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Introduction:  A  growing  area  of research  suggests  that neuroimmunity  may  impact  the  pharmacology
of  opioids.  Microglia  is  a key  component  of  the brain  immunity.  Preclinical  and  clinical  studies  have
demonstrated  that  microglial  modulators  may  improve  morphine-induced  analgesia  and  prevent  the
development  of  tolerance  and dependence.  Positron  emission  tomography  (PET)  using  translocator  pro-
tein 18 kDa  (TSPO)  radioligand  is  a  clinically  validated  strategy  for  the  non-invasive  detection  of  microglial
activation.  We  hypothesized  that TSPO  PET  imaging  may  be  used  to study  the  neuroimmune  component
of  opioid  tolerance  and  withdrawal.
Methods:  Healthy  rats  (n =  6 in each  group)  received  either  saline  or escalating  doses  of  morphine
(10–40  mg/kg)  on  five  days  to achieve  tolerance  and  a  withdrawal  syndrome  after  morphine  discon-
tinuation.  MicroPET  imaging  with  [18F]DPA-714  was performed  60 h  after  morphine  withdrawal.  Kinetic
modeling  was  performed  to estimate  [18F]DPA-714  volume  of distribution  (VT) in  several  brain  regions
using  dynamic  PET  images  and  corresponding  metabolite-corrected  input  functions.  Immunohistochem-
istry  (IHC)  experiments  on  striatal  brain  slices  were  performed  to assess  the  expression  of  glial  markers
(Iba1,  GFAP  and  CD68)  during  14 days  after  morphine  discontinuation.
Results:  The  baseline  binding  of  [18F]DPA-714  to  the  brain  (VT =  0.086  ± 0.009  mL cm−3) was  not  increased

−3
by morphine  exposure  and withdrawal  (VT =  0.079  ± 0.010  mL cm ) indicating  the  absence  of  TSPO  over-
expression,  even  at the  regional  level.  Accordingly,  expression  of  glial  markers  did  not  increase  after
morphine  discontinuation.
Conclusions:  Morphine  tolerance  and  withdrawal  did  not  detectably  activate  microglia  and  had  no  impact
on [18F]DPA-714  brain  kinetics  in  vivo.

© 2016  Elsevier  Ireland  Ltd.  All  rights  reserved.
. Introduction

Morphine is a widely used analgesic drug against acute and
hronic pain (Trescot et al., 2008). A major specificity of mor-

hine pharmacology relies on its high potency to induce tolerance.
orphine may  also create dependence, a psychological and phys-

cal need of drug abuse to avoid the appearance of a withdrawal

∗ Corresponding author at: Laboratoire Imagerie Moléculaire In Vivo (IMIV), CEA,
ervice Hospitalier Frédéric Joliot, 4 Place du General Leclerc, 91401 Orsay, France.

E-mail address: nicolas.tournier@cea.fr (N. Tournier).
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376-8716/© 2016 Elsevier Ireland Ltd. All rights reserved.
syndrome (Nielsen and Kreek, 2012). The central nervous system
(CNS) footprint of opioid pharmacology has been mainly investi-
gated through the lens of neuronal pathways, especially the opioid
systems (Koob and Volkow, 2010).

The suppressive impact of morphine exposure and withdrawal
on peripheral innate and adaptive immunity is well described
and is often correlated to the increased prevalence of oppor-
tunistic infective agents in opioid abusers (Roy et al., 2011). In

the brain, it was shown that immunity may  contribute to opioid
neuropharmacology, as illustrated with opioid-induced Toll-like
receptor 4 (TLR4) inflammatory pathways and the release of pro-
inflammatory cytokines (Hutchinson et al., 2011). Conversely, it
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http://www.sciencedirect.com/science/journal/03768716
http://www.elsevier.com/locate/drugalcdep
http://crossmark.crossref.org/dialog/?doi=10.1016/j.drugalcdep.2016.10.037&domain=pdf
mailto:nicolas.tournier@cea.fr
dx.doi.org/10.1016/j.drugalcdep.2016.10.037


4 hol D

w
i
b

b
s
n
i
r
m
I
i
M
e
2
H
s
i
m
s
e

g
i
a
a
m
t
(
p
c
a
p
p
e
u
m
2
t
fi

i
i
(
w
[
g
o

2

2

p
a
w
A
e
g
(
w
U
a
t

4 S. Auvity et al. / Drug and Alco

as shown that chronic morphine exposure suppresses the innate
mmunity of microglia in the brain (Qiu et al., 2015), which may
alance its intrinsic pro- inflammatory effects in vivo.

Microglial cells are key components of innate immunity in the
rain (Saijo and Glass, 2011). Resting microglial cells exert active
urveillance of their environment and switch to an activated phe-
otype in the presence of a variety of deleterious stimuli like those

nvolving TLR4 interactions (Mosser and Edwards, 2008). Microglial
esponsiveness places these cells as diagnostic markers of inflam-
ation onset or progression in CNS diseases (Perry et al., 2010).

t was proposed that microglia may  be a key component of the
mpact of morphine exposure to the brain (Watkins et al., 2005).

icroglia modulates some of the effects of opioids (Hutchinson
t al., 2007) including their pain relieving properties (Watkins et al.,
009) as well as their reward and dependence potency (Coller and
utchinson, 2012; Hutchinson et al., 2012). Recent clinical trials

uggest that ibudilast, a modulator of microglial functions, may
mprove the efficacy and tolerance profile of opioids during the

anagement of chronic pain and was recently shown to decrease
ome subjective ratings of opioid withdrawal symptoms (Cooper
t al., 2015; Johnson et al., 2015).

The immune component of opioid pharmacology suggests that
lial cell activation may  also represent a relevant pathophysiolog-
cal biomarker of the development of addiction and its extinction,
nd thus provide a potential monitoring biomarker for the man-
gement of opioid abuse (Hutchinson and Watkins, 2014). The
ost advanced approach allowing for the non-invasive investiga-

ion of glial activation in human is positron emission tomography
PET) imaging using radiolabelled ligands of the translocator
rotein–18 kDa (TSPO). TSPO is mainly located on the outer mito-
hondrial membrane of several cells and involved in cholesterol
nd steroidogenesis. Baseline TSPO expression in the brain under
hysiological conditions contrasts with measurable TSPO overex-
ression detected in several neuroinflammatory diseases (Corcia
t al., 2012). [18F]DPA-714, a TSPO radioligand, was successfully
sed to visualize activated microglia in preclinical models of trau-
atic brain injury (Wang et al., 2014a), epilepsy (Harhausen et al.,

013) or stroke (Wang et al., 2014b). [18F]DPA-714 has reached
he clinical status, allowing for the clinical translation of preclinical
ndings (Arlicot et al., 2012; Lavisse et al., 2015).

In the present study, we investigated the potency of TSPO PET
maging using [18F]DPA-714 to detect glial cell activation in a val-
dated rat model of chronic morphine exposure and withdrawal
Desjardins et al., 2008). We  used immunohistochemistry (IHC)
ith selected glial cell biomarkers that were shown to corroborate

18F]DPA-714 PET signal in order to establish the kinetic profile of
lial cell activation after morphine discontinuation and the devel-
pment of a withdrawal syndrome.

. Material and methods

.1. Animals and drugs

Pathogen-free male Sprague Dawley rats (250–350 g) were
urchased from Charles River (St Germain sur l’arbresle, France)
nd housed in standard conditions with an access to food and
ater ad libitum.  Rats were maintained in a 12h-dark/light cycle.
nimals were housed for a five day adaptation period before
xperimentation. All experiments complied with the standards and
uidelines promulgated by the European Union Council Directive
2010/63/EU) for the experimentation with laboratory animals and

ere approved by the ethics review committee (Paris Descartes
niversity approval n◦12-186). All efforts were made to minimize
nimal suffering and to use only the number of animals necessary
o produce reliable scientific data. Morphine sulfate sterile solution
ependence 170 (2017) 43–50

was purchased from Aguettant (Lyon, France). Doses are reported
as free base.

2.2. Animal models

We  used a well described and in-house validated rat model
of morphine exposure and tolerance followed by spontaneous
withdrawal syndrome after morphine discontinuation (behavioral
validation) (Desjardins et al., 2008). Animals were given intraperi-
toneal (i.p) morphine twice daily: 10 mg/kg on day 1, 20 mg/kg on
day 2, 30 mg/kg on day 3 and 40 mg/kg on day 4 and 5 (Table 1). Con-
trol animals received an equivalent volume of sterile 0.9% sodium
chloride instead of morphine solution.

MicroPET experiments were performed 60 h after the last injec-
tion of morphine to compare with previously published data using
a similar model (Campbell et al., 2013).

IHC analysis was performed at different time points after mor-
phine chronic exposure. It began just after the last injection of
morphine (referenced as “day 5”) and was continued on days 8, 10,
12, 15, 17 and 19. As a positive control, we  performed a well charac-
terized model of acute local neuroinflammation with positive TSPO
expression, developed in-house for the validation of many TSPO
radioligands including [18F]DPA-714 (Chauveau et al., 2009). Briefly
two rats were stereotactically injected 0.5 �L of (R,S)-�-amino-3-
hydroxy-5-methyl-4- isoxazolopropionic acid (AMPA) (15 mM in
phosphate-buffered saline; Sigma, St Quentin, France) in the right
striatum using a microsyringe and micropump (UltraMicroPump II
and Micro4 Controller; WPI  Inc.). Rats were then decapitated 7 days
after the AMPA injection and the brains were immediately frozen
in isopentane maintained at −40 ◦C.

2.3. PET study

2.3.1. Radiochemistry. [18F]DPA-714 (N,N-diethyl-2-(2-(4-(2-
[18F]fluoroethoxy)phenyl)-5,7-dimethylpyrazolo [1,5-
a]pyrimidin-3-yl)acetamide) was  produced on site according
to slight modifications of procedures already reported (Damont
et al., 2008), using a commercially available GE TRACERLab FX-FN
synthesizer (Kuhnast et al., 2012). Ready-to-inject >99% radio-
chemically pure [18F]DPA-714 formulated in 0.9% sodium chloride
containing less than 10% (v/v) of ethanol was  obtained with specific
radioactivity at the end of the radiosynthesis ranging from 45 to
100 GBq/�mol.

2.3.2. MicroPET scans and data acquisition. Anesthesia was  con-
ducted using isoflurane in O2, 4% for induction and 1.5–2.5%
thereafter. The tail vein was  catheterized. Rats were positioned
with their head in the center of the field of view. Dynamic PET
data acquisition was performed using a Siemens INVEON (Siemens
Medical Solutions, St Denis, France) dedicated to small animal
with a spatial resolution of 1.4 mm in reconstructed images. A
Fourier rebinning and an OSEM 2D reconstruction method was
implemented. Animals were kept normothermic thanks to a heat-
ing blanket. Each animal was injected with 32.60 ± 7.22 MBq and
a dynamic acquisition was  performed during 68 min, beginning
at the time of injection. The [18F]DPA-714 images were sorted
into 24 frames ranging from 0.5 to 10 min  each. A brain template
(Schiffer et al., 2006) was  applied to each image to delineate differ-
ent volumes of interest (VOI) on the accumbens nucleus, amygdala,
striatum, hippocampus, hypothalamus, thalamus, midbrain, cortex
and whole brain.
2.3.3. Arterial input function. Additional animals were used to mea-
sure [18F]DPA-714 metabolite-corrected arterial input function
in parallel conditions. Blood samples (200 �L) were collected at
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Table  1
Protocol of morphine exposure and spontaneous withdrawal. Morphine was injected intraperitoneally (i.p) using escalating doses of morphine: 10 mg/kg on day 1, 20 mg/kg
on  day 2, 30 mg/kg on day 3 and 40 mg/kg on day 4 and 5, twice daily. Days 6 and 7 were free from injection to allow for the morphine withdrawal syndrome to appear.
Animals underwent microPET imaging 60 h after the last injection of morphine and were sacrificed immediately after. AM and PM indicate morning and evening injections,
respectively. Control rats received equivalent volumes of 0.9% sodium chloride instead of morphine.

Day 1
(mg/kg)

Day 2
(mg/kg)

Day 3
(mg/kg)

Day 4
(mg/kg)

Day 5
(mg/kg)

Day 6
(mg/kg)

Day 7
–

Day 8
–

40
40

40
40

–
–

–
–

PET

s
t
2
c
4
[
m
7
a
m
r
p

2
e
a
m
S
i
t

2

u
d
e
m
a
a
l
s
b

s
−
1
p
p
5
a
(
b
S
m
F
F
b
w
L
T
T
c
g

Fig. 1. Representative [18F]DPA-714 brain PET images obtained in each experimen-
Morphine
injections

AM
PM

10
10

20
20

30
30

elected times from the femoral artery to establish total radioac-
ivity kinetics in arterial plasma. Samples were centrifuged (3 min,
054g, 4 ◦C) and radioactivity in cell-free plasma (100 �L) was
ounted. Additional samples (500 �L) were withdrawn at 10, 20,
0 and 60 min  after injection to determine the fraction of parent

18F]DPA-714 in plasma using a validated solid phase extraction
ethod (Peyronneau et al., 2013). The fraction of parent [18F]DPA-

14 versus time was fitted using a 1-exponential decay equation
nd applied to the total radioactivity kinetics to estimate the
etabolite-corrected arterial input function of [18F]DPA-714 in the

at model of morphine exposure and withdrawal (60 h after mor-
hine withdrawal, n = 3) and in control animals (saline, n = 3).

.3.4. PET data analysis. Radioactivity in each brain VOI was
xpressed as a percentage of injected dose (% I.D.cm−3). Data
re presented as time-activity curves (TACs) in each VOI. Kinetic
odelling was performed using Pmod® software (version 3.6;

witzerland). [18F]DPA-714 volume of distribution (VT, mL  cm−3)
n each brain region was  estimated using the Logan plot analysis,
aking the metabolite corrected arterial input function into account.

.4. Immunohistochemistry

Expression of biomarkers of glial cell activation was  assessed
sing IHC on striatal brain slices during 14-days after morphine
iscontinuation. This invasive approach was performed in order to
xplain the PET data and provide temporal and quantitative infor-
ation regarding glial response during chronic morphine exposure

nd withdrawal. Indeed, it was shown that ionized calcium-binding
dapter molecule 1 (Iba1), Cluster of Differentiation 68 (CD68), a
ysosomal protein, and glial fibrillary acidic protein (GFAP) expres-
ion are up-regulated and corroborate [18F]DPA-714 binding to the
rain (Lavisse et al., 2012).

Extemporaneously collected and non-perfused rat brains were
nap frozen in isopentane, maintained at −40 ◦C and stored at
80 ◦C until IHC experiments. For immunohistochemical labelling,
0 �m-thick tissue sections retrieved in the striatum area were
ost-fixed in buffered paraformaldehyde (4%, 10 min, room tem-
erature (R/T)), followed by ammonium chloride solution (50 mM,

 min, R/T). Tissue permeabilization was performed in methanol-
cetone solution (1:1, 5 min, −20 ◦C) and triton X100 solution
0.1%, 5 min, R/T). Non-specific binding sites were blocked with 5%
ovine serum albumin (BSA, Sigma) and 0.5% Tween20 (Sigma).
lides were then incubated (1 h, R/T) with the following pri-
ary antibodies: chicken anti-GFAP (1:500, ab4674, Abcam, Paris,

rance), mouse anti-CD68 (1:100, MCA341R, Serotec, Colmar,
rance) or goat anti-Iba1 (1:100, ab5076, Abcam). After phosphate
uffer saline (PBS, Sigma) washes, secondary detection reagents
ere respectively: AF647-goat anti chicken (1:1000, A21449,

ife Technologies), AF594-goat anti mouse (1:1000, A11032, Life

echnologies) or AF647-donkey anti goat (1:1000, A21447, Life
echnologies). Slides were mounted with ProLong Gold Antifade
ontaining 4′,6′- diamidino-2-phenylindole (DAPI, Life technolo-
ies).
tal  condition. Data are represented as summed images (20–68 min), for the control
(A)  and the morphine-treated group (B). PET images were smoothed and overlaid
to  a coregistered MRI  template.

2.5. Microscopy image acquisition and analysis method

The fluorescently labelled tissue sections were scanned at reso-
lution 0.97 �m per pixel using an AxiObserver Z1 (Zeiss, Germany).
Striatal slides from two different rat brains were analyzed for each
time point of the kinetic of biomarker expression. The number
of digitalized slides per rat was  n = 3 for each biomarker. Image
analysis was automated using macros implemented in the Image
J software (NIH, Bethesda, MD,  USA). Briefly, background fluo-
rescence variability was corrected by inter-slide global intensity
normalization, followed by intra-slide unidirectional filtering for
local minimum intensity normalization. In the case of the Iba1
labelling, as a slight signal was  unexpectedly present in the some
cell nuclei, the DAPI staining was used as a mask, and only the cyto-
plasmic Iba1 signal was  considered for quantification. After global
constant image thresholding, the expression was  computed as the
ratio of the CD68+, Iba1+ or GFAP+ surface area (in pixels) to the
DAPI+ surface area (in pixels).

2.6. Statistical analysis

All data are represented as mean ± SD. For PET data, statis-
tical analysis was performed using R version 3.1.2. VTs in each
VOI were compared using a two-way ANOVA analysis. Treatment
and anatomical regions were defined as explanatory variables
(residuals were normally distributed and homogeneous). For IHC
statistical analysis, one way  ANOVA followed by Bonferroni post hoc
tests were performed. The level of significance for all hypotheses
was set at p < 0.05.

3. Results

3.1. PET study
PET images confirmed the low baseline uptake of [18F]DPA-
714 in the brain (Fig. 1). The brain distribution was  not visually
influenced by morphine exposure and withdrawal (Fig. 1). Rep-
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ig. 2. [18F]DPA-714 brain kinetics. Regional [18F]DPA-714 time activity curves (TAC
f  injected dose (% ID cm−3, n = 6) versus time (min) in selected brain regions.

esentative TACs extracted from each VOI are shown in Fig. 2.

adioactivity reached an equilibrium 30 min  after [18F]DPA-714

njection in all brain regions (Fig. 2). [18F]DPA-714 metabolism
nd plasma kinetics were similar, suggesting negligible impact
ined in control and morphine-treated animals are shown as a mean percentage ± SD

of morphine exposure and withdrawal on [18F]DPA-714 plasma

clearance and metabolism (Fig. 3). Differences in estimated
[18F]DPA-714 volume of distribution (VT) in the brain of control
(VT = 0.086 ± 0.009 mL  cm−3) and the morphine-treated animals
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Fig. 3. [18F]DPA-714 metabolism and plasma kinetics. The percentage of parent (unmetabo
metabolite-corrected arterial input function of [18F]DPA-714 from 0 to 60 min  is shown in B
groups.

Fig. 4. [18F]DPA-714 volume of distribution in selected brain regions. Kinetic mod-
elling of the regional brain kinetics [18F]DPA-714 was  performed for each animal
using the Logan Plot analysis and the corresponding mean parent [18F]DPA-714
plasma kinetics as an input function. Reported data are means of the total volume
of  distribution (VT, mL cm−3) in the whole brain (brain), striatum, nucleus accum-
bens (N. accumbens, amygdala, hippocampus, hypothalamus, thalamus, midbrain
and  cortex in both the control (black column) and morphine (white column) groups
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approach, we  tested the hypothesis of i) a kinetic regulation of
n = 6 in each group). Data are presented as mean ± SD for each region. Differences
n  regional VTs were shown not statistically significant.

VT = 0.079 ± 0.010 mL  cm−3) were not statistically significant. The
ame result was obtained all brain regions, indicating the absence
f regional increase in [18F]DPA-714 distribution (Fig. 4). This indi-
ates that morphine exposure and withdrawal did not measurably
mpact [18F]DPA-714 binding to the brain.

.2. IHC study

In the AMPA injection model, regional overexpression of the
lial activation biomarkers Iba1 and CD68 in the striatum was obvi-
us (Fig. 5). Signal quantification confirmed this result with higher
xpression of Iba1 and CD68 in the AMPA group (Fig. 6). Inter-
stingly, we found no overexpression of GFAP, suggesting minor
ontribution of astrocytes compared to microglia in this model.

Expressions of Iba1, CD68 and GFAP were not influenced by
hronic morphine exposure compared to the control condition (Day
, Fig. 5 and 6). The expression of tested biomarkers was not fur-
her increased at the withdrawal phase (Day 8, 60 h after morphine
iscontinuation, Fig. 5 and 6) compared to control group (p > 0.05)
r Day 5 (p > 0.05). Kinetic analysis of the biomarker expression
as performed during the withdrawal syndrome phase, from Day

 to Day 19 (Figs. 5 and 6). The results suggest that the absence

f detectable increase in TSPO PET signal is not due to any delay
n microglial activation following morphine exposure and with-
rawal.
lized) [18F]DPA-714 in arterial plasma versus time is shown in A. The corresponding
. Data are shown as mean ± S.D (n = 3) in both the control and the morphine-treated

4. Discussion

In the present study, we  hypothesized that [18F]DPA-714 PET
imaging, as a non-invasive marker of glial cell activation, would be
useful to detect and follow the brain immune footprints of mor-
phine exposure and withdrawal. We  chose an in vivo model of
systemic morphine administration, in order to mimic  morphine
exposure and withdrawal in a context of morphine consump-
tion or abuse. This model does not require any opioid-receptor
antagonist to precipitate the withdrawal syndrome which spon-
taneously occurs as a result of drug intake cessation (Desjardins
et al., 2008). This specificity is important since opioid antagonists
like naloxone were also described as TLR4 inhibitors of glial activa-
tion (Hutchinson et al., 2008). This model was shown to produce at
least withdrawal signs (Desjardins et al., 2008) and inflammatory
brain responses unveiled by the expression of pro-inflammatory
cytokines and chemokines (Campbell et al., 2013).

First, we explored the effect of morphine withdrawal on the
brain immune system using [18F]DPA-714 TSPO PET imaging. Com-
pared with control animals, [18F]DPA-714 binding to the brain
of morphine exposed rats was not increased in any brain region.
This indicates the absence of detectable TSPO overexpression after
morphine withdrawal. To address this result, we performed a
quantitative IHC methodology that was shown to corroborate
[18F]DPA-714 PET imaging in rats (Lavisse et al., 2012). The striatum
was selected as a region of interest for IHC given its key contribution
to addiction processes (Nutt et al., 2015). IHC data were compared
to those obtained in a [18F]DPA-714 PET-positive model of striatal
glial activation.

IHC analysis started the day of morphine discontinuation (Day 5)
to explore glial cell activation after chronic and systemic morphine
exposure inducing tolerance, before the apparition of any with-
drawal sign. Using our methodology, no increase in the expression
of tested biomarkers could be detected, which contrasts with the
dramatic increase in Iba1 and CD68 expression in the AMPA model
(Fig. 5). GFAP expression was  not either increased. Interestingly,
GFAP was previously shown to be overexpressed (Song and Zhao,
2001) or not (Loram et al., 2012) in the spinal cord of different rat
model of morphine tolerance but has never been investigated in
the striatum to our knowledge.

Then, the expression of glial-cell activation biomarkers from the
end of the 5 days of escalating exposure to morphine and up to
the 14 days after the withdrawal phase was  explored. Using this
biomarker expression during the withdrawal phase and ii) a poten-
tial delay in glial cell activation after the appearance of withdrawal
signs. Indeed, glial cell activation was  shown to start 3 days after
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Fig. 5. Immunohistochemical (IHC) analysis of glial markers in a rat model of morphine exposure and withdrawal. Rats were exposed to escalating dose of morphine (Day 5)
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ollowed by morphine withdrawal phase (Day 8–Day 19). IHC data were compared t
ctivation (stereotactically injected AMPA). Adjacent brain tissue sections (10 �m) 

GFAP).  Images show fluorescence detection in the whole brain section (A) and in th

timulation in animal models of stroke or hyperalgesia (Wang et al.,
014b). In our model, we found no significant overexpression of
FAP, Iba1 and CD68 in the rat striatum up to 14 days after mor-
hine withdrawal (Day 19). Using a similar model, Campbell et al.
2013) reported a slight increase in Iba1 positive cells in the stria-
um 60 h after morphine cessation but other biomarkers of glial
ctivation have not been investigated. In another rodent model,
t was reported that morphine withdrawal could induce both the
FAP and the microglial biomarker of activation CD11b expres-
ion in the striatum (Hutchinson et al., 2009). However, the control
ats used in this study were injected ibudilast, a modulator of glial
ctivation and no comparison to drug-naïve rats was  reported.

The absence of detectable activation of glial cells involved
n [18F]DPA-714 PET signal (Lavisse et al., 2012) suggests that

SPO PET imaging is not a suitable approach to explore the neu-
oimmune events induced by morphine exposure, tolerance and
ithdrawal. It was shown that an increase in inflammatory mark-

rs (e.g., cytokines, chemokines) in the CNS may  occur without
trol brain (saline injection instead of morphine) and a validated model of microglial
stained for nucleus (DAPI), activated microglia (CD68,Iba1) and reactive astrocytes
tum area (B). A merged image, obtained from adjacent brain sections is shown in B.

any detectable activation of microglial cells, as demonstrated using
Iba1 as a biomarker (Boulay et al., 2015). Moreover, compared to
neuroinflammatory processes described in some neurological CNS
diseases where [18F]DPA-714 PET imaging is useful, morphine-
induced microglial activation may  occur at a “subinflammatory”
level (Hutchinson and Watkins, 2014). According to this hypothesis,
TSPO PET imaging as well as the IHC methodology used in this study
may  lack sensitivity to detect such phenomena. Alternative imag-
ing methodologies using relevant and highly sensitive biomarkers
are therefore needed to non-invasively explore the neuroimmune
component of morphine exposure and withdrawal in vivo.

Another possible explanation for the absence of detectable
glial activation in our model may  be the use of healthy and
pathogen-free rats. Environmental factors such as early-life infec-

tions have been linked to an increased sensitivity of microglial
function (Williamson et al., 2016). Accordingly, long-term changes
in microglial function have been associated with an increased risk
of drug-induced reinstatement of addiction behavior in adulthood
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Fig. 6. Expression of glial biomarkers in rat model of morphine exposure and with-
drawal. Ratios between tested glial biomarkers of activation and DAPI labelled areas.
Saline treated rats are represented as “Control” group (white columns), and the posi-
tive control group is represented as “AMPA” group (black columns). Each time point
(grey columns) of the glial biomarker expression kinetic after chronic morphine
exposure is represented from Day 5 (immediately after the last injection of mor-
phine) to Day 19. The ratio between Iba1 and DAPI labelled areas is shown in A. The
r
a
d

i
p
e
2

v

atio between CD68 and DAPI labelled areas is shown in B. The ratio between GFAP
nd DAPI labelled areas is shown in C. When relevant, *** indicates the statistical
ifference compared to control with p < 0.001.

n rats (Schwarz and Bilbo, 2013). One could thus hypothesize that
riming parameters may  promote the glial response to morphine

xposure and withdrawal in the real-life situation (Auvity et al.,
016).

A growing area of research suggests a role for microglial cell acti-
ation in controlling opioid tolerance and dependence in patients.
ependence 170 (2017) 43–50 49

We  showed that TSPO PET imaging was  not detectably influenced
by morphine exposure and withdrawal in healthy rats.
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