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Abstract

Cocaine addiction is a chronic relapsing disorder characterized by persistent perturbations to an
organism’s homeostatic processes that result in maladaptive drug seeking. Although considerable
attention has been directed at the consequences of neuronal changes following chronic cocaine
taking, few studies have examined the role of microglia, the brain’s resident immune cells,
following chronic cocaine administration. Toll-Like Receptor 4 (TLR4) is a molecular pattern
receptor that recognizes pathogens, danger signals, and xenobiotics and induces proinflammatory
signaling in the central nervous system. TLR4 is generally considered to be expressed primarily by
microglia. Here, we used a rodent model of cocaine addiction to investigate the role of TLR4 in
the ventral tegmental area (VTA) in cocaine seeking. Male Sprague-Dawley rats were trained to
self-administer cocaine in daily 2-h sessions for 15 days. Following self-administration, rats
underwent extinction training and were tested in a drug-primed reinstatement paradigm.
Pharmacological antagonism of TLR4 in the VTA using lipopolysaccharide from the bacterium
Rhodobacter sphaeroides (LPS-RS) significantly reduced cocaine-primed reinstatement of drug
seeking but had no effect on sucrose seeking. TLR4 activation within the VTA using the TLR4
activator, lipopolysaccharide, was sufficient to moderately reinstate cocaine seeking. We also
assessed changes in proinflammatory cytokine expression in the VTA following cocaine self-
administration. Cocaine self-administration increased the expression of mRNA for the
proinflammatory cytokine interleukin-1B, but not tumor necrosis factor alpha, in the VTA.
Pharmacological antagonism of the interleukin-1 receptor in the VTA reduced cocaine-primed
drug seeking. These results are consistent with the hypothesis that chronic cocaine produces
inflammatory signaling that contributes to cocaine seeking.
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Introduction

Cocaine is classically thought to exert its reinforcing effects by blocking the dopamine
transporter and, subsequently, increasing dopamine (DA) to supraphysiological levels in the
mesolimbocortical DA system (Thomsen et al., 2009; Chen et al., 2006). The ventral
tegmental area (VTA)—a midbrain cluster of dopamine-, GABA-, and glutamate-containing
cell bodies that forms part of the mesolimbocortical DA system—functions to update the
motivational state of an organism, implement reward prediction error, and modulate value-
based decision making through dynamic DA release into the nucleus accumbens (NAc)
(Hamid et al., 2016; Steinberg et al., 2013; Saddoris et al., 2015). Chronic cocaine intake
leads to progressive, allostatic neuroadaptations of the VTA and alters the plasticity of both
afferent and efferent neural projections that contribute to cocaine seeking, effects that persist
through periods of prolonged abstinence (Mameli et al., 2009). These neuroadaptations
result in altered VTA dopamine neuron function hypothesized to contribute to binge patterns
of cocaine use (Koob & Kreek, 2007; Siciliano et al., 2015). Additionally, VTA activity
following acute re-exposure to cocaine is necessary for relapselike behavior as evidenced by
pharmacological and optogenetic studies in which inhibition of the VTA prevents drug-
primed cocaine seeking in the rodent self-administration model of cocaine relapse
(McFarland & Kalivas, 2001; Shen et al., 2014; Stefanik et al., 2013). The development of
effective treatments for Cocaine Use Disorder may be facilitated by understanding how VTA
function is dysregulated following chronic cocaine exposure.

Emerging evidence suggests a role of neuroimmune signaling in the progression and
maintenance of substance use disorders (Hutchinson & Watkins, 2014; Lacagnina et al.,
2017). Several drugs of abuse including ethanol, opioids, methamphetamine and cocaine
produce an acute inflammatory response within the brain (Cearley et al., 2011; Frank et al.,
2016; Hutchinson et al., 2010; Wang et al., 2012; Zou & Crews, 2014). Additional evidence
suggests that drugs of abuse also produce chronic neuroinflammation, defined as persistent
and increased proinflammatory cytokine expression within the central nervous system (Little
etal., 2009; Clark et al., 2013; Beardsley and Hauser, 2014). The functional implications of
drug-induced neuroinflammation remain unclear. However, a recent study demonstrates that
neuroinflammation induced by peripheral nerve injury dysregulates dopamine release in
response to cocaine and morphine and may alter the rewarding properties of these drugs
(Taylor et al., 2015). Non-selective reduction of neuroinflammation with the
phosphodiesterase inhibitor ibudilast reduces methamphetamine, opioid, and cocaine
seeking (Beardsley et al., 2010; Schwarz & Bilbo, 2013; Charntikov et al., 2015; Poland et
al., 2016; Snider et al., 2013). These findings converge to provide evidence for a potential
role of neuroimmune signaling in the pathophysiology of drug abuse.

Toll-like receptor 4/MD2 complex (TLR4), a pattern recognition receptor expressed
primarily on microglia in the CNS, has recently become a target of interest for its potential
role in drug abuse (Bachtell et al., 2015). TLR4 confers protective innate immunity by
recognizing immunologic threats, such as xenobiotics, and inducing intracellular signaling
that activates NFxB, a transcription factor responsible for the induction of inflammatory
cytokines such as interleukin-1B (IL-1R), interleukin-6, and tumor necrosis factor alpha
(TNF-a) (Kawai & Akira, 2010). Interestingly, inhibition of NFxB has been demonstrated
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to prevent cocaine conditioned place preference and cocaine induced synaptic plasticity in
the NAc (Russo et al., 2009). Drugs of abuse are exogenous sub-stances that cross the blood
brain barrier and may be recognized as xenobiotics by TLR4 (Hutchinson & Watkins, 2014).
In fact, TLR4 signaling has been implicated in neuroinflammation induced by ethanol,
methamphetamine, heroin, and cocaine (Alfonso-Loeches et al., 2010; Frank et al., 2016;
Hutchinson et al., 2010; Northcutt et al., 2015). Furthermore, there is evidence that TLR4
signaling modulates the acute reinforcing and motivational effects of cocaine, opioids, and
ethanol (Hutchinson et al., 2012; Northcutt et al., 2015; Montesinos et al., 2016; Theberge et
al., 2013; Tanda et al., 2016 and Harris et al., 2017). In light of these findings, we
hypothesized that TLR4 modulation may alter cocaine seeking.

Although previous work has examined the acute reinforcing effects of cocaine following
TLR4 antagonism (Northcutt et al., 2015; Tanda et al., 2016), no studies exist demonstrating
the necessity of TLR4 within the context of the drug-primed reinstatement model of cocaine
relapse. Because the VTA is known to be an essential component of drug-primed relapse and
cocaine induces proinflammatory cytokine expression in the VTA, this area was targeted as a
region of interest. IL-1R, a cytokine upregulated following TLR4 activation, is increased
following acute cocaine exposure and is known to modulate neuronal activity (Cearley et al.,
2011; Northcutt et al., 2015; Viviani et al., 2003). Hence, we examined whether IL-18 is also
regulated following cocaine selfadministration and whether IL-1 signaling in the VTA
contributes to cocaine seeking. Finally, to address conflicting reports regarding the non-
specific, suppressive behavioral effects of TLR4 antagonism (Bajo et al., 2015; Northcutt et
al., 2015; Tanda et al., 2016), reinstatement of sucrose seeking was assessed.

2. Materials & methods

2.1. Animals

2.2. Drugs

Male Sprague-Dawley rats (ENVIGO, Indianapolis, IN) weighing 340-360 g were singly
housed in the animal vivarium at the University of Colorado Boulder. Rats were maintained
on a 12 h light/12 h dark cycle and fed rat chow (ENVIGO, Indianapolis, IN) ad /ibitum
unless otherwise noted. All experiments were conducted during the light cycle. Experiments
were performed in accordance with the guidelines established by the Institutional Animal
Care and Use Committee at the University of Colorado Boulder.

Cocaine hydrochloride was obtained from Sigma-Aldrich (St. Louis, MO) and diluted with
sterile saline (0.9% NaCl) to a concentration of 5 ug/ml. The TLR4 antagonist
lippopolysaccharide from the species Rhodobacter sphaeroides (LPS-RS) was obtained from
Invivogen (San Diego, CA) and administered at its stock concentration of 5 pug/ul.
Lipopolysaccharide was obtained from Sigma-Aldrich (St. Louis, MO) and administered at
concentrations of 10 ng/ml and 20 ng/ml. Interleukin-1 receptor antagonist (Augen,
Thousand Oaks, CA) was diluted in sterile saline (0.9% NaCl) at con-centrations of 10 ug/ul
and 20 pg/ul.
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2.3. Intravenous and intracranial surgeries

Rats were allowed to habituate to their vivarium conditions for at least 7 days prior to
surgery. Rats were anesthetized using 1-3% halothane gas and were implanted with
intravenous catheters (7 cm silastic tubing) into the right jugular vein and 10 mm bilateral
cannulas located 1 mm above the VTA (A/P = -5.6 mm, ML = +/0.8 mm, DV = 8.0 mm, in
relation to bregma) using aseptic surgical technique.

2.4. Intracranial microinjection procedures

Rats received bilateral intracranial microinjections of 0.2 pl every 30 s for 2 min and 30 s
(total volume 1 ml/side) into the VTA (A/P = -5.6 mm, ML = +/0.8 mm, DV = 8.0 mm, in
relation to bregma). Microinjectors projected 1 mm below the cannula. Drugs were diluted
in sterile saline and delivered manually via 5 ml Hamilton glass syringes (Sigma Aldrich, St.
Louis, MO). Cannula placements were verified by post-mortem visual inspection with cresyl
violet staining.

2.5. Cocaine self-administration, extinction, and reinstatement procedures

Self-administration procedures were conducted in operant chambers (Med Associates, St.
Albans, VVT) containing a house light illuminated throughout the session, two retractable
levers (a drug-paired left lever and an inactive right lever), stimulus cue lights above each
lever, and a sound-attenuating fan. Rats were initially trained to press the active lever on a
fixed ratio 1 (FR1) schedule of reinforcement with a criterion of 100 sucrose-paired lever
presses per session. Following sucrose training on the active-lever, rats were implanted with
an intravenous catheter and intracranial cannula. Following surgical recovery, cocaine self-
administration occurred over fifteen 2-h sessions using an FR1 schedule of reinforcement.
Drug-paired lever presses resulted in the 5 s delivery of a 0.5 ug/kg infusion of cocaine in
conjunction with the presentation of a stimulus cue light. Cocaine was delivered
intravenously into the jugular vein via an automated glass syringe pump attached to Tygon
tubing tethered to the rat’s catheter. Drug delivery was followed by a 20 s time-out from
reinforcement period. During this period, the house-light was temporarily off and drug-
paired lever responding resulted in no drug delivery. Following self-administration, rats
received seven 2-h extinction sessions in which drug-paired lever presses no longer resulted
in cocaine or stimulus cue light delivery.

After formerly drug-paired lever pressing was extinguished, rats were tested for
reinstatement of drug-paired lever pressing in a separate 2-h session. Rats received an intra-
VTA microinjection pretreatment followed 5 min later by a drug priming stimulus of 15
na/kg of cocaine (i.p.) and were then immediately placed into the operant chamber for
reinstatement testing. During the reinstatement test, neither cocaine nor drug-paired stimulus
delivery were contingent on lever presses. Drug-paired and inactive lever presses were
recorded and analyzed.

2.6. Sucrose self-administration, extinction, and reinstatement procedures

Rats were food restricted and maintained at a consistent weight (340-360 g) prior to the
commencement of sucrose self-administration (Fig. 2A). Rats self-administered 45 ug
banana-flavored sucrose pellets (Bio-Serv, Flemington, NJ) on a FR1 schedule of
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reinforcement in sound attenuated operant chambers for 2-h daily sessions over 15 days.
Operant chambers contained two retractable levers and a food magazine that delivered
sucrose pellets upon a sucrose-paired lever press. Similar to the cocaine self-administration
procedures, sucrose-paired lever presses resulted in the delivery of a stimulus cue light and a
20 s time-out from reinforcement where sucrose-paired lever responding resulted in no
sucrose pellet delivery. Following self-administration, rats received seven 2-h extinction
sessions in which sucrose-paired lever presses no longer resulted in the delivery of a sucrose
pellet or light stimulus.

Following 7 days of extinction sessions, a sucrose reinstatement procedure was
implemented. Rats received bilateral microinjections in the VTA in an identical manner to
the cocaine reinstatement procedures. During the 1-h reinstatement session, noncontingent
sucrose pellets and a light stimulus were delivered every 2 min, a procedure we have found
to produce robust reinstatement of sucrose seeking. Sucrose-paired lever presses resulted in
neither sucrose nor light delivery. Sucrose-paired lever presses were recorded and analyzed.

2.7. Collection of Tissue and mRNA detection by reverse transcriptase quantitative
polymerase chain reaction (RT-gPCR)

A separate cohort of rats were trained to self-administer cocaine (or saline) and underwent
extinction training as described in Section 2.5. To simulate the reinstatement session, rats
were challenged with either saline or 15 pg/kg cocaine (i.p.), but did not undergo
reinstatement testing in order to control for possible effects of behavioral responding and
environmental cues on mMRNA expression. Two hrs following the challenge, rats were
euthanized with sodium pentobarbital (65 pg/kg) and trans-cardially perfused with ice-cold
saline (0.9% wt./vol. NaCl) for approximately 5 min to ensure that brains were clear of
blood. Brains were then removed, submerged in 2-methylbutane at -20 °C for 1 min, and
stored at 80 °C. VTA circular tissue punches of 0.25 cm in length were taken from 30 pm
sections that were obtained on a cryostat maintained at a temperature of =20 °C. Tissue
punches were stored in 1.5 mL microcentrifuge tubes at =80 °C until RT-gPCR processing.

Tissue isolation, cDNA synthesis, and qPCR procedures were performed according to
published procedures (Frank et al., 2006a, b). Briefly, total RNA was isolated from the tissue
using a standard method phenol:chloroform extraction. Total RNA was reverse transcribed
into cDNA using the SuperScript I First Strand Synthesis System for RT-PCR according to
the manufacturer’s instructions (Invitrogen). Polymerase chain reaction (PCR) amplification
of cDNA was performed in triplicate using the Quantitect SYBR Green PCR Kit (Qiagen,
Valencia, CA, USA) with a MyiQ Single-Color Real Time PCR Detection System (BioRad,
Hercules, CA, USA). The primer sequence for IL-18 mMRNA (Forward: 5’-CCT
TGTGCAAGTGTCTGAAG-3’; Reverse: 5’-GGGCTTGGAAG CAATCCTTA-3’) TNF-a
(Forward: 5’~-CAAGGAGGAGAAGTTCCCA-3’; Reverse: 5’-
TTGGTGGTTTGCTACGACG-3’), NFxBIA (Forward: 5’-C
ACCAACTACAACGGCCACA-3’; Reverse: 5’- GCTCCTGAGCGTTGA CATGA-37),
CD11b (Forward: 5’-CTGGTACATCGAGACTTCTC; Reverse: 5’-
TTGGTCTCTGTCTGAGCCTT-3’), and GFAP (Forward: 5’-AG
ATCCGAGAAACCAGCCTG-3’; Reverse: 5’-CCTTAATGACCTCGC CATCC-3") were
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obtained by using Genbank at the National Center for Biotechnology Information.
Expression was normalized to the housekeeping gene GAPDH (Forward: 5°-
TCTTCCAGGAGCGA GATCCC-3’; Reverse: 5’-TTCAGGTGAGCCCCAGCCTT-3").

2.8. Data analysis

All statistical procedures were performed with GraphPad Prism 5 (San Diego, CA). The
effect of TLR4 antagonism on cocaine-induced reinstatement of drug-paired lever pressing
was analyzed using a 2 x 2 factorial ANOVA with lever (active inactive) and treatment (5 pg
LPS-RS vehicle) as the factors. A 2 x 2 factorial ANOVA was used to determine the effect
of session (extinction reinstatement) and treatment (vehicle 5 ug LPS-RS) on sucrose
seeking. The effect of interleukin 1 receptor antagonist on cocaine-induced reinstatement of
lever pressing was assessed using a 2 x 3 ANOVA analyzing lever (active x inactive) and
treatment (vehicle 10 ug IL1-ra 20 pg IL1-ra) as the factors. The effect of cocaine self-
administration (saline SA x cocaine SA) and acute cocaine (saline cocaine) on mRNA was
examined with a 2 x 2 factorial ANOVA. Post-hoc Bonferroni’s tests controlling for multiple
comparisons were performed to determine the interactive effects for all data analyses.

3. Results

3.1. Pharmacological antagonism of TLR4 in the VTA reduces cocaine seeking but not
sucrose seeking

Rats self-administered cocaine for 15 days of 2-h daily sessions with a mean cocaine intake
of 21.88 ug/kg/day during the last 5 days of self-administration (Fig. 1A). Drug-paired lever
pressing was extinguished over 7 days (Fig. 1B). Cocaine seeking was induced by a cocaine
prime (15 pg/kg, i.p.) preceded by a bilateral microinjection of 5 ug/side of the TLR4
antagonist LPS-RS or vehicle into the VTA. Intra-VTA TLR4 pharmacological antagonism
decreased previously drug-paired lever pressing (Fig. 1C). A 2 x 2 ANOVA revealed a main
effect of LPS-RS treatment (F, g2 = 22.83, p < 0.0001). A main effect of lever was also
found such that subjects pressed the drug-paired lever more frequently than the inactive lever
(F1,62 = 44.74, p < 0.0001). A significant interaction between lever and treatment was found
(F2,62 = 21.33, p < 0.0001). A Bonferroni’s comparison revealed a significant reduction in
drug-paired lever presses following intra-VTA LPS-RS compared to vehicle during
reinstatement testing (t1 = 7.180, p < 0.001). A Bonferroni’s comparison also revealed a
significant increase in drug-paired lever presses in the cocaine treated group compared to the
saline treated group among rats receiving intraVTA vehicle (ty, = 9.773, p < 0.001).

Sucrose seeking was assessed in a separate cohort of rats that were food restricted and
maintained at a consistent weight (340— 360 g) prior to the commencement of sucrose self-
administration (Fig. 2A). Self-administration occurred over 15 days of 2-h daily sessions
with a maximum of 50 pellets per session (Fig. 2B). Sucrose-paired lever pressing was
extinguished over 7 days of training (Fig. 2C). Rats then underwent a reinstatement session
consisting of non-contingent delivery of sucrose pellets and pre-sentation of a previously
conditioned sucrose-paired discrete stim- sucrose seeking (Fig. 2D). A main effect of session
was found such ulus (i.e., a light). In contrast to the effects of VTA TLR4 antagonism that
rats pressed the sucrose-paired lever more during the reinon cocaine seeking, TLR4
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antagonism in the VTA did not reduce statement session than the prior extinction session
(F1 48 = 23.44, p < 0.0001). Post-hoc Bonferroni tests revealed significant differences
between the reinstatement session and the extinction session in both the vehicle group (t;o =
4.271, p <0.001) and the LPS-RS group (t12 = 2.515, p < 0.05) (Fig. 2D). Statistical
significant changes were not observed with either the main effect of LPS-RS treatment (F1 48
= 1.369, p = 0.248) or the interaction between session and treatment (Fq 4 = 2.014, p =
0.162).

3.2. Pharmacological activation of TLR4 in the VTA induces a moderate increase in drug

seeking

The sufficiency of TLR4 activation to induce cocaine seeking was assessed by administering
the TLR4 agonist lipopolysaccharide (LPS) intracranially into the VTA. Rats self-
administered cocaine (0.5 pg/kg/infusion) for 15 days, averaging 20.5 pg/kg/day over the
last 5 days of self-administration (Fig. 3A). Lever pressing was extinguished over 7 days
(Fig. 3B). Rats received bilateral intracranial infusions of vehicle or LPS (10 ng/side or 20
ng/side) into the VTA prior to the reinstatement session and lever responding was recorded
(Fig. 3C). A two-way ANOVA revealed a significant main effect of LPS treatment (F 42 =
5.71, p <0.01) and lever (Fy 42 = 19.04, p < 0.0001). A significant interaction between
treatment and lever was also found (F» 42 = 6.12, p < 0.01). A post hoc test with a
Bonferroni correction revealed a significant increase in cocaine seeking in the group
receiving 20 ng/side LPS and the vehicle group (t14 = 4.514, p < 0.001).

3.3. Cocaine self-administration increases IL-13 mRNA expression in the ventral
tegmental area

Pattern recognition receptors such as TLR4 are primarily expressed on innate immune cells,
such as microglia, raising questions about how TLR4 may contribute to cocaine seeking. We
therefore investigated the expression of proinflammatory cytokines following cocaine self-
administration, extinction and subsequent cocaine challenge that may communicate with
neurons within the VTA. Rats self-administered cocaine or saline for 15 days with an
average of 18.21 pg/kg/day during the last 5 days of self-administration (Fig. 4A). Following
a 2-day abstinence period, rats underwent extinction training and decreased drug-paired
lever pressing across 7 days (Fig. 4B). Rats were then challenged with saline or cocaine (15
ug/kg, i.p.) and sacrificed 2 h later. Tissue was extracted and processed for RT-gPCR
detection of IL-1R, TNF-a, GFAP, and NFxBIA, and CD11 b mRNA (Fig. 4C). A2 x 2
ANOVA did not reveal a significant main effect of acute cocaine administration (15 pg/kg,
i.p.) on RT-gPCR measurement of IL1-B mRNA (Fig. 4C; F 13 = 3.63, p = 0.07). A main
effect of cocaine self-administration history was found such that rats undergoing cocaine
self-administration exhibited elevated levels of IL1-B mRNA expression in the VTA (Fq 13 =
16.75, p = 0.0013). A statistically significant interaction between acute cocaine and cocaine
self-administration was not found (Fq 13 = 0.13, p = 0.726).

A 2 x 2 ANOVA did not reveal an effect of acute cocaine (F1 1g = 0.05, p = 0.815) or
cocaine self-administration history (Fy 1g = 0.13, p = 0.724) on TNF-a (Fig. 4C). A
significant interaction was also not found (Fy 13 = 3.11, p = 0.095).

Brain Behav Immun. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brown et al.

Page 8

Cocaine self-administration increased expression of NFxBIA mRNA (Fig. 4C; Fy 15 =
8.172, p = 0.011), which is induced by and inhibits NFxB. An effect of acute cocaine was
not found, however (F1 16 = 1.511, p = 0.237). A moderate interaction between cocaine self-
administration and acute cocaine on NFxBIA mRNA was also found (Fj 16 = 4.049, p =
0.061). Post-hoc analysis revealed a significant increase in NFxBIA mRNA expression in
the cocaine treated rats with a cocaine self-administration history compared to the saline
treated rats with a saline self-administration history (tg = 3.23, p < 0.05).

Fig. 4C also demonstrates a significant main effect of acute cocaine for the microglia
activation marker CD11b (F1 14 = 16.79, p = 0.001). A main effect of cocaine self-
administration was not found (F1 14 = 0.431, p = 0.522). An interaction between acute
cocaine and cocaine self-administration was found (F1 14 = 8.408, p = 0.012). Post-hoc
Bonferroni’s tests revealed that rats with a cocaine self-administration history that received
acute cocaine had significantly greater expression of CD11b mRNA than rats witha saline
self-administration history that received acute saline (tg = 7.604, p < 0.001), rats with a
saline self-administration history that received acute cocaine (tg = 5.910, p < 0.001), and rats
with a cocaine self-administration history that received acute saline (tg = 9.829, p < 0.001).
Rats with a cocaine self-administration history that received acute saline had a significant
reduction in CD11b mRNA expression compared to saline self-administering rats that
received acute saline (t; = 3.295, p < 0.05) and saline selfadministering rats that received
acute cocaine (tg = 5.221). No difference was found between rats with a saline self-
administration history that received acute saline compared to acute cocaine (t7; = 2.123).

Glial fibrillary acidic protein (GFAP), an intermediate filament protein specific to astrocytes
that is upregulated during reactive gliosis, was found to be increased in the VTA following
cocaine self-administration (Fig. 4C; Fq 14 = 5.75, p = 0.03) an effect that further implicates
chronic cocaine abuse in the alteration of glia phenotype from an inactive to a reactive,
inflammatory state. An effect of acute cocaine (Fq 14 = 0.25, p = 0.62) was not found. An
interaction between acute cocaine and cocaine self-administration was also not found (Fy 14
=0.15, p=0.71).

3.4. Administration of the interleukin-1 receptor antagonist into the VTA attenuates
cocaine seeking

To test the necessity of IL-1R signaling in cocaine seeking, rats self-administered cocaine for
15 days with a mean cocaine intake of 22.49 pg/kg/day over the last 5 days of self-
administration (Fig. 5A). Drug-paired lever presses decreased across 7 days of extinction
training (Fig. 5B). Intra-VTA administration of IL-1ra attenuated cocaine seeking at the
previously drug-paired lever (Fig. 5C). A 2 x 2 ANOVA revealed a significant main effect of
IL1ra treatment (F3 4¢ = 5.10, p < 0.01). A main effect of lever was found such that the
formerly drug-paired lever was pressed more frequently than the inactive lever (Fy 48 =
25.11, p < 0.0001). A significant interaction between treatment and lever was also found
(F3 .48 = 4.36, p < 0.01). Bonferroni’s comparisons revealed a significant increase in
formerly drug-paired lever presses only among rats in the cocaine/vehicle group compared
to those in the vehicle/vehicle groups (t;7 = 5.581, p < 0.001). Furthermore, a significant
reduction in previously drug-paired lever presses between the 10 pg IL-1ra dose and the
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vehicle/cocaine group (t;g = 2.787, p < 0.05) and the 20 pg IL1-ra dose and the vehicle/
cocaine group (t1g = 3.238, p < 0.01) was found. Rats receiving the 10 pg IL-1ra dose
pressed the active lever significantly more than those in the vehicle/vehicle group (tg =
2.341, p < 0.05). However, there was no difference in active lever presses between rats
receiving the IL-1ra 20 pg dose and the vehicle/vehicle treated rats (t; = 1.594, p > 0.05).

4. Discussion

Effective pharmacological targets for the treatment of drug abuse must reduce drug craving
while leaving adaptive, goal-directed behavior intact. TLR4 has become a target of interest
for the treatment of addiction because of its possible involvement in modulating the acute
reinforcing effects of cocaine and opioids by altering activity of the mesolimbocortical DA
system (Hutchinson et al., 2012; Northcutt et al., 2015).

The specific role of the TLR4 system in psychostimulant abuse has come under question in
light of a study by Tanda et al. (2016) in which a wide range of doses of the TLR4
antagonists (+) naltrexone and (+) naloxone reduced cocaine selfadministration only at the
highest tested dose, a dose that also reduced sucrose self-administration. Furthermore, it was
also found that chronic delivery of (+) naltrexone did not have an effect on the incubation of
cue-induced methamphetamine seeking (Theberge et al., 2013). Here, potential non-specific
effects of TLR4 antagonism were addressed by using a site-specific approach where the
TLR4 antagonist, LPS-RS, was directed at the VTA, a brain region necessary for drug-
primed cocaine seeking. Intra-VTA pharmacological antagonism of TLR4 with LPS-RS
reduced drug-primed reinstatement of cocaine seeking but did not alter the reinstatement of
sucrose seeking. These findings are consistent with the hypothesis that the effects of TLR4
antagonism are specific to cocaine-seeking in this model of relapse-like behavior.
Furthermore, the data suggest that there may be differences in the role of TLR4 signaling in
modulating cue-induced psychostimulant craving compared to drug-primed psychostimulant
seeking where drug re-exposure may reactivate TLR4.

Activation of TLR4 with LPS moderately increased cocaine seeking, an effect that
corroborates findings from a previous study demonstrating that TLR4 stimulation in the
VTA significantly increases NAc shell dopamine release, albeit to levels that are much lower
than those found with drugs of abuse (Northcutt et al., 2015). These results are consistent
with the hypothesis that cocaine, but not natural reinforcers, interacts with TLR4 to
modulate VTA dopamine releasing efferent projections and contribute to cocaine seeking.

In addition to pathogen recognition, the TLR4 complex binds chemical patterns of foreign
substances, so-called xenobiotic associated molecular patterns (XAMPs) (Kawai & Akira,
2010). Cocaine could be considered a xenobiotic agent. Indeed, cocaine competitively binds
to MD2 in vitro, and isolated microglia exposed to cocaine increase the expression of
proinflammatory cytokines through toll-receptor family intracellular signaling proteins (Liao
et al., 2016; Northcutt et al., 2016). In vivo cocaine administration in rats increases the
expression of IL-18 mRNA within the brain, an effect that is blocked by TLR4
antagonism(Cearley et al., 2011; Northcutt et al., 2014). Chronic administration of cocaine
at doses similar to those self-administered by rats causes brain capillary lesions and

Brain Behav Immun. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brown et al.

Page 10

extravasation of toxins into the brain, an effect that may exacerbate the neuroinflammatory
state caused by interactions of cocaine with the TLR4 complex (Barroso-Moguel et al.,
1997). Moreover, cocaine results in upregulation of cell adhesion molecules that traffic
peripheral monocytes across the BBB (Yao et al., 2011). Thus, cocaine induced
neuroinflammation may result from multiple sources. It is, nevertheless, likely that acute
cocaine increases in proinflammatory cytokine expression through stimulation of TLR4.

Repeated TLR4 stimulation can lead to a state of chronic proinflammatory signaling
characterized by a reactive, ramified microglia phenotype and increased levels of cytokines,
a phenomenon that has been implicated in a range of neuropsychiatric disorders(Njjar et al.,
2013). Cocaine alters microglia from an inactive, ramified phenotype to a reactive, amoeboid
phenotype, a process that involves the endoplasmic reticulum stress pathway (Guo et al.,
2015). We show that chronic cocaine self-administration increases the expression of IL-18
within the VTA, an effect that persists into abstinence. Our results corroborate a relationship
between chronic inflammation and cocaine abuse found in clinical studies. For instance,
post-mortem analysis of human brains from individuals meeting the criteria for cocaine
dependence reveals microglial and peripheral macrophage activation correlated with
decreased numbers of dopaminergic neurons (Little et al., 2009). Furthermore, plasma levels
of IL-1R and IL-6 are positively correlated with cocaine use disorder symptom severity;
whereas, plasma levels of crack cocaine addicts in acute withdrawal show a positive
relationship between TFN-alpha, IL-6, and IL-1B and withdrawal symptom severity (Araos
et al., 2015; Levandowski et al., 2016; Moreira et al., 2016). Interestingly, the anti-
inflammatory cytokine IL-10 is reduced in the serum of individuals meeting cocaine abuse
criteria (Moreira et al., 2016).

Transcription of IL-1R is enhanced by TLR4 activation and increased in the VTA after a
history of cocaine self-administration. Therefore, we hypothesized that cocaine-induced
TLR4 activation may enhance IL-18 production and release, subsequently activating 1L-1
receptor to modulate cocaine seeking. We found that reducing the availability of IL-1B to
bind to and activate its receptor within the VTA reduced cocaine seeking, an effect that
indicates IL-1R may act as a proximate mediator between microglia-TLR4 signaling and
neuronal activity in cocaine seeking. IL-1R is a neuromodulator in the CNS (Long-Smith et
al., 2010). For instance, IL-1R increases neuronal excitability by facilitating calcium
permeability of glutamatergic NMDA receptors and modulates GABAergic signaling in the
central amygdala (Bajo et al., 2015; Viviani et al., 2003). Deviation from homeostatic levels
of IL-1R disrupts hippocampal long-term potentiation (Avital et al., 2003; Goshen et al.,
2007; Matsumoto et al., 2004). Importantly for reward related behaviors, intra-VTA IL-1ra
also attenuates cocaine-induced elevation of DA in the NAc shell, a result that suggests
IL-1R may increase the excitability of VTA dopamine neurons and perhaps contributes to
cocaine seeking (Northcutt et al., 2015).

Here, we have presented for the first time data implicating TLR4 activation and IL-11
signaling in drug-primed reinstatement model of cocaine relapse. Cocaine self-

administration increases basal levels IL-18 in the VTA, an effect indicative of reactive,
ramified microglia. Intra-VTA blockade of either TLR4 or the IL-1 receptor attenuates
cocaine seeking induced by a cocaine challenge. IL-1R is a neuromodulator that alters
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dopamine signaling in the VTA and appears to contribute to cocaine seeking. These results
remain consistent with the hypothesis that innate immune signaling in the CNS contributes
to the underlying mechanisms of cocaine seeking.
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Intra-VTA TLR4 antagonism reduces drug seeking in the cocaine primed reinstatement
model of relapse. (A) Rats self-administered cocaine (0.5 pg/kg/infusion) during 2-h daily
sessions over 15 days. (B) Rats extinguished formerly drug-paired lever pressing over 7 days
of 2-h daily sessions. (C) The TLR4 antagonist LPS-RS (5 pg/side) or vehicle was
administered bilaterally into the VTA 5 min prior to cocaine administration (15 pg/kg, i.p.)
or saline (0.9% NaCl wt./vol., i.p.). N = 11-13 rats per group. Drug seeking at the previously
drug-paired lever increased in the cocaine/vehicle group compared to the vehicle/vehicle
group (*Bonferroni’s test, p < 0.001). Intra-VTA LPS-RS decreased drug seeking compared
to the cocaine/vehicle group (*Bonferroni’s test, p < 0.001). (D) Cannula placements were

verified by post-mortem visual inspection.
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Fig. 2.

In?ra—VTA TLR4 antagonism does not alter reinstatement of sucrose seeking. (A) Rats were
food restricted and maintained at 340-360 g throughout the experiment. (B) Rats self-
administered sucrose pellets during 2-h daily sessions over 15 days as measured by active
lever responses and sucrose consumption. (C) Rats extinguished lever pressing on the
formerly sucrose-paired lever during 2-h daily sessions over 7 days. (D) LPS-RS (5 pg/side)
was administered bilaterally into the VTA 5 min prior to a sucrose reinstatement session. N
= 11-12 rats per group. Sucrose seeking increased during the reinstatement session
compared to the last extinction session in both the vehicle (*Bonferroni’s test, p < 0.001)
and LPS-RS (*Bonferroni’s test, p < 0.05) treated groups. A significant effect of treatment
was not found between the vehicle and LPS-RS treated groups ("S2-way ANOVA, p =
0.267).
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Fig. 3.
Intra-VTA TL4 activation moderately induces drug-seeking following extinction of cocaine

self-administration. (A) Rats self-administered cocaine (0.5 pg/kg/infusion) during 2-h daily
sessions over 15 days. (B) Rats extinguished formerly drug-paired lever pressing over 7 days
of 2-h daily sessions. (C) Bilateral intra-VTA LPS (20 ng/side) increased cocaine seeking at
the active lever compared to the vehicle treated group. N = 8 rats per group. (*Bonferroni’s
test, p < 0.001). (D) Cannula placements were verified by post-mortem visual inspection.
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(A) Rats self-administered cocaine (0.5 pg/kg/infusion) during 2-h daily sessions over 15
days. (B) Rats extinguished formerly drug-paired lever pressing over 7 days of 2-h daily
sessions. (C) Cocaine self-administration history increased IL-18, NFxB, and GFAP mRNA
expression, but had no effect on TNFa mRNA expression in the VTA. NFkB mRNA
expression was increased by a cocaine challenge only in rats having a history of cocaine
self-administration. N = 3-6 rats per group. CD11 b mRNA expression was greatest in the
cocaine self-administering group that received an acute cocaine challenge. (*p < 0.05;
#Bonferroni’s test, p < 0.05 compared with saline control group.)
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Fig. 5.

Intra-VTA interleukin-1 receptor antagonist reduces drug-seeking behavior in the cocaine-
primed model of relapse. (A) Rats self-administered cocaine (0.5 ug/kg/ infusion) during 2-h
daily sessions over 15 days. (B) Rats extinguished formerly drug-paired lever pressing over
7 days. (C) IL-1ra (10 ng/side and 20 ng/side) or vehicle was administered bilaterally into
the VTA 5 min prior to non-contingent injection of cocaine (15 pg/kg, i.p.) or vehicle (NaCl
0.9%, wt./vol.) N = 4-12 rats per group. Vehicle/cocaine treated rats increased cocaine
seeking compared to the vehicle/vehicle treated group (*Bonferroni’s test, p < 0.001). Intra-
VTA IL-1ra reduced drug-seeking behavior at both the 10 ng/side (*Bonferroni’s test, p <
0.05) and 20 ng/side (*Bonferroni’s test, p < 0.01) doses, although responding following 10
ng/side remained elevated compared with the vehicle/vehicle control group (*Bonferroni’s
test, p < 0.05). (D) Placements were verified by post-mortem visual inspection.

Brain Behav Immun. Author manuscript; available in PMC 2019 January 01.



	Abstract
	Introduction
	Materials & methods
	Animals
	Drugs
	Intravenous and intracranial surgeries
	Intracranial microinjection procedures
	Cocaine self-administration, extinction, and reinstatement procedures
	Sucrose self-administration, extinction, and reinstatement procedures
	Collection of Tissue and mRNA detection by reverse transcriptase quantitative polymerase chain reaction (RT-qPCR)
	Data analysis

	Results
	Pharmacological antagonism of TLR4 in the VTA reduces cocaine seeking but not sucrose seeking
	Pharmacological activation of TLR4 in the VTA induces a moderate increase in drug seeking
	Cocaine self-administration increases IL-1ß mRNA expression in the ventral tegmental area
	Administration of the interleukin-1 receptor antagonist into the VTA attenuates cocaine seeking

	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.

