle + morphine (F). Image acquisition was done using an

Olympus XB61 microscope and NIH image. Scale bar = 100 pm.

linked to opioid withdrawal versus pervasive and nonspecific in
their distribution. In addition, a broad site analysis allowed defini-
tion of whether specific changes in specific analytes were always
observed in response to morphine and/or blocked by AV411, versus
displaying site specificity in the results obtained.

Analyses of mRNA and protein in micropunched brain nuclei re-
vealed numerous reliable treatment effects on cytokine, chemo-
kine and GDNF protein and mRNA expression that occurred
seven of the eight opioid withdrawal related nuclei examined,
but in only one of the four general brain nuclei (Table 2). In addi-
tion, IL-1p mRNA was significantly reduced in the medial prefron-
tal cortex in AV411 + morphine treated animals and significantly
elevated in the dorsal periaqueductal gray in vehicle + morphine
animals. The majority of the significant protein changes quantified

for vehicle + morphine treated animals were predominantly proin-
flammatory (9 of 12) while for AV411 + morphine treated animals
significant changes were mostly reductions in the expression of
proinflammatory mediators (6 of 11). The mRNA and protein
changes documented here cannot be accounted for by alterations
in circulating levels of these analytes as a result of morphine or
AV411 treatment, as all animals were transcardially perfused with
saline prior to tissue collections to avoid this potential confound.

3.2. Experiment 2: AV411 decreases spontaneous opioid withdrawal
when administration begins after development of opioid dependence

Subcutaneous osmotic minipumps delivered 6.25 mg of mor-
phine or oxycodone per day on days 1 and 2, and then 12.5 mg/
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Table 2
Protein analyses following morphine withdrawal.

Brain nuclei Chemokine/ AV411 +saline AV411 + morphine Vehicle + morphine
cytokine (pg/ng protein) A (pg/pg protein) B (pg/ng protein) C
Ventral tegmental area IL-1B 0.24 + 0.06 0.12 £0.03" 0.18 £0.05
IL-6 1.56 +0.89 0.19 + 0.06% 0.38 £ 0.04
MIP-1a 0.08 £ 0.03 0.02 +0.01* 0.03 £ 0.01
RANTES 0.16 £ 0.02 0.11 +£0.02€ 0.18 +£0.04
GDNF 0.56 + 0.09 0.29 + 0.08A¢ 0.53 £0.07
Nucleus accumbens IFN-y 0.18 £ 0.06 0.44 £ 0.09 0.60 + 0.06"
RANTES 0.06 +0.02 0.08 £ 0.01 0.15 +0.02%
Dentate gyrus GDNF 0.07 £ 0.02 0.13 £0.02 0.01+0.018
MIP-30 2.07 £0.69 1.28+0.13 0.52 £0.1748
Cornu ammonis of the hippocampus IL-1B 0.08 £ 0.01 0.05 +0.01 0.16  0.04°
Fractalkine 4.73 £0.56 2.73 £0.277¢ 4.85+0.89
GRO/KC 0.12 £ 0.02 0.09 +0.01 0.19 + 0.05%8
MCP-1 0.22 £ 0.03 0.15 +0.02 0.38£0.138
Dorsal periaqueductal gray IL-1B 0.09 £ 0.02 0.09 + 0.03 0.16 +0.038
MCP-1 0.27 £ 0.07 0.17 £ 0.04 0.40 + 0.09%
MIP-3a 0.86+0.29 0.55+0.22 1.35+0.16%
Substantia nigra IL-1B 0.06 +0.02 0.13 + 0.02A¢ 0.05 + 0.02
IL-6 1.8+0.10 0.33 £+ 0.08" 0.32 +0.08"
GDNF 0.56 + 0.09 0.32 +0.08% 0.45 £ 0.08
Central nucleus of the amygdala MIP-2 0.01 +0.01 0.04 +0.01* 0.04 +0.01*
Medial prefrontal cortex GDNF 0.13 +0.02 0.25 +0.014¢ 0.12 +0.02

Cytokine, chemokine, and GDNF analyses. Summary of the significant cytokine, chemokine, and GDNF changes in brain nuclei resulting from morphine withdrawal and the
effect of AV411 treatment. Micropunches from individual brain nuclei were analyzed for cytokine, chemokine and GDNF protein. Significant changes were assessed using a
two-way ANOVA with Bonferroni posthoc test comparing each molecular endpoint across the brain nuclei. P < 0.05; significances are classified as to which treatment group
the difference refers to, represented by the use of the column are identifier. Hence a superscripted A following a table value means that this value is significantly different
from the parallel value shown in column A (AV411 + saline), a superscripted B following a table value means that this value is significantly different from the parallel value
shown in column B (AV411 + morphine), and a superscripted C following a table value means that this value is significantly different from the parallel value shown in column

C (vehicle + morphine). n = 6-7/group.

day from then onwards through the end of the experiment. A
weeklong AV411 (vs. vehicle) treatment was delayed until 12 days
after the start of the opioid regimen to allow dependence to devel-
op prior to AV411 administration. This delay was included to test
whether AV411 could be effective after morphine dependence
was established, as prior literature documents other drugs that
fail to affect withdrawal if drug treatment begins after the
establishment of opioid dependence (Shoemaker et al., 1997;
Trujillo, 2000). AV411 administered after the establishment of
morphine dependence significantly protected rats from both mor-
phine and oxycodone spontaneous withdrawal-induced weight
loss that occurred following removal of drug pumps (Fig. 3). Within
one day after spontaneous withdrawal initiation, vehicle + mor-
phine treated rats lost 53.8 + 4.0 g and vehicle + oxycodone treated
rats lost 55.7 +5.0 g while AV411 + morphine rats (36.0 £5.1g),
and AV411 + oxycodone rats (28.2 £2.5 g) lost significantly less
(P<0.05).

Telemetry monitoring of core body temperature and activity
during morphine treatment revealed significant morphine-induced
hyperactivity and associated dysregulation of diurnal core body
temperature pattern. Upon commencement of AV411, brief, small
yet significant hypothermic responses were observed following
AV411 administration, which tolerated by the fourth administra-
tion. Analysis of core body temperature data suggests that once
AV411 treatment terminated, no other significant systematic dif-
ferences exist between treatment groups (P> 0.05). However,
activity data following completion of AV411 and vehicle treatment
revealed substantial differences between groups with significant
and extended hyperactivity during the active dark phase in vehi-
cle + morphine treated rats (total activity count for the dark phase
of day 20: 2361 £611, day 21: 2262 + 599) compared to AV411 + -
saline (day 20: 1122 +91, day 21:1083 + 121; P<0.01) which is
not apparent following AV411 + morphine (day 20: 134677,

day 21:1330 + 90; P < 0.05). Given the severity of oxycodone with-
drawal, analyses were restricted to the morphine-treated groups.

3.3. Experiment 3: AV411 potentiates morphine and oxycodone
analgesia

Rats were acutely administered AV411 or vehicle, plus one of
four doses of either morphine or oxycodone. AV411 alone did not
produce any change in hind paw or tail flick latencies over a
100 min timecourse (data not shown). However, when combined
with morphine or oxycodone, a significant potentiation and pro-
longation of analgesia was observed (Fig. 4) resulting in significant
leftward shifts in the dose response curve and a corresponding
reduction in the ED50. Importantly, like the generalized effects ob-
served for opioid withdrawal, the effects of AV411 were not re-
stricted to simply morphine but rather extended to another
clinically relevant opioid (oxycodone) as well. As there were no
significant changes in morphine plasma concentrations observed
when morphine was administered in combination with AV411 as
compared to morphine-alone animals (30 min post-morphine
maximal concentration morphine + vehicle 97.5 + 3.3 ng/ml versus
93.7+9.3 ng/ml and no change in area under the curve (AUC);
P>0.05), this is suggestive that the results are not readily ac-
counted for by higher morphine exposure or elevated plasma con-
centrations. This potentiation of opioid analgesia is paralleled by
our recent observations that minocycline markedly potentiates
morphine analgesia as well (Hutchinson et al., 2008).

4. Discussion

These data provide the first characterization of attenuated opi-
oid withdrawal by AV411 and minocycline. These studies support
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Fig. 3. AV411 prevents spontaneous morphine and oxycodone withdrawal-induced weight loss. AV411 (7.5 mg/kg twice daily) protects against morphine (A; ) and
oxycodone (B;#)-induced weight loss when compared to morphine (M) or oxycodone (4) plus vehicle treated rats. It appears that these weight loss effects are likely due to
the opioid withdrawal, since AV411 + saline rats do not show such weight loss (O). Data are expressed as the change in weight after the start of spontaneous withdrawal,
compared to weight just prior to the initiation of spontaneous withdrawal. A two-way ANOVA with Bonferroni posthoc analysis revealed significant differences between
AV411 and vehicle treated rats just one day after withdrawal that continued thought the rest of the observation (days 15-26; P < 0.05). n = 6-9/group.
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Fig. 4. AV411 potentiates both morphine and oxycodone analgesia. AV411 (7.5 mg/kg; M) significantly potentiated morphine (A and C: 4 mg/kg) and oxycodone (B and D:
4 mg/kg) analgesia compared to vehicle treated rats (OJ). The EC50 of morphine + vehicle dose response (30 min after opioid administration) was 4.1 mg/kg while AV411 co-
administration reduced this significantly to 0.77 mg/kg (P < 0.0001). The EC50 of oxycodone + vehicle dose response was 2.6 mg/kg while AV411 co-administration reduced

this significantly to 0.78 mg/kg (P < 0.001). n = 6/group.

involvement of opioid-induced proinflammatory responses in
withdrawal, as minocycline and AV411 attenuate glial proinflam-
mation via distinct mechanisms. Precipitated and spontaneous opi-
oid withdrawals were reduced by AV411, a drug candidate in
clinical development for treating neuropathic pain. Both morphine
and oxycodone were tested as structurally distinct opioids com-
monly used clinically for pain control. As such, this comparison
provides a test of generality that the effects observed are not re-
stricted to simply morphine. Notably, in the spontaneous with-
drawal study, AV411 was delayed relative to initiating morphine
treatment to test whether AV411 could effect established mor-
phine dependence. This is important if one were to consider a drug

such as AV411 for treating dependence clinically. Minocycline also
reduced precipitated withdrawal, providing converging lines of
evidence suggestive of microglia and/or astrocyte involvement.
AV411 did not reduce all opioid actions, as morphine and oxyco-
done analgesias were potentiated. This caused a leftward shift in
the dose response curves, significantly reducing analgesia ED50s.
AV411 also enhanced the magnitude and duration of opioid anal-
gesia. These AV411 effects parallel our observation that minocy-
cline potentiates morphine analgesia (Hutchinson et al., 2008)
and are consistent with potentiated analgesia by suppressing ac-
tions of opioid-induced pronociceptive glial products (Shavit
et al., 2005). Potentiation of analgesia by AV411 and minocycline
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is likely indirect, via suppressing release of pain-enhancing glial
products that oppose, or counter-regulate, analgesia. For neuro-
chemical analyses, brain nuclei were chosen to test specificity of
effects to sites relevant to opioid withdrawal (see Section 2) versus
generality of morphine-induced changes in glial activation
markers, chemokines, cytokines, and GDNF. Repeated morphine
administration-induced significant changes in these analytes that,
by-and-large, were prevented by AV411. Despite many nuclei dis-
playing changes in microglial and/or astrocyte activation marker
expression, changes in proinflammatory mediators were primarily
observed in brain nuclei previously associated with morphine
withdrawal.

AV411 and minocycline attenuated most morphine withdrawal
behaviors. Rearing and exploration were unaffected and rats trea-
ted with AV411 or minocycline appeared qualitatively more alert.
These latter observations are consistent with effects unrelated to
overt anesthesia or sedation. AV411 also suppressed spontaneous
withdrawal. These effects also suggest that the common denomi-
nator across the glial modulators is not enhancement of cAMP.
While AV411 does enhance cAMP (Ledeboer et al., 2007a,b), mino-
cycline has the opposite effect so to reduce cAMP (Mork and
Geisler, 1995).

Repeated morphine induced an intriguing pattern of glial acti-
vation markers and proinflammatory mediator expression. Firstly,
morphine-induced changes in glial activation markers were
similarly distributed between many brain regions, regardless of
whether or not the nuclei were linked to withdrawal phenomena.
The brain regions examined here incorporate a much wider range
of sites than investigated previously. Song and Zhao (2001) docu-
mented heterogeneous GFAP expression following repeated mor-
phine in posterior cingulate, hippocampus and thalamus. Other
studies of GFAP expression following repeated morphine demon-
strated increases in locus coeruleus and solitary nucleus (Alonso
et al,, 2007), ventral tegmental area (VTA), nucleus accumbens
(NAcc) shell and frontal cortex (Garrido et al., 2005). The present
study is the first survey of morphine-induced microglial activation
(CD11Db), alone or in combination with astrocyte GFAP. It is clear,
based on the site specific results reported, that microglia and astro-
cytes can be differentially and site-specifically affected by systemic
opioids. AV411 attenuated morphine-induced GFAP and CD11b
changes in most cases, mirroring reductions in withdrawal behav-
iors. If AV411 reduces opioid withdrawal by attenuating opioid-in-
duced glial activation, these glial activation marker expression
patterns provide anatomical targets for future investigations.
Moreover, the results suggest a diversity of mechanisms for opi-
oid-induced glial regulation in various brain regions.

However, glial activation markers do not necessarily predict
molecular mediator expression. Therefore, proteins were examined
utilizing multiplex technology. Morphine-induced proinflamma-
tory changes in NAcc (IFNy, RANTES), cornu ammonis of hippocam-
pus (IL-18, GRO/KC and MCP-1), dorsal periaqueductal gray (dPAG)
(IL-1B, MCP-1 and MIP-3a) and central nucleus of the amygdala
(MIP-2), but decreased MIP-3a in dentate gyrus (DG). This pattern
occurred only in opioid withdrawal-associated brain nuclei and not
in other brain regions. AV411 attenuated the protein changes in
NAcc, DG, cornu ammonis of the hippocampus and dPAG.
AV411 + morphine also induced specific changes in VTA (broadly
reducing proinflammatory mediators), substantia nigra (increased
IL-1B, decreased GDNF) and medial prefrontal cortex (increased
GDNF). This pattern of changes is the first of their kind reported.
In contrast to our findings of both proinflammation and attenua-
tion proinflammation in the hippocampus, Patel et al. (1996) re-
ported decreased IL-1p throughout hippocampus, using a much
higher morphine regimen.

Little other data exist relating chronic morphine, morphine
dependence, and changes in brain cytokines, chemokines and

GDNF. However, elevations of IL-1B in cat dPAG induce defensive
rage (Bhatt et al., 2008; Zalcman and Siegel, 2006). This provides
an interesting parallel with the current data, given elevations of
several proinflammatory cytokines and chemokines occurred in
this region and several behaviors displayed during opioid with-
drawal are rage-like in nature. Further, involvement of immuno-
competent cells in opioid withdrawal was suggested 25 years
ago by Dafny and coworkers (Dafny, 1983; Dougherty et al.,
1990), who demonstrated that whole body immunosuppression
inhibited morphine withdrawal. Our data suggest that Dafny may
have non-selectively inhibited glial proinflammatory responses,
thereby reducing morphine withdrawal. Such proinflammatory
mediators can exert direct actions on neurons (Zhang et al.,
2008) as well as induce various downstream changes that alter
neuronal function, such as downregulation of glial glutamate
transporters (Nakagawa et al., 2005; Nakagawa and Satoh, 2004;
Ozawa et al., 2004, 2001) potentially contributing to opioid with-
drawal (Nakagawa and Satoh, 2004). Collectively these data are
intriguing as they suggest possible site specificity of morphine ac-
tion and microglial and/or astrocytic response to morphine, medi-
ated in such sites or indirectly via projections received from other
regions directly affected by opioids. This latter possibility would be
parsimonious with upregulated glial activation markers in projec-
tion regions of activated neurons (Holguin et al., 2007). Alterna-
tively, variations in kinetic access of morphine to specific brain
regions may account for the differences observed.

It is recognized that it is a very complex undertaking to under-
stand the different interactions of various cytokines and markers
seen in opioid withdrawal-associated brain nuclei with behavioral
responses. The present study provides the first data toward an
understanding of these complexities. The analysis of multiple brain
sites identify a number of specific nuclei that are versus are not af-
fected by the procedures under study and provide information as
to what potential mediators are altered in specific sites. The pres-
ent data lay the groundwork for future studies aimed at integrating
the observed glial and proinflammatory changes in withdrawal-
associated nuclei with withdrawal behaviors. First, while the
present study identified specific mRNA/protein changes in micro-
punches from specific nuclei, their cellular origin(s) remains to
be defined. Secondly, the significance of the patterns of cytokine
and chemokine changes observed will be important to explore, gi-
ven that multiple cytokines and chemokines can work in concert to
produce behavioral responses (Hutchinson et al., 2008). Finally, the
downstream neuronal consequences of these proinflammatory
changes that potentially contribute to withdrawal behaviors can
now be addressed, given the documented site-specific chemo-
kine/cytokine changes. Such studies will likely advance the under-
standing of mechanisms underlying opioid withdrawal.

It is also noted that the tissues for mRNA, protein, and glial acti-
vation marker analyses were all collected after repeated morphine
and a 1 h precipitated withdrawal, so that what the values were
pre-withdrawal for morphine-treated rats is at present unknown.
Given the size and complexity of the study, adding these additional
groups were not possible in the current work. This is a consider-
ation primarily, if not exclusively, for the mRNA and multiplex pro-
tein data rather than for the glial activation marker expression by
immunohistochemistry. That is because alteration in CD11b and
GFAP levels is a far slower process than for the other mRNA/protein
analytes under study. For example, even upon strong stimulation
of spinal glial activation by intrathecal HIV-1 gp120, it was 8-
18 h later that GFAP expression became elevated and 4 h later for
elevated CD11b expression (Milligan et al., 2001). Such delayed
timings are common in the glial activation literature. Hence it is
likely that the immunohistochemistry results reported here reflect
the effect of repeated morphine exposure rather than the relatively
brief survival after precipitation of morphine withdrawal.
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The present data would seem to present a dilemma, since it
could be hypothesized that by blocking proinflammatory re-
sponses one may globally inhibit opioid activity. However, AV411
potentiated morphine and oxycodone analgesia three-to-five-fold,
with no change in plasma morphine levels. Potentiation of analge-
sia is consistent with previous reports of potentiated analgesia
caused by suppressing the action of opioid-induced pronociceptive
glial products, which oppose opioid analgesia (Hutchinson et al., in
press; Shavit et al., 2005). It may prove parsimonious to view
enhancement of opioid analgesia by AV411 not as enhancing pain
suppressive mechanisms, per se, but rather removing opioid-in-
duced pain enhancement acting as an opponent process in parallel.
We have also demonstrated that AV411 and minocycline reduce
the behavioral (Hutchinson et al, 2007) and neurochemical
(Ledeboer et al., 2007a,b) signs of morphine reward. Likewise, mor-
phine-induced respiratory depression is reduced by minocycline
(Hutchinson et al., 2007). Therefore, drugs like AV411 and minocy-
cline enhance analgesia while attenuating reward and dependence
and improving the safety profile.

Mechanistically, minocycline possesses neuroprotective and
anti-inflammatory properties, independent of its antibiotic
activity. Its anti-inflammatory actions include p38 MAPK inhibi-
tion (Cui et al., 2008; Stirling et al., 2005), reduced cell motility,
and downregulation of B1-integrin and Kv1.3 channels (Nutile-
McMenemy et al., 2007). AV411 attenuates microglia proinflam-
matory responses in vitro and in vivo (Ledeboer et al., 2007a,b;
Suzumura et al., 1999). AV411 does not interact with a number
of neuronal targets at least linked to neuropathic pain regulation,
if not opioid analgesia and withdrawal (Ledeboer et al., 2007a,b).
cAMP elevation related to phosphodiesterase inhibition cannot
be excluded as a component of glial regulation by AV411, and at
least one phosphodiesterase inhibitor, rolipram, has been reported
to regulate glial activation (Zhang et al., 2002). However, phospho-
diesterase inhibition appears insufficient since a closely-related
AV411 analog with little-to-no PDE inhibition attenuates glia and
mimics AV411 pharmacology in vivo, including attenuation of opi-
oid withdrawal (Ledeboer et al., 2007a,b). Notably, minocycline has
no known PDE inhibitory activity, again suggestive that PDE inhi-
bition is not required for effects reported here. A proinflammatory
cytokine target for AV411, which has not been previously recog-
nized and which may regulate glial proinflammatory responses,
has been preliminarily identified and is currently under investiga-
tion (K. Johnson et al., unpublished data).

In summary, we demonstrate that two structurally and mecha-
nistically distinct glial modulatory drugs, AV411 and minocycline,
each suppress the expression of opioid withdrawal and enhance
acute opioid analgesia. These effects are generalized, as common
effects were observed for both morphine and oxycodone. Together
with our recent demonstration that AV411, as well as minocycline,
reduces morphine reward (Hutchinson et al., 2007), this novel indi-
cation suggests that human clinical trials may be warranted to
determine if these findings can be extrapolated to humans or
whether other drugs of abuse may be similarly modified by glial
modulatory compounds.
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