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Adolescence in humans represents a unique developmental time point associated with increased risk-taking behavior and experimenta-
tion with drugs of abuse. We hypothesized that exposure to drugs of abuse during adolescence may increase the risk of addiction in
adulthood. To test this, rats were treated with a subchronic regimen of morphine or saline in adolescence, and their preference for
morphine was examined using conditioned place preference (CPP) and drug-induced reinstatement in adulthood. The initial preference
for morphine did not differ between groups; however, rats treated with morphine during adolescence showed robust reinstatement of
morphine CPP after drug re-exposure in adulthood. This effect was not seen in rats pretreated with a subchronic regimen of morphine as
adults, suggesting that exposure to morphine specifically during adolescence increases the risk of relapse to drug-seeking behavior in
adulthood. We have previously established a role for microglia, the immune cells of the brain, and immune molecules in the risk of
drug-induced reinstatement of morphine CPP. Thus, we examined the role of microglia within the nucleus accumbens of these rats and
determined that rats exposed to morphine during adolescence had a significant increase in Toll-like receptor 4 (TLR4) mRNA and protein
expression specifically on microglia. Morphine binds to TLR4 directly, and this increase in TLR4 was associated with exaggerated
morphine-induced TLR4 signaling and microglial activation in rats previously exposed to morphine during adolescence. These data
suggest that long-term changes in microglial function, caused by adolescent morphine exposure, alter the risk of drug-induced reinstate-
ment in adulthood.

Introduction
The brain continues to undergo developmental changes through-
out adolescence and early adulthood (Spear, 2000). In particular,
brain regions that are necessary for critical thinking and decision
making remain underdeveloped in the adolescent brain relative
to the adult brain (Galvan et al., 2006). As a result, adolescents are
more likely to engage in risk-taking behavior and, in particular,
increased experimentation with drugs of abuse (Baumrind, 1987;
Wills et al., 1994, 1996). Similarly, exposure to drugs of abuse
during adolescence has the potential to impact the development
of the brain and affect life-long behavior. Work from our labora-
tory demonstrates that developmental events can have a lasting
influence on microglia, the primary immune cells in the brain,
including their development and function. This in turn affects
behaviors that are directly impacted by microglial function, in-
cluding addiction, and learning and memory (Bilbo, 2010; Bland

et al., 2010a; Schwarz et al., 2011; Williamson et al., 2011). For
example, we previously determined that increased maternal care
attenuates morphine-induced microglial activation within the
nucleus accumbens (NAcc) in adulthood, which decreases the
risk of the drug-induced reinstatement of drug-seeking behavior
in a model of conditioned place preference (CPP) (Schwarz et al.,
2011). In the current study, we hypothesized that exposure to
drugs of abuse during adolescence may alter the development
and function of microglia and thus increase the risk of drug-
seeking behavior into adulthood. Epidemiological evidence from
humans suggests that adolescents who use drugs of abuse are
more likely to use drugs of abuse in adulthood, although the
potential mechanism underlying this link has not been explored
(Robins and Przybeck, 1985; Simoni-Wastila and Yang, 2006).
The novel results presented here demonstrate that rats exposed to
morphine during adolescence exhibit an increased risk of relapse
to drug-seeking behavior in adulthood caused by long-term
changes in microglial function within the NAcc.

Materials and Methods
General Methods
Subjects. Sprague Dawley rats (32–35 d or 49 –52 d) were obtained from
Harlan and housed in polypropylene cages with ad libitum access to food
and water. The colony was maintained at 22°C on a 12:12 h light-dark
cycle (lights on at 0700 EST). All experiments were performed in males.

Drugs. Morphine sulfate and ibudilast were obtained from the Na-
tional Institute on Drug Abuse Drug Inventory Supply. Minocycline
hydrochloride was obtained from Sigma-Aldrich. Morphine sulfate was
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prepared and is reported as free base concentrations. Ibudilast was dis-
solved in a 35% polyethylene glycol/65% saline solution, warmed to
50°C. Minocycline hydrochloride (25 mg/kg) was dissolved in water for
gavage (2.5 ml/kg). Ibudilast and minocycline are both effective inhibi-
tors of glial proinflammation caused by morphine or an immune chal-
lenge (Schwarz et al., 2011; Williamson et al., 2011); Minocycline was
used in Experiment 1 (see Experiment 1: adolescent subchronic mor-
phine treatment) because ibudilast has slightly mild sedative effects that
make it difficult to test preference but that do not inhibit general cogni-
tive function or learning (Schwarz et al., 2011). Ibudilast, which inhibits
both microglia and astrocytes, was used in Experiment 3 (not in the
context of CPP) based on our previous data using this drug, which indi-
cates that it can effectively block the synthesis of cytokines and chemo-
kines within the NAcc produced by morphine treatment (Schwarz et al.,
2011).

Elevated plus maze. The maze consists of two open arms and two closed
arms (50.8 � 12.7 cm). The closed arms have 45-cm-high black walls,
and the maze is mounted 86 cm off the floor. Rats were placed into the
central start area and allowed to explore the maze for 5 min. The number
of visits to each arm and the time spent in the open arms, closed arms,
and central area were recorded.

Conditioned place preference. An unbiased CPP paradigm was used for
these experiments within a two-chamber shuttle box that is divided into
two equal-sized compartments. One side of the box was white with a grid
floor, and the other side of the box was black with a rod floor (catalog no.
MED-CPP2-RSAT, Med Associates). Activity was measured with auto-
mated data collection using photo beam strips and a computer interface
with Med-PC IV software. On day 1 (d1), rats were placed into the
chamber, alternating the side into which the animal was introduced, and
the time spent in each side of the box was measured for 20 min (pretest).
On d2 and d3, rats had two conditioning sessions: one in the morning
between 8 A.M. and 12 noon and one in the afternoon between 1 P.M.
and 5 P.M. Rats were randomly assigned to be conditioned to morphine
in either the white or black box and during either the morning or after-
noon, counterbalancing this parameter across treatment groups using an
“unbiased assignment procedure” (Cunningham et al., 2006). During
the conditioning sessions, rats were injected alternately with either mor-
phine (see doses for individual experiments below) or saline (1 ml/kg)
and placed into one side of the conditioning chamber with the guillotine
door shut for 45 min. The order of administration was randomized
across treatment groups. On d4, testing occurred between 2 P.M. and 4
P.M. Rats were placed into the chamber, and the time spent in each side
of the box was measured for 20 min (post-test). The CPP score was
determined by subtracting the time spent in the morphine-paired box
during the post-test from the time spent in the morphine-paired box
during the pretest.

Extinction. Rats were placed into the CPP chamber with the guillotine
door open for 5 min sessions, three times per week. After three 5 min
sessions each week, the rats received an extinction test the next day, which
consisted of a 20 min session with the guillotine door open. Time spent in
the morphine-paired box during the pretest was subtracted from the
time spent in the morphine-paired box during each extinction test.

Microglial immunohistochemistry. Postfixed brain hemispheres were
sliced through the NAcc in a 1:5 series at 30 �m (2.28 –1.08 mm from
bregma, according to Paxinos and Watson (2005).

The ionized calcium-binding adaptor molecule (Iba1) protein was
used for the analysis of microglia because it is specific to microglia within
the parenchyma, and its expression is constitutive (Imai et al., 1996).
Sections were stained as previously reported (Bilbo and Tsang, 2010).

Quantification of Iba1 densitometry was achieved from digitized im-
ages of tissue sections (�10) using Scion Image. Sections were captured
and digitized using a Nikon Eclipse 80i microscope and digital camera
(Nikon). Signal pixels of a region of interest were defined as having a gray
value of 3 SDs above the mean gray value of a cell-sparse area close to the
region of interest. The number of pixels and the average gray values above
the set background were then computed for each region of interest and
multiplied, giving an integrated density measurement. One measure-
ment was made for each of 6 different sections per animal for the NAcc

(including core and shell). All 6 values for each NAcc were averaged to
obtain a single integrated density value for each rat.

Quantitative real-time PCR. RNA was isolated from NAcc microdis-
sections using the TRIzol method and was subsequently DNase-treated.
To measure Toll-like receptor 4 (TLR4), CD11b, and GFAP mRNA,
cDNA was synthesized from 150 ng of isolated RNA using the Quanti-
Tect Reverse Transcription Kit from QIAGEN, and gene expression was
measured using quantitative real-time PCR and the in-house designed
primers listed below using the QuantiTect SYBR Green PCR Kit from
QIAGEN following the manufacturer’s protocol. For the analysis of all
other genes, cDNA was synthesized from 500 ng of isolated RNA using
the RT 2 First Strand Kit (catalog no. C-03; SA Biosciences QIAGEN),
and gene expression was measured using quantitative real-time PCR with
stock primers designed to measure 84 genes central to TLR-mediated
signal transduction pathways (SA Biosciences QIAGEN; catalog no.
PARN-018) following the manufacturer’s protocol.

Primer specifications. GAPDH: forward, GTTTGTGATGGGTGT-
GAACC; reverse, TCTTCTGAGTGGCAGTGATG; TLR4: forward, CA-
GAGGAAGAACAAGAAGC; reverse, CCAGATGAACTGTAGCATTC;
CD11b: forward, CTGGGAGATGTGAATGGAG; reverse, ACTGAT-
GCTGGCTACTGATG; GFAP: forward, AGGGACAATCTCACA-
CAGG; reverse, GACTCAACCTTCCTCTCCA.

Quantitative RT-PCR analysis. Threshold amplification cycle number
(Ct) was determined for each reaction within the linear phase of the
amplification plot, and relative gene expression was determined from
GAPDH using the 2 ���CT method.

Microglial isolation. Isolated NAcc and hippocampi (HP) were diced
into small pieces using a sterile razor, transferred into a 2 ml sterile tube
with 1 ml of HBSS (without calcium and magnesium) (Invitrogen), and
spun at 300 � g at room temperature for 2 min. Tissue was then brought
to a single-cell suspension using the Miltenyi Neural Tissue Dissociation
Kit (P) (Miltenyi Biotec) according to the manufacturer’s instructions.
After a final wash in HBSS containing CaCl2 and MgCl2, tissue was incu-
bated with anti-myelin microbeads (Miltenyi Biotec) in MACS buffer
(PBS containing 0.5% BSA and 2 mM EDTA, pH 7.2) for 15 min at 4°C.
Tissue was then washed with 5 ml of MACS buffer and centrifuged at
300 � g at 4°C for 10 min. The tissue was resuspended in 500 �l MACS
buffer and passed through a 70 �m nylon filter onto LD columns (Milte-
nyi Biotec) exposed to a strong magnetic field. The flow through (demy-
elinated cells) and subsequent washes were collected into a 5 ml
polypropylene tube and centrifuged at 300 � g at 4°C for 10 min. The
demyelinated cells were immediately stained for flow cytometric analysis
as follows.

Fluorescence staining and flow cytometry. Demyelinated cells were
washed once in 2 ml PBS supplemented with 0.5% BSA and 2 mM EDTA
(wash buffer), followed by centrifugation at 350 � g for 5 min. The wash
buffer was removed by aspiration and the pellet dispersed by vortexing.
Cells were incubated with 5 �l rat Fc receptor block (CD32; BD Biosci-
ences PharMingen) for 5 min at 4°C. Next, cells were incubated for 20
min at 4°C in the dark with 100 �l of antibody mixture, including
allophycocyanin-conjugated mouse anti-rat CD11b/c (BD Biosciences
PharMingen), diluted 1:1000, and rabbit anti-TLR4 (Cell Signaling
Technology), diluted 1:100. Cells were washed in buffer before being
incubated in 100 �l secondary antibody, phycoerythrin-conjugated don-
key anti-rabbit IgG (eBioscience), diluted 1:500, for 15 min at 4°C in the
dark. The cells were washed and spun down at 350 � g for 5 min and fixed
in 200 �l 1.5% paraformaldehyde before analysis using a FACSCanto II
flow cytometer (BD Biosciences) and FlowJo software (TreeStar). For
each sample, 10,000 events were collected and doublets excluded from
the analysis based on properties of size (forward scatter height and area,
see Fig. 8).

Statistical analysis. A two-tailed Student’s t test (morphine vs saline, �
level � 0.05) or a one-way ANOVA (morphine and ibudilast treatments)
was used to analyze CPP data, as well as subsequent reinstatement data.
Significant overall effects using one-way ANOVA were followed up with
the Tukey’s post hoc test (with p � 0.05) to determine group differences.
Iba1 densitometry was compared using a two-tailed Student’s t test
(morphine vs saline, � level � 0.05). Relative gene expression across
groups was compared using either a two-tailed Student’s t test (morphine
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vs saline, � level � 0.05) or a two-way ANOVA with adolescent treatment
(saline or morphine) and adult treatment (saline and morphine) as fac-
tors (� level � 0.01). A one-tailed t test was used to analyze the fluores-
cent staining intensity of TLR4 protein and CD11b protein after flow
cytometry (� level � 0.05). A two-way within-subjects ANOVA was used
to analyze data from the Elevated Plus Maze. Significant interactions
using a two-way ANOVA were followed up with the Holm-Sidak post hoc
test (with p � 0.05) to determine potential group differences. All data in
graphical form represent the mean � SEM.

Experiment 1: adolescent subchronic morphine treatment
The goal of this experiment was to determine whether exposure to mor-
phine during adolescence alters morphine CPP, extinction, or drug-
induced reinstatement of morphine CPP in adulthood, and if so, whether
markers of microglial function/innate immune signaling are significantly
altered within the NAcc of these rats.

Treatment and CPP. Adolescent rats (�37– 40 d) were randomly
assigned to the following pre-exposure treatment groups: either sub-
chronic morphine or saline twice a day (8 A.M. and 4 P.M.) for 5 d (Fig.
1A). On d1 and d2, the dose of morphine was 4 mg/kg intraperitoneally
(i.p.); and on d3, d4, and d5, each dose of morphine was 8 mg/kg i.p. Rats
were housed in pairs of the same treatment group until behavioral testing
began in adulthood (60 – 63 d). CPP and extinction were performed as
described above (see Conditioned place preference), except that the con-
ditioning dose of morphine in this experiment was 4 mg/kg (i.p.). One rat
showed a strong preference for one side of the box on d1 [the rat spent
more than two-thirds of the total time (800 s) in one side of the box] and
was eliminated from the experiments and replaced with another rat.
Within 48 h after the completion of all behavioral tasks (Fig. 1A), the rats
were killed, and half of the brain was collected for mRNA analysis of

CD11b and TLR4 and the other half of the brain was submersion fixed in
4% paraformaldehyde for 4 d for immunohistochemical detection of
Iba1.

Intraperitoneal versus subcutaneous treatment. In Experiment 1, all
morphine and saline treatments were administered i.p. In subsequent
experiments, all morphine and saline treatments were administered sub-
cutaneously (s.c.) for greater consistency with the literature. When we
changed the route of administration from i.p. to s.c., we performed a set
of experiments which allowed us to determine that morphine CPP pro-
duced by 8 mg/kg i.p. (149.2 � 38.2) was nearly identical to that pro-
duced by 4 mg/kg s.c. (144.7 � 38.6). In addition, the two doses (via
different routes of administration) produce an identical effectiveness and
time course of effectiveness on the hot plate (data not shown), which
suggests that the pharmacokinetics of the two doses is identical. Thus, in
the CPP experiments described in Experiments 2 and 3, even though we
decreased the morphine dose from 8 mg/kg (i.p.) to 4 mg/kg (s.c.), we
obtained similar, if not better, CPP. Importantly, our findings (both
behavioral and molecular) remained consistent regardless of the route
and/or dose of morphine administration.

Experiment 2: adult subchronic morphine treatment
Having determined that exposure to morphine during adolescence in-
creases reinstatement to CPP after re-exposure to morphine in adult-
hood, the goal of this experiment was to determine whether pre-exposure
to morphine in adulthood would similarly increase the likelihood of
drug-induced reinstatement to morphine CPP assessed several weeks
later.

Treatment and CPP. Adult rats (�54 –57 d) were randomly assigned to
the following pre-exposure treatment groups: either morphine or saline
twice a day (8 A.M. and 4 P.M.) for 5 d (Fig. 1B). On d1 and d2, the dose

Figure 1. Timeline of Experiments 1, 2, and 3. A, Rats were treated in adolescence [beginning approximately postnatal day (P) 37– 42] with a subchronic regimen of either saline or morphine.
On P60, rats began CPP for morphine followed by extinction, saline-induced reinstatement, and subsequently drug-induced reinstatement of morphine CPP. Within 48 h after the completion of
behavior, the NAcc was collected for the analysis of CD11b and TLR4 gene expression. B, Rats were treated in adulthood (beginning approximately P54 –P58) with a subchronic regimen of either
saline or morphine. On P90, rats began CPP for morphine followed by extinction, saline-induced reinstatement, and subsequently drug-induced reinstatement of morphine CPP. Within 48 h after
the completion of behavior, the NAcc was collected for the analysis of CD11b and TLR4 gene expression. C, Rats were treated during adolescence (beginning approximately P37–P42) with a
subchronic regimen of either saline or morphine and the glial modulator, ibudilast, or its vehicle. On P60, rats began CPP for morphine followed by extinction, saline-induced reinstatement, and
subsequently drug-induced reinstatement of morphine CPP. Within 48 h after the completion of behavior, the NAcc was collected for the analysis of TLR4 gene expression.
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of morphine was 4 mg/kg s.c.; and on d3, d4,
and d5, each dose of morphine was 8 mg/kg s.c.
Rats were housed in pairs of the same treat-
ment group until behavioral testing began.
CPP began 30 d after the subchronic treatment
began (84 – 87 d). CPP and extinction were
performed as described above (see Condi-
tioned place preference), except that the con-
ditioning dose of morphine in this experiment
was 4 mg/kg s.c. Within 48 h after the comple-
tion of all behavioral tasks, the rats were killed,
and half of the brain was collected for mRNA
analysis of CD11b and TLR4 (Fig. 1B).

Experiment 3: adolescent subchronic
morphine and ibudilast treatment
The goal of this experiment was to determine
whether exposure to morphine during adoles-
cence increases the likelihood of reinstatement
to morphine CPP via an impact on glia.

Treatment and CPP. Adolescent rats
(�37– 40 d) were randomly assigned to the fol-
lowing pre-exposure treatment groups: saline
� vehicle, saline � ibudilast, morphine � ve-
hicle, or morphine � ibudilast. On d1 and d2,
the dose of morphine was 4 mg/kg s.c.; and on
d3, d4, and d5, each dose of morphine was 8
mg/kg s.c. Rats were treated with the afore-
mentioned doses of morphine or saline twice a
day (8 A.M. and 4 P.M.) for 5 d (Fig. 1C).
Thirty minutes before the first treatment each
day, rats received a single dose of either ibudi-
last (7.5 mg/kg, i.p.) or vehicle (1 ml/kg, i.p.).
Rats were housed in pairs of the same treatment group until behavioral
testing began in adulthood (60 d). CPP began 30 d after the first treat-
ment (60 – 63 d). CPP and CPP extinction were performed as described
above (see Conditioned place preference), except that the conditioning
dose of morphine in this experiment was 4 mg/kg s.c. Within 48 h after
the completion of all behavioral tasks, the rats were killed, and the brain
was collected for mRNA analysis of CD11b and TLR4 (Fig. 1C). A second
group of adolescent rats were treated with morphine or saline as de-
scribed in Experiment 1 and treated again in adulthood (P60) with a
single dose of morphine (4 mg/kg, s.c.) or saline 20 min before being
killed to assess the acute TLR signaling and microglial response to mor-
phine within the NAc.

Results
Experiment 1: adolescent subchronic morphine treatment
The goal of this experiment was to determine whether pre-
exposure to morphine during adolescence would increase CPP to
morphine in adulthood and/or increase the risk of drug-induced
reinstatement of morphine CPP after extinction. All rats, regard-
less of adolescent pre-exposure with saline or morphine, showed
a preference for morphine during CPP in adulthood (Fig. 2A,
t(22) � �0.18; p � 0.85). After 4 weeks of extinction, re-exposure
to morphine (8 mg/kg i.p.) elicited strong reinstatement of CPP
only in rats that had been treated with morphine during adoles-
cence (Fig. 2B, t(22) � �1.91; p � 0.03). Injection with saline (1
ml/kg, i.p.) did not cause the reinstatement of morphine CPP
(Fig. 2B).

To test whether attenuating microglial activation at the time of
morphine re-exposure could prevent drug-induced reinstatement,
rats were administered minocycline (25 mg/kg) at 24 h and 30 min
before morphine re-exposure. Minocycline did not block the rein-
statement of morphine CPP in rats previously treated with mor-
phine during adolescence (Fig. 2C, t(15) � �1.84; p � 0.04).

Treatment of adolescent rats with a subchronic regimen of
morphine caused a significant attenuation in weight gain, which
resulted in a significant difference in average weight between
saline- and morphine-treated groups on d4 and d5 of treatment
(Table 1, d4: t(22) � �2.22; p � 0.03; and d5: t(22) � �3.39; p �
0.002). In adulthood, at the time of CPP, there was no longer a
significant difference in weight between the treatment groups
(Table 1, t(22) � 0.34; p � 0.73). Given that anxiety and stress
responsivity can influence addictive behaviors, we tested whether
treatment of adolescent rats would affect general levels of anxiety
in adulthood. We found no significant effect of adolescent treat-
ment on anxiety as determined by the elevated plus maze (treat-
ment � maze arm: F(1,31) � 0.25; p � 0.62; data not shown).

Experiment 2: adult subchronic morphine treatment
Having determined that adolescent morphine exposure increases
the risk of drug-induced reinstatement of morphine CPP in
adulthood, the goal of this experiment was to determine whether
pre-exposure to morphine in adulthood would have a similar
effect on the drug-induced reinstatement of morphine CPP
tested months later. All rats, regardless of adult saline and mor-
phine pre-exposure, exhibited a preference for the morphine-
paired chamber when tested 30 d after pre-exposure (Fig. 3A,
t(22) � �1.38; p � 0.18). After 5 weeks of extinction, treatment
with saline did not cause the reinstatement of morphine CPP
(Fig. 3A). Reexposure to a priming dose of morphine did not
consistently elicit reinstatement of CPP from either group of rats
(Fig. 3B). A closer analysis of the data revealed that approximately
half of the rats show reinstatement of morphine CPP after drug
re-exposure, regardless of the adult pre-exposure condition,
whereas the other half did not. This is in contrast to the previous
experiment wherein rats previously exposed to morphine during
adolescence consistently showed drug-induced reinstatement of

Figure 2. Adolescent morphine pre-exposure increases the long-term risk of drug-induced reinstatement of morphine CPP.
Adolescent rats were treated with a subchronic regimen of morphine or saline (n � 12/group). A, In adulthood, rats from both
treatment groups showed similar levels of morphine CPP; and 3 weeks later, rats showed no preference for the morphine-paired
chamber (Extinguished CPP). B, Injection of the same rats with saline (Saline Reinstatement) did not cause the reinstatement of
morphine CPP; however, re-exposure to morphine (Drug-Induced Reinstatement) caused the reinstatement of morphine CPP only
in rats treated with morphine as adolescents. *p � 0.05, compared with saline-treated rats. C, Pretreatment of both groups with
a microglial inhibitor, minocycline (25 mg/kg), before morphine re-exposure did not prevent the drug-induced reinstatement of
morphine CPP in rats that received morphine as adolescents.
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morphine CPP. The data from these experiments are represented
together in a box plot (Fig. 4).

Treatment of adults with a subchronic regimen of mor-
phine also caused an attenuation in weight gain, resulting in a
significant difference in weight between saline and morphine-
treated groups on d5 of treatment (Table 1, t(22) � 1.82; p �
0.04). At the time of CPP, 30 d later, there was no longer a
significant difference in weight between the treatment groups
(Table 1, t(22) � �0.05; p � 0.96). Treatment of adult rats with
morphine increased general levels of anxiety 30 d later, as
determined by the elevated plus maze (treatment � maze arm:
F(1,47) � 8.52; p � 0.008). Rats treated previously treated with
morphine spent significantly more time in the closed arms of
the maze ( p � 0.004) and less time in the open arms of the
maze ( p � 0.02) than their controls (data not shown); how-
ever, this significant difference in anxiety did not appear to
affect or correlate with the CPP scores (R 2 � 0.0034; p � 0.78)
or drug-induced reinstatement scores (R 2 � 0.469; p � 0.29)
in the same rats.

Experiment 3: adolescent subchronic morphine and
ibudilast treatment
The goal of this experiment was to determine whether the in-
creased risk of drug-induced reinstatement of morphine CPP
that was caused by adolescent pre-exposure to morphine could
be attributed to the activation of glia (both microglia and astro-
cytes) at the time of adolescence, and thus be prevented by atten-
uation of glial activation in adolescence. All treatment groups,
regardless of adolescent pre-exposure, exhibited similar levels of
CPP to morphine (Fig. 5A, F(3,47) � 0.90; p � 0.44). After 5 weeks
of extinction, injection with saline did not result in the reinstate-
ment of morphine CPP in any treatment group (Fig. 5B); how-
ever, as in Experiment 1, re-exposure to morphine (2 mg/kg, s.c.)
resulted in the reinstatement of morphine CPP only in rats that

Table 1. Weights during subchronic treatment paradigms

Day 1 Day 2 Day 3 Day 4 Day 5 CPP

Experiment 1
Adolescent saline 161.5 � 2.2 161.1 � 2.3 177.0 � 2.2 183.6 � 2.5 191.6 � 2.4 331.0 � 5
Adolescent morphine 164.7 � 1.9 166.8 � 2.2 171.6 � 2.3 175.9 � 2.3* 179.6 � 2.4* 328.5 � 5

Experiment 2
Adult saline 247.6 � 2.1 253.8 � 1.1 260.2 � 1.6 266.0 � 1.7 271.3 � 1.7 368.7 � 4.3
Adult morphine 252.1 � 2.2 258.7 � 2.5 264.3 � 2.8 264.6 � 2.8 265.0 � 2.9* 369.1 � 6.4

Experiment 3
Adolescent saline � vehicle 161.8 � 2.5 167.6 � 2.6 176.3 � 2.6 183.1 � 3.1 190.4 � 3.2 432.1 � 10
Adolescent morphine � vehicle 158.8 � 1.4 160.0 � 1.4 163.3 � 1.3* 166.3 � 1.6* 169.5 � 1.7* 433.3 � 10
Adolescent saline � ibudilast 162.6 � 1.8 168.8 � 1.9 175.2 � 1.9 180.9 � 2.0 188.0 � 2.0 408.1 � 34
Adolescent morphine � ibudilast 164.0 � 1.4 164.5 � 1.5 166.5 � 1.9* 168.5 � 1.6* 170.7 � 1.7* 425.6 � 9

Weights (in grams) were taken from each rat every day of the subchronic regimen, before morphine or saline administration, during Experiments 1, 2, and 3. In Experiment 1, subchronic morphine administration in adolescence resulted in
a significant attenuation in weight gain, such that on days 4 and 5 of treatment, morphine-treated rats weighed significantly less than saline-treated controls (*p � 0.05 vs saline-treated controls). In Experiment 2, subchronic morphine
administration in adulthood resulted in a significant attenuation in weight gain, such that on day 5 of treatment, morphine-treated rats weighed significantly less than saline-treated controls (*p � 0.05 vs saline-treated controls). In
Experiment 3, subchronic morphine administration in adolescence resulted in a significant attenuation in weight gain, such that on days 3, 4, and 5 of treatment, morphine-treated rats weighed significantly less than saline-treated controls
(*p � 0.05 vs saline-treated controls). This effect was not prevented by daily pretreatment with the glial modulator, ibudilast.

Figure 3. Adult morphine pre-exposure does not increase the long-term risk of drug-
induced reinstatement of morphine CPP. Adult rats, postnatal day 60, were treated with a
subchronic regimen of morphine or saline (n � 12/group). A, Thirty days later, rats from both
treatment groups showed similar levels of morphine CPP; and 4 weeks later, rats showed no
preference for the morphine-paired chamber (Extinguished CPP). B, Injection of the same rats
with saline (Saline Reinstatement) did not cause the reinstatement of morphine CPP. Re-
exposure to morphine (Drug-Induced Reinstatement) also did not lead to reinstatement of
morphine CPP.

Figure 4. Box plot representation of drug-induced reinstatement scores from rats pre-
exposed to morphine or saline in either adolescence or adulthood. Drug-induced reinstatement
scores from the rats in Experiment 1 and the rats in Experiment 2 were plotted together to show
the median reinstatement scores as well as the upper and lower quartiles for these reinstate-
ment scores. Overall, rats treated with morphine during adolescence showed a significant in-
crease in the reinstatement of morphine CPP compared with their saline controls: p � 0.05. In
contrast, the reinstatement scores from rats pre-exposed to morphine or saline in adulthood
show greater variability, with approximately half of the rats in each group showing reinstate-
ment (CPP score 	100) and half of the rats not showing reinstatement to morphine CPP,
resulting in no significant difference between the treatment groups.
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were treated with morphine as adolescents (Fig. 5B, overall effect:
F(3,46) � 5.38; p � 0.003; one morphine-treated rat was removed
from the analysis as an outlier). Treatment of rats with ibudilast,
which inhibits morphine-induced cytokine and chemokine pro-
duction (Schwarz et al., 2011), in combination with morphine
during adolescence prevented the reinstatement of morphine
CPP months later (p � 0.01, compared with rats treated with
morphine alone during adolescence).

Analysis revealed a significant main effect of subchronic
morphine treatment on average weight by d3, d4, and d5 of the
subchronic adolescent treatment (Table 1, d3: F(3,47) � 9.97; p �
0.001; d4: F(3,47) � 14.99; p � 0.001; d5: F(3,47) � 23.44; p �
0.001). Morphine caused a significant attenuation of weight gain,
such that these morphine-treated rats weighed significantly less
compared with saline-treated rats (p � 0.05). Pretreatment with
ibudilast each did not prevent the attenuation in weight gain
caused by morphine. At the time of CPP, there was no longer a
significant difference in weight between the treatment groups
(Table 1, F(3,47) � 1.05; p � 0.37). Treatment of adolescent rats
with morphine and/or ibudilast did not affect general levels of
anxiety in adulthood as determined by the elevated plus maze
(morphine treatment � ibudilast treatment � maze arm:
F(1,79) � 0.006; p � 0.93; data not shown).

Adolescent morphine pre-exposure, but not adult morphine
pre-exposure, increases TLR4 mRNA expression long-term
within the NAcc
In addition to its classic opioid receptor mechanism, morphine
also activates the innate immune receptor TLR4 via its adaptor
molecule Lymphocyte antigen 96, also known as MD2. This ac-
tivation induces the synthesis of proinflammatory cytokines and
chemokines (Hutchinson et al., 2010, 2012; Schwarz et al., 2011;
Wang et al., 2012). We have previously determined that
morphine-induced cytokine and chemokine production specifi-

cally within the NAcc is required for the drug-induced reinstate-
ment of morphine CPP behavior and that this activation of
microglia can be modulated by early life experience (Schwarz et
al., 2011). Given these data, we hypothesized that adolescent
morphine pre-exposure increases the risk of drug-induced rein-
statement behavior in adulthood via long-term changes in TLR4/
MD2 signaling and thus morphine-induced microglial activation
at the time of CPP.

To test this, we analyzed the expression of TLR4 mRNA in the
NAcc of rats pre-exposed to either morphine or saline in adoles-
cence from Experiment 1. The tissue was collected within 48 h
after the completion of all behavioral tasks. Analysis of these data
revealed a significant increase in TLR4 mRNA expression in rats
that had been treated as adolescents with morphine (Fig. 6A,
t(15) � 2.23; p � 0.04). Analysis of CD11b, an integrin molecule
found on microglia that regulates cell shape, mobility and inflam-
mation, revealed no significant effect of previous adolescent mor-
phine treatment (Fig. 6A, t(15) � �0.95 3; p � 0.33). No
significant difference was observed between groups in the densi-
tometry of Iba1, a protein ubiquitously expressed on microglia,
within the NAcc (t(15) � 0.15; p � 0.61, data not shown). To-
gether, these data indicate that adolescent exposure to morphine
can increase the baseline constitutive expression of TLR4 mRNA
within the NAcc, without producing a long-term baseline change
in CD11b or Iba1 expression, which suggests that, rather than
increased general activation or a change in the number of micro-
glia within the NAcc, adolescent morphine pre-exposure pro-
duces a specific, long-term change in TLR4 expression on
microglia within the NAcc.

Analysis of TLR4 and CD11b expression in the NAcc of the
rats pre-exposed to either morphine or saline in adulthood from
Experiment 2 and collected within 48 h after the completion of all
behavioral testing revealed no significant effect of subchronic
morphine treatment in adulthood (CD11b: t(10) � �1.27; p �
0.23, and TLR4: t(10) � 0.5; p � 0.62; Fig. 6B). We conclude that
subchronic morphine pre-exposure in adulthood does not affect
the constitutive expression of TLR4 or CD11b mRNA within the
NAcc.

Finally, we analyzed the expression of TLR4 within the NAcc
of the rats pre-exposed to either morphine or saline and ibudilast
or its control from Experiment 3 and collected within 48 h after
the completion of all behavioral testing. This analysis revealed a
significant overall effect of adolescent treatment (Fig. 7, F(3,46) �
2.96; p � 0.04). Specifically, morphine treatment increased TLR4
expression within the NAcc compared with all other treatment
groups as previously seen (p � 0.05). This effect was blocked by
pretreatment with ibudilast during adolescence. From these data,
we conclude that attenuating the activation of glia, both micro-
glia and astrocytes, at the time of adolescent morphine exposure
can prevent the long-term increase in the risk of reinstatement to
drug-seeking behavior after drug re-exposure months later.

Adolescent morphine exposure increases TLR4 protein
specifically on microglia from the NAcc into adulthood
Given our consistent finding that morphine exposure during ad-
olescence increases TLR4 mRNA in the NAcc, we sought to de-
termine whether this increase in TLR4 represents an increase in
TLR4 protein and the neural cell type in which this change in
TLR4 expression occurs. Neural cells were collected in adulthood
from the NAcc and the HP (for comparison) of rats treated with
a subchronic regimen of either saline or morphine during ado-
lescence as described in Experiment 1, and stained for CD11b and
TLR4 protein for analysis using flow cytometry. Cells were ini-

Figure 5. Attenuating glial activation with ibudilast during adolescence prevents the in-
creased risk of drug-induced reinstatement in adulthood and the long-term increase in TLR4
expression within the NAcc. Adolescent rats were treated subchronically with either ibudilast
(7.5 mg/kg) or its vehicle along with morphine or saline (n � 12/group). A, In adulthood, rats
from all treatment groups showed similar levels of morphine CPP; and 4 weeks later, rats
showed no preference for the morphine-paired chamber (Extinguished CPP). B, Injection of the
same rats with saline (Saline Reinstatement) did not cause the reinstatement of morphine CPP.
Re-exposure to morphine (Drug-Induced Reinstatement) resulted in the selective reinstate-
ment of morphine CPP in rats treated with morphine as adolescents: *p � 0.05, compared with
all other groups. This effect was prevented by treatment with ibudilast at the time of adolescent
morphine exposure.
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tially gated based on forward and side scatter (Fig. 8A), then
subsequently gated for CD11b� expression (microglia) or
CD11b� expression as well as TLR4� expression or TLR4� ex-
pression after flow cytometry (Fig. 8B). We determined that, on
average, 97.9 � 0.8% of CD11b� cells from the NAcc and 93.4 �
1.52% of the cells from the HP were TLR4�, whereas only
�2.1 � 0.32% of the CD11b� cells from the NAcc and 8.4 �
0.71% of the cells from the HP expressed very low levels of TLR4
staining, not different from unstained controls. These percent-
ages were consistent between rats treated with either morphine or
saline during adolescence.

The median fluorescence intensity (MFI) of TLR4 protein on
CD11b� cells, microglia, collected from the NAcc in adulthood
was significantly greater in rats treated with morphine during

adolescence compared with the CD11b�

cells from rats treated with saline during
adolescence (t(8) � �1.79, p � 0.05; Fig.
8C). In contrast, there were no group dif-
ferences in TLR4 protein on CD11b� cells
collected from the HP, indicating that the
group difference in NAcc is brain region-
specific (t(8) � �1.03, p � 0.33; Fig. 8D).
As expected, we found no significant dif-
ference in the MFI of TLR4 protein on
CD11b� cells collected from the NAcc
(Fig. 8C) or the HP (Fig. 8D) between the
rats previously exposed to morphine or
saline during adolescence. Similar to the
CD11b mRNA findings collected in ear-
lier experiments, we also found no signif-
icant difference in the CD11b MFI
measured from CD11b� cells taken from
the NAcc of rats treated with either saline
(MFI � 2418 � 84.3) or morphine
(MFI � 2652 � 105.8) during adoles-
cence (t(8) � �1.52; p � 0.17, data not
shown). Together, these data indicate that
pre-exposure to morphine during adoles-

cence increases the expression of TLR4 protein, a receptor to
which morphine can bind directly, on microglia specifically
within the mesolimbic reward pathway in adulthood.

Adolescent morphine pre-exposure results in exaggerated
TLR4 signaling and microglial activation after morphine
treatment in adulthood
Given these data, we hypothesized that adolescent morphine pre-
exposure would result in exaggerated activation of TLR4 signal-
ing and glial activation within the NAcc in response to morphine
treatment in adulthood. To test this, we analyzed the mRNA
expression of molecules in the TLR4 signaling pathway and
CD11b in a group of rats that were pre-exposed to a subchronic
regimen of morphine or saline in adolescence (as described in
Experiment 1), and treated again as adults with a single dose of
morphine or saline 20 min before being killed. Fourteen genes
showed a significant overall effect of adult morphine treatment,
including many genes previously determined to be activated by
morphine (Table 2) (Schwarz et al., 2011; Hutchinson et al.,
2012). Specifically, acute adult morphine treatment increased the
mRNA expression of the immediate early gene Jun, mitogen-
activated protein kinase 8 [Mapk8 (or the c-Jun N-terminal ki-
nase, JNK1)], the Mapk8 interacting protein 3 (Mapk8ip3), and
signaling molecules of the nuclear factor�B (NF�b1) complex,
including NF�b, Nf�bib (NF�b inhibitor �), Nfkbil1 (Nf�b
inhibitor-like protein1), Tbk1 (TANK binding kinase 1), and the
astrocyte marker glial fibrillary acidic protein (GFAP). As previ-
ously seen, TLR4 mRNA was the only gene that revealed a signif-
icant main effect of adolescent treatment (Fig. 9, F(1,31) � 5.09;
p � 0.03). Five genes showed a significant interaction between
adolescent morphine pre-exposure and adult morphine treat-
ment, including CD14 (F(1,15) � 8.85; p � 0.01), Myd88 (F(1,15) �
5.15; p � 0.01), NF�b2 (F(1,15) � 7.03; p � 0.01), Map4k4 (F(1,15)

� 7.88; p � 0.01), and CD11b (F(1,31) � 3.90; p � 0.01). Specif-
ically, post hoc analysis of CD14, Myd88, NF�b2, and CD11b
revealed a significant interaction of adolescent and adult treat-
ment, such that only rats treated with morphine as adolescents
and again as adults showed significantly elevated levels of the TLR
signaling molecules and the microglial activation marker com-

Figure 6. Adolescent morphine pre-exposure, but not adult morphine pre-exposure, results in increased TLR4 mRNA expres-
sion within the NAcc in adulthood. A, In the same rats from Experiment 1 that were pre-exposed to morphine or saline in
adolescence, we analyzed the baseline mRNA expression of CD11b and TLR4 within the NAcc 48 h after the completion of all
behavioral tasks. Analysis revealed no significant effect of adolescent morphine pre-exposure on CD11b but a significant increase
in TLR4 mRNA in rats pre-exposed to morphine during adolescence compared with their saline-treated controls: *p � 0.05. B, In
the same rats from Experiment 2 that were pre-exposed to morphine or saline in adulthood, we analyzed the mRNA expression of
CD11b and TLR4 within the NAcc 48 h after the completion of all behavioral tasks and found no significant differences in either
gene.

Figure 7. Attenuating glial activation with ibudilast during adolescence prevents the long-
term increase in TLR4 expression within the NAcc. In the same rats from Experiment 3 collected
within 48 h after the completion of all behavioral tasks, expression of TLR4 mRNA was signifi-
cantly elevated within the NAcc of rats treated with morphine as adolescents: *p � 0.05,
compared with all other groups. This effect was prevented by treatment with ibudilast at the
time of adolescence.
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Figure 8. Adolescent morphine exposure results in increased TLR4 protein expression specifically on microglia from the NAcc. A, Representative dot plots from dissociated neural tissue
of the NAcc represent the gates used to isolate singlets (top) and subsequently cells (bottom). In this particular sample, 46% of all events were identified as singlets; and from that
population, 74% were living cells. B, Dot plots of staining controls (unstained control, CD11b-allophycocyanin alone, TLR4-phycoerythrin alone, and phycoerythrin secondary alone)
following flow cytometry and analysis. Boxes represent gates for CD11b � cells (top right) and TLR4 � cells (bottom left). C, The bar graph represents the MFI of TLR4 staining from distinct
cell populations of NAcc tissue collected in adulthood from rats previously exposed to morphine or saline in adolescence. TLR4 staining was significantly elevated in CD11b � cells from
the NAcc of rats previously exposed to morphine in adolescence ( p � 0.05) but was not significantly different in CD11b � cells (n � 5/group). D, TLR4 staining was not significantly
affected by adolescent morphine treatment in hippocampus of either CD11b � or CD11b � cells from the same rats (n � 5/group).

968 • J. Neurosci., January 16, 2013 • 33(3):961–971 Schwarz and Bilbo • Adolescence, Morphine, Microglia, and Reinstatement



pared with all other treatment groups (Fig. 9, p � 0.05). Analysis
of Map4k4 revealed the exact opposite pattern (Fig. 9, p � 0.05).

Discussion
We demonstrate that rats exposed to morphine during adoles-
cence exhibit an increased risk of reinstatement to drug-seeking
behavior in adulthood, and treatment of rats with morphine dur-
ing adolescence causes a long-lasting increase in the expression of
TLR4 on microglia specifically within the NAcc. TLR4 is an in-
nate immune receptor to which morphine can bind directly
(Hutchinson et al., 2012). Although the activation of TLR4 by
bacteria results in a robust increase in the synthesis of many
cytokines and chemokines, morphine induces the activation of
microglia, resulting in a robust increase in the synthesis of a select
group of cytokines and chemokines within the NAcc, including
interferon-�, CCL25, CCL12, CCL21b, CCL4, and CCL17
(Schwarz et al., 2011). Although the specific function of these
cytokines and chemokines within the NAcc is currently un-
known, we know that their expression specifically within the
NAcc at the time of morphine conditioning is necessary for the
drug-induced reinstatement of morphine CPP months later. Spe-
cifically, the drug-induced reinstatement of morphine CPP can

be blocked by preventing their expression directly within the
NAcc via ibudilast infusion at the time of morphine CPP
(Schwarz et al., 2011). Consistent with these findings, we present
three novel pieces of data related to the risk of drug-induced
reinstatement: (1) rats treated with morphine during adolescence
exhibit increased levels of TLR4 specifically on microglia within
the NAcc and exhibit exaggerated TLR4 signaling and microglial
activation within the NAcc after morphine re-exposure in adult-
hood; (2) rats treated with morphine during adolescence exhibit
an increased risk of drug-induced reinstatement of morphine
CPP in adulthood; and (3) blocking the activation of glia with
ibudilast during morphine treatment in adolescence prevents the
long-term increase in TLR4 expression within the NAcc and pre-
vents the increased risk of drug-induced reinstatement of mor-
phine CPP in adulthood.

Using flow cytometry of rapidly isolated neural tissue, we de-
termined that TLR4 is selectively expressed on microglia from
both the NAcc and the hippocampus. Others report that TLR4 is
also present on astrocytes; however, we found virtually no pro-
tein expression of TLR4 on other cell types rapidly isolated from
these two brain regions. The reports indicating TLR4 expression
on astrocytes and sometimes neurons use either models of disease

Table 2. Genes exhibiting a significant overall effect of morphine treatment in adulthood

Gene Accession no.
Adolescent saline and
adult saline treatment

Adolescent saline and
adult morphine treatment

Adolescent morphine and
adult saline treatment

Adolescent morphine and
adult saline treatment p

Casp8 NM_022277 2.30 � 0.59 3.41 � 0.51 2.31 � 0.45 5.10 � 0.97 0.01
GFAP NM_017009.2 1.44 � 0.12 1.85 � 0.30 1.52 � 0.09 2.06 � 0.19 0.01
Jun NM_021835 1.20 � 0.1 1.66 � 0.15 1.3 � 0.08 1.98 � 0.22 0.002
Mal NM_012798 2.53 � 0.22 1.03 � 0.01 2.7 � 0.24 0.89 � 0.29 0.001
Mapk8 XM_341399 1.14 � 0.05 2.14 � 0.18 1.2 � 0.04 2.03 � 0.29 0.001
Mapk8ip3 NM_001100673 1.08 � 0.04 1.49 � 0.07 1.18 � 0.06 1.7 � 0.21 0.002
Nfkb1 XM_342346 1.10 � 0.09 1.36 � 0.03 1.13 � 0.10 1.59 � 0.17 0.006
Nfkbib NM_030867 1.88 � 0.42 4.75 � 0.71 2.2 � 0.39 4.64 � 0.52 0.001
Nfkbil1 NM_212509 1.46 � 0.13 1.9 � 0.10 1.37 � 0.15 2.46 � 0.30 0.001
Nr2c2 NM_017323 1.53 � 0.03 2.29 � 0.06 1.56 � 0.05 1.81 � 0.28 0.005
Ptgs2 NM_017232 1.29 � 0.15 2.98 � 0.25 1.27 � 0.15 4.26 � 1.24 0.003
Sarm1 NM_001105817 1.11 � 0.08 1.51 � 0.01 1.22 � 0.10 1.91 � 0.23 0.001
Tbk1 NM_001106786 1.20 � 0.09 1.54 � 0.07 1.25 � 0.13 1.72 � 0.17 0.006
Tollip NM_001109668 1.31 � 0.07 1.75 � 0.20 1.31 � 0.13 1.83 � 0.23 0.01

Adolescent rats were pre-exposed to a subchronic regimen of morphine or saline and then treated with a single dose of either morphine (4 mg/kg) or saline in adulthood. This table shows the genes that exhibited a significant overall
effect of adult morphine treatment (two-way ANOVA).

Figure 9. Adolescent morphine pre-exposure increases the activation of the TLR4 signaling pathway and microglia within the NAcc after re-exposure to morphine in adulthood. Adolescent rats
were pre-exposed to a subchronic regimen of morphine or saline and then treated with a single dose of either morphine (4 mg/kg) or saline in adulthood. Analysis of TLR4 mRNA within the NAcc
revealed a significant main effect of adolescent morphine treatment: *p � 0.05, compared with adolescent saline treatment. Analysis of CD14, Myd88, NF�b2, and CD11b revealed a significant
interaction of adolescent morphine treatment and adult morphine treatment, such that only rats treated with morphine at both time points showed significantly elevated levels of each gene within
NAcc: *p � 0.05, compared with all other treatment groups. In contrast, analysis of Map4k4 mRNA revealed a significant decrease in rats treated with morphine at both time points compared with
all other treatment groups.
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or stroke (Saito et al., 2010; Casula et al., 2011; Yoo et al., 2011;
Zurolo et al., 2011), collect tissue from the spinal cord (Saito et
al., 2010), or measure expression in cultured astrocytes (Gorina
et al., 2011; Santos-Galindo et al., 2011), suggesting that TLR4
expression may be specific to microglia, except perhaps in path-
ological or artificial conditions. In our model, we hypothesize
that adolescent morphine pre-exposure increases TLR4 expres-
sion on microglia within the NAcc, which results in exaggerated
activation of the TLR4 signaling pathway (Fig. 9) and exaggerated
activation of microglia (Fig. 9) after morphine treatment in
adulthood. Although these collective data are supportive of our
working hypothesis, the causal experiments that would link ele-
vated TLR4 expression specifically within the NAcc to elevated
reinstatement to drug-seeking behavior remain to be performed.

These long-term changes in microglial function were induced
specifically by morphine exposure in adolescence. Rats exposed
to morphine in adulthood did not exhibit a constitutive increase
in TLR4 expression within the NAcc and did not exhibit an in-
creased risk of drug-induced reinstatement of morphine CPP.
Approximately half of the rats pre-exposed to morphine as adults
showed reinstatement of morphine CPP after morphine re-
exposure, whereas the other half did not (similar to controls); the
majority of rats treated with morphine during adolescence
showed reinstatement of morphine CPP after morphine re-
exposure. Using the same CPP-reinstatement paradigm, we find
that, when rats have not had a pre-exposure condition (i.e., the
rats were not handled significantly or injected before initiating
CPP in adulthood), the majority of rats show robust reinstate-
ment of morphine CPP after drug re-exposure (Schwarz et al.,
2011), suggesting that the handling or injections involved in pre-
exposure, either during adolescence or in adulthood, decrease the
risk of drug-induced reinstatement to morphine CPP. Impor-
tantly, this effect is overshadowed by the significant increase in
the risk of reinstatement caused by pre-exposure to morphine
during adolescence, replicated in Figures 2 and 5. We hypothesize
that this paradigm more accurately represents the human popu-
lation in which not all individuals exposed to drugs of abuse
become addicted, and this paradigm has allowed us to identify a
specific factor (e.g., adolescent exposure to drugs of abuse) that
increases an individual’s risk of addiction and relapse and the
neural mechanisms underlying this increased risk. Together, we
suggest that the adolescent period may be a particularly sensitive
period for changes in TLR4 signaling and microglial function
caused by adolescent morphine use that ultimately results in an
increased risk of reinstatement to drug-seeking behavior.

Pretreatment with ibudilast during adolescence prevents the
constitutive increase in TLR4 expression within the NAcc and
decreases the risk of drug-induced reinstatement to drug-seeking
behavior in adulthood. Although ibudilast inhibits the function
of both microglia and astrocytes, we hypothesize that ibudilast-
induced inhibition of microglia in particular prevents these long-
term changes in the brain and behavior. First, we hypothesize that
morphine activates TLR4 on microglia, initiating an inflamma-
tory response that involves a cascade of cytokine and chemokine
expression potentially derived from both microglia and astro-
cytes (and even neurons), which in turn modulates neural func-
tion and reinstatement behavior. Second, we have previously
shown that events that occur during development can signifi-
cantly influence the developmental trajectory of microglia within
the brain (Schwarz and Bilbo, 2011; Williamson et al., 2011).
Microglia are a long-lived cell population that may reside in the
brain for the life of the animal (Bland et al., 2010b). A single
early-life insult may have an enduring influence on their pheno-

type (Bland et al., 2010a; Williamson et al., 2011). We determined
that adolescent morphine treatment caused a long-term consti-
tutive increase in TLR4 expression on microglia, which may
be the result of epigenetic modifications to the TLR4 gene; how-
ever, the mechanisms underlying this constitutive increase in
TLR4 expression and the mechanism by which ibudilast inhibits
this long-term change in the brain remain to be determined. We
can conclude that microglia within the adolescent brain, partic-
ularly within the NAcc, are more plastic or mutable relative to
microglia within the adult brain, such that activation of glia, ei-
ther microglia or astrocytes, in adolescence can influence cell
function acutely and subsequently have a long-term impact on
TLR4 signaling and microglia function into adulthood.

Minocycline administered at the dose used in Experiment 1
attenuates morphine-induced microglial activation, reward, and
respiratory depression and enhances morphine analgesia
(Hutchinson et al., 2008). Thus, we were initially surprised to
find that attenuating microglial activation with minocycline at
the time of drug-induced reinstatement could not prevent the
reinstatement of drug-seeking behavior in rats treated with mor-
phine as adolescents. However, the lack of effect of minocycline
on immediate preference in the reinstatement experiment is en-
tirely consistent with our previous finding that inhibiting glia
with ibudilast at the time of initial morphine experience does not
impact CPP but does block subsequent reinstatement (Schwarz
et al., 2011). Taken in the context of these previous findings, our
data suggest that minocycline has no effect on the associative
properties of morphine after they are already established. In con-
trast, preventing microglial activation at the time of conditioning
can significantly prevent the risk of reinstatement after morphine
re-exposure weeks later. Thus, although we predict that mor-
phine re-exposure reactivates microglia at the time of reinstate-
ment, and in the case of rats exposed during adolescence this
activation is exaggerated, we think that this microglial activation
has no effect on immediate preference assessed at the time of
morphine reinstatement. Rather, we predict it would inhibit fu-
ture episodes of morphine-induced reinstatement behavior.

Analysis of TLR4 signaling and microglial activation within
the NAcc after morphine treatment of adult rats previously ex-
posed to morphine in adolescence revealed an interesting pat-
tern. Many genes exhibited a selective increase in expression after
adult morphine treatment that was amplified by previous ad-
olescent morphine exposure. Although we do know that
morphine-induced activation of microglia and production of
proinflammatory cytokines and chemokines increase the risk
of drug-induced reinstatement of drug-seeking behavior
months later (Schwarz et al., 2011), the exact mechanisms by
which microglia and their specific immune products lead to
these long-term changes in the neural circuitry underlying
drug-induced reinstatement of CPP are currently unknown.
Further research examining neuronal-glial interactions and
the influence of specific cytokines and chemokines at the time
of morphine conditioning may yield novel insight into the
neural mechanisms underlying drug-seeking behavior after
subsequent re-exposures to morphine.

In conclusion, these data present a novel perspective on the
role of the neuroimmune system in the long-term risk of addic-
tion. Specifically, these data indicate that adolescence may repre-
sent a particularly sensitive period for morphine-induced
alterations in the TLR4 signaling pathway and the function of
microglial cells within the NAcc. This shift in microglial function
can, in turn, increase the risk of negative consequences after drug
treatment later in life, such that these individuals may harbor
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long-term changes in the neural circuitry that promote the cycle
of morphine addiction and relapse.
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