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ABSTRACT
BACKGROUND: Experiencing traumatic childhood is a risk factor for developing substance use disorder, but the
mechanisms that underlie this relationship have not been determined. Adverse childhood experiences affect the
immune system, and the immune system mediates the effects of psychostimulants. However, whether this system is
involved in the etiology of substance use disorder in individuals who have experienced early life stress is unknown.
METHODS: In this study, we performed a series of ex vivo and in vivo experiments in mice and humans to define the
function of the immune system in the early life stress–induced susceptibility to the neurobehavioral effects of cocaine.
RESULTS: We provide evidence that exposure to social stress at an early age permanently sensitizes the peripheral
(splenocytes) and brain (microglia) immune responses to cocaine inmice. In the brain, microglial activation in the ventral
tegmental area of social-stress mice was associated with functional alterations in dopaminergic neurotransmission, as
measured by whole-cell voltage clamp recordings in dopamine neurons. Notably, preventing immune activation during
the social-stress exposure reverted the effects of dopamine in the ventral tegmental area and the cocaine-induced
behavioral phenotype to control levels. In humans, cocaine modulated toll-like receptor 4–mediated innate
immunity, an effect that was enhanced in those addicted to cocaine who had experienced a difficult childhood.
CONCLUSIONS: Collectively, our findings demonstrate that sensitization to cocaine in early life–stressed individuals
involves brain and peripheral immune responses and that this mechanism is shared between mice and humans.

Keywords: Childhood maltreatment, Cocaine, Dopamine, GW2580, Microglia, Minocycline, Stress, Toll-like receptor 4,
Ventral tegmental area
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A traumatic childhood is a risk factor for developing substance
use disorder (1–4). Compared with individuals who have not
experienced adverse childhood events, adults who have been
subjected to severe childhood maltreatment (CM) are 7- to 10-
fold more likely to report addiction to illicit drugs (5). Childhood
adversity negatively influences all stages of the addiction
process, including the initiation of drug consumption, the
transition to compulsive drug use, and the long-term mainte-
nance of the addicted state (5,6). Owing to the extent of this
clinical phenomenon, the biological mechanisms that underlie
this relationship must be identified.

Adverse childhood experiences can activate the innate im-
mune system and trigger an inflammatory response in humans
(7,8). Because the development of the immune system is not
completed at birth, instead continuing its maturation in
response to postnatal environmental stimulation, it can be
influenced significantly by exposure to psychosocial stress in
childhood. This event can elicit permanent sensitization of the
immune system, resulting in greater responses to psychosocial
and immune challenges later in life (7).
SEE COMMENTARY
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Psychostimulants affect the immune system and alter the
circulating levels of inflammatory cytokines, in turn inducing
cognitive and behavioral changes in rodents (9). These drugs
can function, in part, as proinflammatory stimuli and danger
signals that induce the immune system to produce extreme
neuroinflammatory responses (10). Interestingly, toll-like re-
ceptor 4 (TLR4), a key component of the innate immunity, has
been recently shown to mediate the reinforcing and rewarding
properties of psychostimulants, such as cocaine, in murine
models (11,12).

Based on this evidence, the link between traumatic child-
hood experiences and the susceptibility to substance use
disorder, as mediated by the immune system, must be
examined.

To test the hypothesis that a sensitized immune system
renders CM individuals more susceptible to the effects of
cocaine, several issues must be addressed: 1) Do CM in-
dividuals develop greater immune responses to cocaine in the
periphery and brain? 2) What are the acute effects of early life
stress experiences on the brain immune system? and 3) Are
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these effects responsible for the long-lasting susceptibility to
cocaine?

Based on the largely recognized limitations of clinical
research in answering these questions, we first performed a
preclinical murine study and then conducted a human clinical
study to preliminarily translate the mouse findings.

METHODS AND MATERIALS

Mouse Study

Animals and Stress Procedure. DBA/2J@Ico (Charles
River Laboratories Italia, Calco, Italy) male and female mice
were mated at 12 weeks of age. The social-stress (S-S) pro-
cedure was applied as previously described from postnatal
day (PD) 14 to PD 22 (13) (Figure 1A; Supplement).

Pharmacological Treatments. Minocycline hydrochloride
(M9511; Sigma-Aldrich, Milan, Italy) and GW2580 (S8042;
Selleck Chemicals, Houston, TX) were used to inhibit microglial
activation (more details can be found in the Supplement).

RNA Purification From Leukocyte or Total
Brain. Blood and brains were collected from naïve adult
control and S-S mice, and from S-S and control mice
exposed to the long conditioned place preference (CPP)
protocol (Figure 1A, Supplement). Procedures for collection,
brain dissection, and RNA purification are detailed in the
Supplement.

Gene Expression Microarray and Data Analysis.
Microarray experiments on leukocyte RNA were performed as
previously described (13) and are detailed in the Supplement.

Quantitative Real-Time Reverse Transcriptase-
Polymerase Chain Reaction and Gene Expression
Analysis. Quantitative real-time reverse transcriptase-
polymerase chain reaction was used to evaluate gene
expression levels in total brain RNA samples of S-S and con-
trol mice exposed to the long CPP protocol (Figure 1A) as well
as leukocyte RNA samples of naïve adult S-S and control mice.
The procedure is detailed in the Supplement.

Splenocytes’ Inflammatory Activation and Poly-
chromatic Flow Cytometry. Splenocyte isolation and
Figure 1. Social stress (S-S) in early life alters inflammatory pathways in respon
to 21 and conditioned place preference (CPP) protocol (long) used to measure co
pups were exposed daily to an adult CD1 male mouse for 30 minutes. In the condi
Blood for microarray analysis was collected 6 hours after the extinction test. (B
control (CTR) mice (n = 8 per group) at cocaine withdrawal showed that 847 an
Ontology revealed a significant enrichment in PANTHER (Protein Analysis Thro
cytokine signaling pathway. Twenty-eight genes (marked in red) annotated to this
creation. The other 50 genes here represented are related genes belonging to the
experiment, and others (in red) show significant modulations between CTR and S-
microarray (represented as log intensity values, indicative of messenger RNA abun
Pdgfa, and Itga2b. (C) These genes were differentially expressed between CTR an
2.382, p = .048], Itga2b [Student t11 = 2.290, p = .049], Tollip [Student t11 = 3.063,
transcriptase polymerase chain reaction.
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stimulation, and analysis of cytokine productions, was per-
formed according to Chiurchiù et al. (14) and is detailed in the
Supplement.

Histological Procedures. Procedures for brain collection,
slice preparation, and immunoreactions are detailed in the
Supplement.

Electrophysiological Experiment. Cell-attached and
whole-cell patch clamp recordings were conducted on single
ventral tegmental area (VTA) dopamine (DA) neurons in
midbrain slices according to published procedures (15,16) at
PD 22 (see Supplement).

CPPProtocol. Three-month-old mice were tested in the CPP
protocol as previously described (13,17) (see Supplement).
Human Study

Participants. The clinical sample referred to the Centers for
Substance Abuse Treatment of Rome and Molise and con-
sisted of 38 cocaine-addicted individuals having received a
DSM-5 diagnosis of cocaine use disorder. The control group
included 20 healthy volunteers with absence of current or past
psychiatric disorders as confirmed by diagnostic interview (see
Supplement and Supplemental Table S1).

Human Plasma Collection and RNA Extraction From
Leukocytes. Blood (15 mL) was drawn from all participants
at the end of the clinical assessment. Procedures for collection
of plasma, collection of leukocytes, and RNA purification are
detailed in the Supplement.

Measurement of Plasma Inflammatory Mediators. To
allow the simultaneous detection and quantification of multiple
targets on the same sample, Multiplex Bead-based Luminex
Assay was performed to measure several cytokines (interleukin
[IL]-1b, IL-6, tumor necrosis factor alpha [TNF-a], IL-12) and
other inflammatory mediators (C-X-C motif chemokine
ligand 10, intercellular adhesion molecule 1, matrix metal-
lopeptidase 9) in the plasma obtained from participants. The
multiplex assay was performed according to manufacturer
instructions and read on a Luminex200 analyzer (Luminex
Corp., Austin, TX).
<
se to cocaine in adulthood. (A) S-S protocol applied from postnatal days 14
caine-induced behavior, applied from postnatal days 90 to 120. During S-S,
tioning phase of the CPP, mice were treated with a 5-mg/kg dose of cocaine.
) Microarray analysis of RNAs extracted from blood leukocytes of S-S and
notated genes were differentially expressed between the groups. The Gene
ugh Evolutionary Relationships) inflammation mediated by chemokine and
PANTHER pathway were used as input for the functional association network
same pathway: some of them (in gray) are not differentially expressed in our
S mice. In the pop-up histograms, the expression differences detected by the
dance for any given gene) are provided for the following genes: Tollip, Ptpla,
d S-S mice also in the brain (Ptpla [t11 =22.81, p = .017], Pdgfa [Student t11 =
p = .009]; n = 7 per group). *p , .05, **p , .01, ***p , .001. RT-PCR, reverse
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Quantitative Real-Time Reverse Transcriptase Poly-
merase Chain Reaction and Gene Expression Ana-
lysis. Quantitative reverse transcriptase polymerase chain
reaction was performed as described for the mouse study.
TaqMan primer sets (Applied Biosystems, Waltham, MA) are
provided in the Supplement.

Statistics. All data were checked for normal distribution,
with measures failing Shapiro-Wilk’s test analyzed by
nonparametric procedures. All other parameters were sub-
jected to parametric procedures. Details can be found in the
Supplement.
RESULTS

Mouse Study

S-S in Early Life Alters Inflammatory Pathways in
Response to Cocaine in Adulthood. By exposing mouse
pups to a threatening adult male mouse (S-S), we increased
the susceptibility to cocaine-induced effects (Figure 1A,
Supplemental Figures S1 and S2) (13).

We have recently performed a transcriptome analysis of
blood leukocytes from S-S and control mice exposed to the
long CPP protocol (Figure 1A) (13). A detailed analysis of
differentially expressed genes is described in the Supplement.
PANTHER (Protein Analysis Through Evolutionary Relation-
ships) pathway analysis confirmed a significant enrichment in
genes that are involved in pathways such as the endothelin
signaling pathway and the inflammatory response mediated by
cytokines and chemokines (PANTHER pathway P00031)
(Figure 1B, Supplemental Table S2). To get a sense of
concordance between blood and brain gene expression
modifications, we chose a sublist of 37 genes among the total
number of differentially expressed genes, following inclusive
criteria like higher statistical significance (smallest p value) or
participation in the significantly enriched pathways. We then
=

Figure 2. Social stress (S-S) in early life sensitizes the peripheral and central im
(interferon gamma [IFN-g], interleukin [IL]-2, and tumor necrosis factor alpha [T
nocytes of adult S-S and control (CTR) mice left untreated or stimulated with pho
presence or absence of cocaine (1 mM; two-way analysis of variance [ANOVA]: IFN
.005], TNF-a group effect [F1,30 = 11.404, p = .002]; n = 6 per group). Data w
Morphological correlates of microglia in adult S-S and CTR mice before or after r
molecule 1 (Iba1) immunohistochemistry and confocal microscopy analysis. (E) T
mm 3 200 mm] randomly positioned in five regularly spaced sections) was simi
repeated cocaine injections (daily dose of 5 mg/kg received four times on alternati
group). (F) On the contrary, the soma size of microglial cells was significantly inc
(Kruskal-Wallis ANOVA [H3,263 = 12.050, p = .007]; CTR cells: n = 53, S-S cells:
expression levels (percent increase of Iba1 cocaine-induced expression: this valu
mice after cocaine treatment, from the mean values assessed in mice of the same
mice compared with CTR mice after cocaine exposure (Mann-Whitney test [U = 1
process length and number of intersections are significantly higher in adult S-S m
ANOVA [RM-ANOVA] for intersections, early environment effect [F1,81 = 4.010, p
.031]; RM-ANOVA for length, early environment 3 distance/radius effect [F4,324 =
dendritic complexity was increased in both groups (CTR and S-S) after cocaine t
.001]; RM-ANOVA for intersections, treatment 3 distance/radius effect [F4,324 = 7
.001]; RM-ANOVA for length, treatment 3 distance/radius effect [F4,324 = 10.640,
After cocaine exposure the number of nodes at radius 20 mm was significantly hig
effect 3 distance/radius effect [F4,324 = 3.710, p = .006]; CTR 1 cocaine cells: n =
mm. (E–G) *p , .05, **p , .01, ***p, .001. (H) CTR 1 saline vs. S-S 1 saline: *p,

vs. CTR 1 cocaine: #p , .05, ##p , .01, ###p , .001. SS 1 saline vs. S-S 1 c

Biological Psych
compared their level of expression in total brain RNA extracts
of S-S and control mice. Interestingly, seven of 37 genes were
found differentially expressed also in the brain (Supplemental
Table S3). Among these, four of seven genes, including
protein-tyrosine phosphatase-like member A (Ptpla), platelet-
derived growth factor subunit A (Pdgfa), integrin subunit alpha
2b (Itga2b), and toll interacting protein (Tollip) (Figure 1C), fall
in the inflammatory response mediated by cytokines and
chemokines pathway. Notably, most of the variations be-
tween control and S-S mice detected after cocaine exposure
were not observed before cocaine exposure (Supplement and
Supplemental Table S4).

We next examined whether S-S exposure modifies the pe-
ripheral immune system functioning in the long term. Thus, we
analyzed the ex vivo inflammatory response of activated sple-
nocytes from adult S-S and control mice to cocaine stimulation
in terms of cytokine production. The number of activated cells
that produced the proinflammatory cytokines interferon gamma
(IFN-g) and TNF-a, and to a lesser extent IL-2, was higher when
obtained from S-S mice compared with control mice, and this
difference was amplified by the addition of cocaine to the me-
dium at all different doses used (Figure 2A, Supplemental
Figure S3). Although S-S cells produced significantly higher
amounts of all cytokines upon stimulation with cocaine, this
seemed to be particularly relevant for IFN-g and IL-2 inasmuch
as cocaine alone did not significantly upregulate these two
cytokines in control cells (Figure 2A, Supplemental Figure S3).
Differences in cytokine production were not due to differences
in leukocyte cell numbers (Supplemental Table S5).

We examined microglial activation in the VTA by means of
ionized calcium-binding adapter molecule 1 positive (Iba11)
cells in S-S and control mice in adulthood after repeated saline
or cocaine injections. We found that while the number of Iba11
microglial cells in the VTA between saline S-S and control adult
mice was not altered, a significant increase of the Iba11 cell
number was observed in S-S compared with control mice after
cocaine exposure (Figure 2B, E). Moreover, cocaine produced
mune response to cocaine in adulthood. (A) Intracellular cytokine expression
NF-a]; represented as percent of cytokine-producing cells) from total sple-
rbol myristate acetate (PMA) (100 ng/mL)/ionomycin (1 mM) for 6 hours in the
-g group effect [F1,30 = 22.854, p, .001], IL-2 group effect [F1,30 = 9.377, p =
ere acquired by flow cytometry. *p , .05, **p , .01, ***p , .001. (B–D)
epeated cocaine injections, as revealed by ionized calcium-binding adapter
he number of Iba1-positive cells (labeled cells in a single squared box [200
lar between adult CTR and S-S mice but was increased in S-S mice after
ng days; ANOVA early environment effect [F1,55 = 10.562, p = .002]; n = 4 per
reased in S-S mice compared with CTR before and after cocaine exposure
n = 72; CTR 1 cocaine cells: n = 69, S-S 1 cocaine cells: n = 71). (G) Iba1
e was obtained by subtracting the immunofluorescence value, measured in
group exposed to saline) show a greater increase of Iba1 expression in S-S
760.50, p = .004]). (H) Sholl analysis of microglial processes shows that the
ice compared with CTR mice before cocaine exposure (repeated-measures
= .048]; RM-ANOVA for length, early environment effect [F1,81 = 4.819, p =
2.604, p = .036]; CTR cells: n = 12, S-S cells: n = 17). Microglial process/

reatment (RM-ANOVA for intersections, treatment effect [F1,81 = 23.086, p ,

.552, p , .001]; RM-ANOVA for length, treatment effect [F1,81 = 27.483, p #

p , .001]; RM-ANOVA for nodes, treatment effect [F1,81 = 15.784, p # .001]).
her in S-S mice compared with CTR mice (RM-ANOVA for nodes, treatment
29, S-S 1 cocaine cells: n = 27). (B) Scale bar = 100 mm. (C) Scale bar = 10
.05, ***p , .001. CTR 1 cocaine vs. S-S 1 cocaine: 1p , .05. CTR 1 saline
ocaine; §§p , .01, §§§p , .001. CTR 1 saline vs. SS 1 cocaine; $p , .05.
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Figure 3. Social stress (S-S) causes microglial
activation and reduces dopamine currents in the
ventral tegmental area (VTA) after stress procedure.
(A, B) Morphological correlates of microglial activa-
tion as revealed by ionized calcium-binding adapter
molecule 1 (Iba1) immunohistochemistry and
confocal microscopy analysis. (C, D) The number of
Iba1-positive cells (labeled cells in a single squared
box [200 mm 3 200 mm] randomly positioned in five
regularly spaced sections) and the soma size of
microglial cells (control [CTR] cells: n = 75, S-S cells:
n = 157) were significantly increased in S-S pups
compared with CTR pups at the end of the stress
exposure (at postnatal day [PD] 22), suggesting the
presence of reactive microglia in the former group
(number of cells [t27 = 24.182, p , .001]; soma size,
Mann-Whitney test [U = 4061, p , .001]; n = 4 per
group). (E) Representative traces of outward cur-
rents induced by bath application of dopamine (DA)
(30 mM, 3 minutes), recorded by means of whole-cell
patch clamp recordings (Vh = 260 mV) from CTR
and S-S VTA DA neurons, in midbrain slices (scale
bar = 3 minutes, 50 pA). (F) Mean values of
DA-induced outward currents, expressed as per-
centage of control currents, show lower current
amplitudes in S-S (n = 11 cells) compared with CTR
neurons (n = 13 cells) at PD 22 (t22 = 22.84, p =
.009). (G, H) Morphological correlates of microglial
cells as revealed by Iba1 immunohistochemistry and
confocal microscopy analysis after minocycline
treatment applied during the stress exposure. (I, J)
The number of Iba1-positive cells (labeled cells in a
single squared box [200 mm 3 200 mm] randomly
positioned in five regularly spaced sections) and the
soma size of microglial cells were significantly
decreased in S-S pups treated with minocycline
compared with S-S pups exposed to saline (n = 4
per group), suggesting that the minocycline treat-
ment counteracted the microglial activation induced
by S-S (number of cells after minocycline [t33 =
3.336, p = .002]; soma size, Mann-Whitney test [U =
8471, p , .0486]; S-S 1 saline cells: n = 157; S-S 1
minocycline cells: n = 125). (K) Representative
traces of DA-outward currents (30 mM, 3 minutes;
Vh =260 mV) recorded from S-S1 saline and S-S1
minocycline VTA DA neurons, in midbrain slices
(scale bar = 3 minutes, 50 pA). (L) Mean values of
DA-induced outward currents, expressed as per-
centage of control currents, show that treatment of

S-S mice with minocycline rescues DA-current amplitudes of VTA neurons, in comparison with neurons of S-S 1 saline mice (minocycline [t25 = 2.76, p = .010];
S-S 1 saline cells: n = 15, S-S 1 minocycline cells: n = 12) at PD 22. (M, N) Morphological correlates of microglial cells as revealed by Iba1 immunohisto-
chemistry and confocal microscopy analysis after GW2580 treatment applied during the stress exposure. (O) The number of Iba1-positive cells (labeled cells
in a single squared box [200 mm 3 200 mm length] randomly positioned in five regularly spaced sections; GW2580 [t35 = 2.858, p = .007]), (P) but not the
soma size of microglial cells (S-S 1 vehicle cells: n = 208, S-S 1 GW2580 cells: n = 264), was significantly decreased in S-S pups treated with GW2580
compared with S-S pups exposed to the vehicle (n = 4 per group), suggesting that the GW2580 treatment counteracted the microglial activation induced by
S-S. (Q) Example traces of DA-outward currents (30 mM, 3 minutes; Vh = 260 mV) recorded from S-S 1 vehicle and S-S 1 GW2580 VTA DA neurons in
midbrain slices (scale bar = 3 minutes, 35 pA). (R) Mean values of DA-induced outward currents, expressed as percentage of control currents, show that
treatment of S-S mice with GW2580 rescues DA-current amplitudes of VTA neurons, in comparison with neurons of S-S 1 vehicle mice (GW2580
[t31 = 24.172, p , .001]; S-S 1 vehicle cells: n = 14, S-S 1 GW2580 cells: n = 19) at PD 22. (A, G, M) Scale bars = 100 mm. (B, H, N) Scale bar = 10 mm.
*p , .05, **p , .01, ***p , .001.
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a higher percent increase in Iba1 expression level in S-S mice
compared with control mice (Figure 2G).

On the contrary, the morphology of microglial cells in S-S
mice was already altered under the saline condition, as shown
by the significantly enlarged soma (Figure 2C, F) and altered
ramification (Figure 2D). Specifically, by means of Sholl anal-
ysis we observed that the number of processes (intersections)
910 Biological Psychiatry December 15, 2018; 84:905–916 www.sobp.
and branch length were significantly higher in saline S-S mice
compared with control mice at 20 mm (radius 20 mm) from the
cell soma, whereas these processes were almost completely
absent at 30, 40, and 50 mm from the cell soma (Sholl radii from
30 to 50 mm) in S-S group, suggesting a shrinkage of branches
in this group (Figure 2D, H). Notably, while an effect of cocaine
was not observed on soma size in both groups (Figure 2C, F),
org/journal
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the microglial process/dendritic complexity was instead
increased in both groups after treatment (Figure 2H). This
complexity was even higher in S-S mice, with a significantly
increased number of nodes at 20 mm from the cell soma in this
group compared with control mice after cocaine exposure
(Figure 2H).

S-S Causes Microglial Activation and Reduces DA
Currents in the VTA in Early Life. We then assessed
whether the inflammatory changes observed in adult S-S
microglia were a remnant of an acute inflammatory event that
was induced by the stress experience in early life. We analyzed
the VTA microglial population immediately at the end of the S-S
(PD 22) and noted a change in the number and soma size of
Iba11 cells (Figure 3A–D). In contrast, microglial process length
and ramification degree were unaffected in S-S mice. Microglia
changes were not observed in other brain structures as nucleus
accumbens and hippocampus (Supplemental Figure S4).

Based on the central role of the VTA in providing DA inputs
to most regions of the brain (18–20), we examined the effects
of the microglial activation observed at the end of the S-S on
cell excitability of individual DA neurons. Within the VTA, DA
neurons are autoinhibited by local DA release from their den-
drites and axon collaterals by activating a G protein–gated
inward-rectifier potassium channel 2–mediated (21–24)
hyperpolarizing membrane current.

We examined whether the degree of self-inhibition of lateral
VTA DA neurons was altered in S-S mice (25,26). Using whole-
cell voltage clamp recordings, performed at the end of the
stress procedure (PD 22), we measured the amplitude of the
outward current that developed in response to exogenous DA
application to individual DA neurons in midbrain slices. We
observed lower amplitudes of DA-induced outward currents in
VTA neurons of S-S mice compared with control mice
(Figure 3E, F). No statistically significant difference was
observed in membrane resistance (control mice: 350.71 6 65.7
MU; S-S mice: 274.18 6 29.6 MU) and Ih current at 2120 mV
(control mice: 2162.57 6 29.7; S-S mice: 2115.83 6 19.2)
between S-S and control mice.

To determine whether the reduction of DA-induced outward
currents in S-S DA neurons was due to changes in D2 autor-
eceptor function, we used the selective D2 agonist quinpirole
instead of DA. We found that quinpirole-induced currents were
similar in S-S and control neurons (Supplemental Figure S5),
and the outward currents elicited by baclofen, the selective
agonist of gamma-aminobutyric acid type B receptors also
coupled to G protein–gated inward-rectifier potassium channel
2 channels (23), were not altered.

Pharmacological Prevention of Microglial Activation
During S-S Exposure Restores DA Neurons’ Func-
tional Alteration. To demonstrate the relationship between
microglial activation and the functional impairments in DA
neurons in S-S mice, we prevented the immune system acti-
vation by exposing S-S or control pups to systemic adminis-
tration of minocycline (saline) and GW2580 (vehicle) during the
S-S treatment. Notably, in S-S mice both treatments, in addi-
tion to decreasing the number of Iba11 cells (Figure 3I, O),
restored the neuronal sensitivity to DA, wherein the DA-
induced outward current in VTA DA neurons returned to
Biological Psych
control amplitudes (Figure 3K, L, Q, R). Interestingly, minocy-
cline but not GW2580 produced a reduction in the soma size of
Iba11 cells (Figure 3J, P). In control mice, neither drug affected
the DA-induced outward current despite a significant reduction
in Iba11 cells that was observed after GW2580 administration
(Supplemental Figures S6 and S7).

Pharmacological Prevention of Microglial Activation
During S-S, but Not in Adulthood, Prevents the
Cocaine-Induced Behavioral Effects. We tested
whether the major contribution to the increased susceptibility
to cocaine observed in adult S-S mice (13,27) would be
rendered by the early consequences of immune activation in
young age or by immune activation in adulthood.

Minocycline treatment during S-S (Figure 4A) restored
normal behavior in the CPP protocol in adulthood, as S-S
minocycline-treated mice no longer preferred the cocaine-
paired compartment (Figure 4B). The same treatment did not
produce effect in the CPP protocol in control mice
(Supplemental Figure S8).

In a second experiment, in adult mice, we applied a CPP
protocol (Figure 4C) in which we inactivated microglia during
cocaine conditioning by the systemic administration of
GW2580. This treatment did not affect the preference for the
cocaine-paired compartment, as both S-S and control
GW2580-treated mice significantly preferred the cocaine-
paired compartment (Figure 4D).

Human Study

Increased Levels of Inflammatory Markers in
Cocaine-Abstinent Individuals Exposed to Adverse
Early Life Experiences. To explore the possibility that a
sensitized immune system is associated with the experience
of childhood adversity in individuals with cocaine addiction,
we recruited a population of individuals who received a
diagnosis of cocaine use disorder who were currently
abstinent and under psychotherapeutic treatment. We per-
formed a psychometric evaluation of the exposure to
childhood and/or adolescent maltreatment and measured in
blood leukocytes the transcriptional expression of genes
that are mediators of innate immunity via the TLR4 signaling,
including genes that were found to be significantly modu-
lated in S-S mice during withdrawal (Figure 1B), like TOLLIP
and IL-1 receptor accessory protein (which interacts with toll
interacting protein to mediate the synthesis of proin-
flammatory factors, IL1RAP). The control and clinical sam-
ples did not differ for age or gender ratio. In the cocaine-
addicted individuals, CM and no-CM groups did not differ
in age of first cocaine exposure, lifetime cocaine abuse, and
abstinence from cocaine (Supplemental Table S1).

We observed significantly higher messenger RNA
expression levels of these three genes in cocaine-addicted
individuals compared with control subjects (Figure 5A–C),
suggesting that chronic cocaine use has persistent inflam-
matory effects. However, when the cocaine-dependent
population was categorized by level of exposure to CM,
these differences were driven primarily by the group that
reported exposure to severe maltreatment at an early age
(CM-cocaine) (Figure 5A–C).
iatry December 15, 2018; 84:905–916 www.sobp.org/journal 911
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Figure 4. (A) Conditioned place preference (CPP)
protocol used to test the effect of minocycline
administration during social-stress (S-S) exposure
on cocaine-induced behavior in adulthood. (B) Adult
S-S mice did not show preference for the cocaine-
paired compartment (5 mg/kg) at the CPP protocol
when exposed to minocycline treatment during the
S-S exposure (repeated-measures analysis of vari-
ance in S-S, time effect [F3,15 = 7.242, p = .003];
n = 8 per group). (C) CPP protocol used to test the
effect of GW2580 administration in adult S-S and
control (CTR) mice on cocaine-induced behavior. (D)
GW2580 administration during cocaine conditioning
did not affect the preference for the cocaine-
paired compartment, as both S-S and CTR
GW2580-treated mice significantly preferred the
cocaine-paired compartment, as was expected
(repeated-measures analysis of variance, time effect
[F3,36 = 7.772, p = .001]; n = 7 per group). *p , .05,
**p , .01, ***p , .001.
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The significant contribution of the CM-cocaine group to the
difference in immune system regulation between control sub-
jects and cocaine-addicted individuals was confirmed, based
on the plasma protein levels of downstream TLR4-regulated
inflammatory mediators, including IL-1b, IL-6, TNF-a,
IL-12p70, and intercellular adhesion molecule 1. Consistently,
the plasma levels of these factors were significantly greater in
cocaine-addicted individuals compared with control subjects,
and these levels were the highest in the CM-cocaine group
(Figure 5D–H).
DISCUSSION

The link between an adverse childhood and the susceptibility
to substance use disorder has been widely described. In this
study, we have shown that the immune system mediates this
relationship in mice and humans. In our preclinical mouse
model (13,27), we demonstrated that exposure to psychosocial
stress in early life makes permanent changes in the peripheral
and central immune system, rendering it more sensitive to
912 Biological Psychiatry December 15, 2018; 84:905–916 www.sobp.
immune challenges later in life. Splenocytes from adult S-S
mice develop more extensive responses with regard to cyto-
kine production to phorbol myristate acetate (Sigma-Aldrich,
St. Louis, MO) alone or in combination with cocaine in
adulthood.

Chronic psychosocial stress alters the secretion of proin-
flammatory cytokines, such as TNF-a and IL-6, by in vitro
lipopolysaccharide-stimulated splenocytes (28,29). Notably, in
a recent human study, lymphocytes from adolescents with a
history of maltreatment were shown to produce significantly
more IL-2, IL-4, IFN-g, and IL-17 following in vitro stimulation
(30). These data are consistent and strengthen the model that
early life stress affects the development of the immune system,
sensitizing it to challenges later in life and thus predisposing
individuals to inflammatory disease (7). Here, we tested the
ability of cocaine to potentiate phorbol myristate acetate–
induced immune stimulation in vitro. The effects of cocaine
stimulation on cytokine production are often controversial, as
both proinflammatory (31–33) and immunosuppressive (34)
activities have been reported, likely owing to the disparate
org/journal
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Figure 5. Increased levels of peripheral inflam-
matory markers in cocaine-abstinent individuals
exposed to adverse early life stress experiences.
(A–C) Blood leukocyte messenger RNA expression
level of the toll-like receptor 4 (TLR4), its inhibitory
protein toll interacting protein (TOLLIP), and inter-
leukin (IL)-1 receptor accessory protein (IL1RAP)
genes were upregulated in cocaine-addicted sub-
jects compared with control subjects (blue lines
and asterisks) (TLR4 [t57 = 2.198, p = .032], TOLLIP
[t57 = 4.021, p = .001], IL1RAP [t57 = 4.074, p =
.001]). Furthermore, in the cocaine-addicted group,
the individuals with history of childhood maltreat-
ment (CM-cocaine) (n = 17) showed a higher
expression level of the investigated messenger
RNAs compared with cocaine-addicted subjects
without childhood trauma (NoCM-cocaine) (n = 19),
and control subjects (n = 24; one-way analysis of
variance: TLR4 [F2,53 = 3.368, p = .042], TOLLIP
[F2,53 = 14.387, p = .001], IL1RAP [F2,53 = 10.626,
p = .001]). (D–H) A number of plasma inflammatory
mediators (including IL-1b, IL-6, tumor necrosis
factor alpha [TNF-a], IL-12p70, and intercellular
adhesion molecule 1 [ICAM-1]) regulated by TLR4
(in pg/mL) were significantly higher in cocaine-
addicted subjects compared with control subjects
(blue lines and asterisks) (IL-1b [t31 = 22.435,
p = .021], IL-6 [t31 = 22.881, p = .007], TNF-a
[t31 = 22.068, p = .047], IL-12p70 [t31 = 21.844,
p = .074], ICAM-1 [t31 = 22.207, p = .035]), and
again it was the individuals in the CM-cocaine group
who showed the highest levels of these markers
among the experimental groups (n = 11 per group;
one-way analysis of variance: IL-1b [F2,30 = 5.362,
p = .010], IL-6 [F2,30 = 7.126, p = .003], TNF-a
[F2,30 = 10.555, p = .001], IL-12p70 [F2,30 = 3.677,
p = .037], ICAM-1 [F2,30 = 3.357, p = .048]). *p , .05,
**p , .01, ***p , .001.
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experimental conditions. In our experiment, cocaine effected
TNF-a secretion only in control mice, whereas the release of all
cytokines rose in S-S mice, demonstrating greater sensitivity
of these cells to cocaine. This peripheral alteration represents
an important foundation for the translation of our results to
clinical research, but the possibility that the observed immune
sensitization to a cocaine stimulus enhances the susceptibility
of our mice to the neurobehavioral effects of cocaine must be
examined in the brain.

We analyzed the VTA, an area of the midbrain that supplies
DA-releasing projections throughout the forebrain, which par-
ticipates in the modulation of reward processes and in drug
seeking, and is sensitive to stressors (18,35).

In the brain, the immune system is primarily composed of
microglial cells—highly dynamic and metamorphic cells that can
undergo changes in shape, structure, and gene expression
pattern according to their age, the brain structure in which they
reside, and the state of activation induced by immune stimuli
(36,37).

In the VTA, the microglial morphological alterations in adult
naïve S-S mice consist of soma enlargement, increased process
complexity, and shrinkage of branches—all of which are consis-
tent with a cell primed state (38). In the primed state, microglia are
not inflammatory per se, but rather produce an exaggerated in-
flammatory response if stimulated (39). In our study, while a
Biological Psych
general effect of subchronic cocaine on the microglia ramification
degree was observed in both groups of mice, corroborating
previous findings in mice and humans (40–42), the increased Iba1
expression, and the greater number of nodes close to the soma
observed in the S-S compared with control VTA microglia may
suggest a sensitization to the cocaine stimulus. However, this
possibility needs further investigation.

Stressful events have recently been shown to affect
microglia and induce priming (43). The two-hit hypothesis (44)
proposes that early life stress primes microglial cells to
respond in an inflated way to a subsequent challenge later in
life, increasing the risk of developing a mental illness (43). Our
findings show that exposure to S-S in early life induces lasting
peripheral and brain inflammatory changes that may alter
response to future immune challenges.

Thus, we hypothesize that the S-S experienced by the pups
acts as an immune activator (first episode of immune activa-
tion) that permanently changes the microglia morphology. We
have demonstrated that S-S is the factor that can induce an
inflammatory episode in the VTA. This result expands on pre-
vious findings of long-term proinflammatory effects of early life
psychological stress in other areas of the brain (45,46).

Because the mesocorticolimbic DA system, of which the
VTA is the key component, transits through a critical matura-
tion phase—i.e., maturation of projections to the forebrain
iatry December 15, 2018; 84:905–916 www.sobp.org/journal 913
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(47)—during the periadolescent age, we assume that the im-
mune activation by S-S locally may interfere with this matu-
ration and alters DA neuronal transmission, as observed in
whole-cell voltage clamp experiments. In particular, the
reduction in amplitude of DA-induced outward currents in the
VTA suggests that S-S reduces the degree of DA-mediated
self-inhibition of VTA DA neurons. The responses of DA neu-
rons to DA released in the ventral mesencephalon result from a
complex interplay among D2 autoreceptors, dopamine trans-
porters, and the DA-degrading enzymes monoamine oxidase
and catechol-O-methyltransferase (25,48–50). Of note, we
demonstrated, using quinpirole and baclofen, that the func-
tions of D2 autoreceptor and G protein–gated inward-rectifier
potassium channel 2 channels are not altered in S-S mice.
Therefore, other mechanisms targeted by microglia in S-S
mice might hamper the inhibition of the DA cells caused by DA
(51). Thus, impaired autoinhibition may lead to increased DA
neuron excitability and augmented DA release in target areas,
a recently proposed risk factor for impulsive behavior, hyper-
activity, drug addiction, and vulnerability to relapse (52).

The pharmacological experiments in which we administered
minocycline or GW2580 during S-S demonstrated that the al-
terations in DA neurons in the VTA of S-S mice are mediated by
immune system activation. Minocycline is a tetracycline anti-
biotic that is used to prevent microglial and macrophage
activation (53), and in our experiment it maintained microglia in
a resting state after S-S. However, the mechanism of action of
minocycline lacks specificity; for example, it may affect the gut
microbiome, which could partially contribute to the behavioral
alterations (54). Thus, we replicate the experiment by using
GW2580, a compound that inhibits colony-stimulating factor 1
signaling through specific inhibition of the cFMS kinase (55).
Notably, GW2580 is known to target specifically stimulus-
induced microglia and macrophage proliferation, but unlike
direct inhibitors of the colony-stimulating factor 1 receptor, it
does not produce microglial ablation (55). Nevertheless, in our
hands it produced a reduction in Iba11 cells also in control
mice, likely owing to the young age of microglial targeted cells.
The contribution of brain microglial activation to DA trans-
mission in cocaine abuse has been postulated—inflammatory
cytokines that are secreted by activated microglia decrease
DA synthesis and release through a variety of mechanisms
(51,56). However, developmentally, the mechanisms by which
early stress-activated microglia affect DA neuron function must
be examined further. Moreover, given that the systemic
administration of minocycline or GW2580 affects also macro-
phage response in periphery, our experiment cannot rule out a
contribution of the peripheral immune system.

According to the minocycline experiment, we have identified
an interesting link: early life stress leads to microglial activa-
tion, which induces sensitization to the behavioral effects of
cocaine. Indeed, by blocking S-S–induced microglial activation
by minocycline, adult S-S mice lose their behavioral suscep-
tibility to cocaine-induced effects. On the contrary, the
blockade of microglial activity in adulthood by GW2580 did not
prevent the sensitization to the behavioral effects of cocaine.

We uncovered a critical role of the immune system activa-
tion during early life in modulating the behavioral effects of
cocaine, likely by altering the functionality in the dopaminergic
neurotransmission in the VTA. On the other hand, microglial
914 Biological Psychiatry December 15, 2018; 84:905–916 www.sobp.
alterations in adulthood do not seem to be directly responsible
for the behavioral effects of cocaine. In previous studies we
have shown that a low dose of aspirin administered during
cocaine withdrawal was sufficient to prevent the reinstatement
of cocaine-induced CPP in S-S mice, suggesting that other
mechanisms such as blood clotting and brain vasculature may
contribute to the increased susceptibility of these mice to the
behavioral effects of cocaine (13).

In the clinical study, we found that chronic cocaine use altered
the expression of TLR4-mediated innate immunity, which was
further modulated in the presence of CM. Cocaine alters the
peripheral production of inflammatory mediators in humans
(9,57–59). These findings corroborate and expand earlier data on
altered immune system in individuals who experience CM (7),
demonstrating that an early life stress experience permanently
changes the responsiveness of the peripheral immune system to
a substance of abuse, such as cocaine.

Our findings confirm that the sensitization to cocaine in
early life–stressed individuals involves brain and peripheral
immune responses and that this mechanism is shared between
mice and humans. Our preclinical studies also demonstrate
that the increased immune response alters VTA DA function
and the behavioral effects of cocaine in mice, and implicates
early life stress–induced immune modulation of the DA system
in the brain as an etiological mechanism of cocaine addiction.
An extensive longitudinal clinical study should be performed to
verify whether this alteration is functional in humans.
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