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Abstract 

Opioid drug abuse represents a serious public health concern with few effective 

therapeutic strategies. A primary goal for researchers modeling substance abuse 

disorders has been the delineation of the biological and environmental factors that shape 

an individual’s susceptibility or resistance to the reinforcing properties of abused 

substances. Early-life environmental conditions are frequently implicated as critical 

mediators for later-life health outcomes, although the cellular and molecular 

mechanisms that underlie these effects have historically been challenging to identify. 

Previous work has shown that a neonatal handling procedure in rats (which promotes 

enriched maternal care) attenuates morphine conditioning, reduces morphine-induced 

glial activation in the nucleus accumbens (NAc), and increases microglial expression of 

the anti-inflammatory cytokine interleukin-10 (IL-10). The experiments described in this 

dissertation were thus designed to address if inflammatory signaling in the NAc may 

underlie the effects of early-life experience on later-life opioid drug-taking. The results 

demonstrate that neonatal handling attenuates intravenous self-administration of the 

opioid remifentanil in a drug concentration-dependent manner. Transcriptional 

profiling of the NAc reveals a suppression of pro-inflammatory cytokine and chemokine 

signaling molecules and an increase in anti-inflammatory IL-10 in handled rats 

following repeated exposure to remifentanil. To directly test the hypothesis that anti-
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inflammatory signaling can alter drug-taking behavior, bilateral intracranial injections of 

plasmid DNA encoding IL-10 (pDNA-IL-10) or control pDNA were delivered into the 

NAc of naïve rats. pDNA-IL-10 treatment reduces remifentanil self-administration in a 

drug concentration-dependent manner, similar to the previous observations in handled 

rats. Additional experiments confirmed that neither handling nor pDNA-IL-10 treatment 

alters operant responding for food or sucrose rewards. These results help define the 

conditions under which ventral striatal neuroimmune signaling may influence 

motivated behaviors for highly reinforcing opioid drugs.  
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1. Introduction  

 Drug abuse remains an intractable and costly disorder (Degenhardt et al., 2013). 

Opioid abuse, in particular the abuse of opioid-based prescription pain medications 

such as OxyContin (oxycodone) and Vicodin (hydrocodone), has recently seen the 

greatest rise in overdose-associated deaths compared to other abused substances, 

increasing four-fold in the past decade (Calcaterra et al., 2013; Case & Deaton, 2015; 

Rudd et al., 2016). Opioid dependence exacts an enormous cost beyond loss of life, both 

in terms of individual suffering as well as the economic burden of treatment and 

incarceration for illegal substance use. Unfortunately, treatment options for opioid 

addiction are limited and frequently unsuccessful, resulting in high rates of relapse. To 

develop better therapeutic strategies to combat this crisis, we must advance our 

understanding of the biological and environmental factors that contribute to the 

pathophysiology of opioid abuse. 

The vast majority of preclinical and clinical research on addiction has focused on 

uncovering the neuronal adaptations that follow exposure to drugs of abuse. Despite 

decades of progress toward understanding the neurobiological consequences of acute 

and repeated drug exposure, the underlying mechanisms of addiction behavior – 

including drug-seeking, drug-taking, and relapse behavior following periods of 

abstinence – still remain unsolved. Although drug-induced alterations in neuronal 

function remain an essential component for prominent theories of drug addiction (Koob 
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& Volkow, 2010; Lüscher, 2016; Robinson & Berridge, 1993; Robison & Nestler, 2011), 

accumulating evidence suggests that they are not the only cells impacted by drugs of 

abuse. Glial cells, including astrocytes and microglia, can also be influenced by exposure 

to abused drugs, and their responses may contribute to the behavioral outcomes 

associated with drug abuse (Coller & Hutchinson, 2012; Miguel-Hidalgo, 2009). Once 

viewed as passive support elements for neurons, it is now clear that glial cells can 

actively regulate many aspects of neuronal function, including neurotransmitter release, 

gene regulation, electrophysiology, dendritic morphology, synaptic connectivity, and 

cell viability (Araque et al., 2014; Eroglu & Barres, 2010; Kettenmann et al., 2013; Salter & 

Beggs, 2014). As the primary immunocompetent sentinels of the central nervous system 

(CNS), microglia in particular are also critical participants in the protection and 

development of the CNS encompassing an astounding diversity of functions, including 

neural development, cell migration, programmed cell death, and regulation of synapse 

maturation and elimination (Bilbo et al., 2012; Chung et al., 2015a; Hanisch & 

Kettenmann, 2007; Schafer et al., 2013). By virtue of their influence on neuronal function, 

one could predict that glial cells may play an important role in the development and 

maintenance of drug addiction (Lacagnina et al., 2016). However, the contribution of 

glial cells to the synaptic and behavioral changes induced by repeated drug exposure is 

largely unknown. In order to understand the potential mechanisms whereby glia and 

their related neuroimmune signaling pathways could influence behaviors associated 
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with drug abuse, a brief discussion of the anatomical organization and prevailing 

conceptual framework of substance abuse is discussed. 

1.1 Drug addiction 

Drug addiction is a complex neuropsychiatric disorder characterized by 

compulsive drug seeking and taking, a loss of control over regulating drug intake, 

continued use despite negative or harmful consequences, and the propensity to relapse 

even following extended periods of abstinence (Koob & Volkow, 2010). From a 

diagnostic standpoint, the term substance abuse disorder was adopted in the Diagnostic 

and Statistical Manual of Mental Disorders and encompasses a range of moderate to severe 

diagnoses based on the number of criteria met (American Psychiatric Association, 2013). 

In the United States, the 2014 prevalence rate of substance abuse disorders (including 

alcohol and illicit substances in individuals aged 12 or older) was 21.5 million people, 

representing approximately 8.1% of the total population (Substance Abuse and Mental 

Health Services Administration, 2014). Among the 7.1 million people suffering with 

drug dependence to an illicit substance, the three most commonly abused substances 

were marijuana, opioid analgesics, and cocaine. Opioid abuse in particular has led to an 

astonishing rise in drug overdose-associated deaths, which peaked in 2014 at 47,055 

deaths per year, equating to nearly 129 deaths each day (Rudd et al., 2016). These 

alarming statistics underscore the urgent need to advance our understanding of the 

biological basis of addiction in an effort to combat these trends. 
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 Patterned neural activity between brain regions coordinates the manifestation of 

motivated behavior toward natural stimuli that promote survival and reproductive 

needs, such as food, water, or a potential mate. While the specifics of these needs vary 

considerably within and across species, they share a common characteristic of eliciting 

purposive behaviors to seek and obtain a particular goal (Sternson, 2013). In a similar 

manner, drugs of abuse exhibit remarkable diversity, differing in terms of chemical 

structure, affinity for various target receptors within the brain and periphery, solubility 

across the blood-brain barrier, metabolism and eventual clearance from the organism. 

Despite these structural and functional differences, drugs of abuse (like natural rewards) 

share a common characteristic of being reinforcing; humans and animals will work to 

acquire and consume these substances, rapidly associating environmental and 

interoceptive cues that predict their availability and increasing the frequency of 

behaviors required to obtain them (Hyman et al., 2006). Repeated exposure to drugs of 

abuse can produce the condition of drug addiction in both human and animal models, 

characterized by compulsive drug-seeking and drug-taking behavior that continues 

despite harmful consequences (Deroche-Gamonet et al., 2004; Koob & Volkow, 2010). 

The basic evidence for a neuronal basis of drug reinforcement is provided, although 

there has been considerable debate regarding the distinct contributions of drug-induced 

adaptions across various brain regions and how these adaptations lead to the 
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maladaptive behavioral responses characteristic of substance abuse (Koob et al., 2004; 

Lüscher, 2016; Robinson & Berridge, 1993; Schultz et al., 1997; Yin et al., 2008). 

1.2 Neurocircuitry of reward 

Most investigations into the pathogenesis of drug addiction and the 

physiological consequences from acute and repeated drug exposure have focused on the 

function and adaptations of dopamine-producing neurons in the ventral midbrain. Two 

anatomical divisions – the ventral tegmental area (VTA) and the substantia nigra pars 

compacta (SNc) – provide dopaminergic innervation throughout the forebrain, 

including the prefrontal cortex (PFC), amygdala, hippocampus, and striatum (Tritsch & 

Sabatini, 2012). Dopaminergic projections from the SNc largely terminate in the dorsal 

striatum (the nigrostriatal pathway), while neurons originating from the VTA send 

projections to the nucleus accumbens (NAc), a component of the ventral striatum, as 

well as the PFC (the mesolimbic and mesocortical pathways, respectively) (Björklund & 

Dunnett, 2007; Oades & Halliday, 1987). The NAc is composed primarily of inhibitory γ- 

aminobutyric acid (GABA)-expressing medium spiny neurons (MSNs) that express 

dopamine 1 (D1)- or D2-type receptors, as well as several classes of interneurons, 

including cholinergic interneurons, somatostatin-positive low-threshold spiking 

interneurons, and parvalbumin-positive fast-spiking GABAergic interneurons (Straub et 

al., 2016). The anatomical organization of the NAc can be divided into the shell and core 

subregions, which are thought to differentially serve behavioral outcomes related to 
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reward learning and action initiation (Ko & Wanat, 2016; Saddoris et al., 2016). Recent 

comprehensive tracing experiments utilizing recombinant rabies viruses confirmed 

overlapping and distinct monosynaptic inputs to the VTA and the SNc (Watabe-Uchida 

et al., 2012). The most abundant input came from the striatum, with SNc receiving a 

greater proportion from dorsal and lateral structures, while VTA receives more input 

from ventral striatum. This pattern of afferent input reflects the previously established 

efferent output of these midbrain regions and highlights the reciprocal pattern of 

influence between midbrain and striatal regions. 

There are remarkably few dopamine-producing cells in these midbrain regions; 

in the rat, the SNc and VTA each contain about 20,000 neurons positively stained for 

tyrosine hydroxylase (TH), a rate-limiting enzyme necessary for the biosynthesis of 

dopamine and other catecholamines (German & Manaye, 1993). Despite their small 

numbers, anatomical tracing of nigrostriatal and mesocorticolimbic pathways 

demonstrate unique and extensive axonal branching (Ikemoto, 2007; Matsuda et al., 

2009; Prensa & Parent, 2001). Based on these anatomical and connectivity characteristics, 

it was reasonably presumed that dopaminergic transmission must have wide-reaching 

implications for modulating neural activity across multiple brain regions and 

coordinating their respective behavioral outputs (Glimcher, 2011; Tritsch & Sabatini, 

2012). This conceptual framework for dopaminergic neuromodulation as critical for 
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shaping flexible circuit representations has been largely confirmed both in mammalian 

models as well as in Drosophila (Cohn et al., 2015). 

Initial insight into the functional consequence of dopaminergic transmission in 

the context of reward was strongly influenced by experiments of intracranial self-

stimulation (Olds & Milner, 1954). Rats with electrodes implanted in certain locations, 

including fibers of passage for the mesocorticolimbic pathway, would exert 

extraordinary effort in order to receive electrical stimulation (Crow, 1972; Olds, 1958). In 

addition, fast-scan cyclic voltammetry, which can resolve fluctuations in extracellular 

dopamine levels at the subsecond scale, have largely confirmed that drugs of abuse 

increase the amplitude of phasic dopamine release in the NAc (Phillips et al., 2003; 

Vander Weele et al., 2014). Despite their diverse mechanisms of actions, acute 

administration of different classes of commonly abused substances (including 

morphine) also result in remarkably similar adaptations to the ratio of AMPA- to 

NMDA-mediated excitatory post-synaptic currents on VTA neurons, suggesting a 

convergent mechanism of action involving plasticity of glutamatergic signaling at 

midbrain neurons (Saal et al., 2003). Taken together, these results suggest that 

dopaminergic and glutamatergic transmission in response to drug administration may 

be a common neurobiological substrate that may account for the overwhelmingly 

reinforcing properties of various abused substances. 
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Although the dynamics of mesocorticolimbic dopamine release are important for 

certain aspects of reinforcement learning, it is clear that dopamine is not always 

necessary for the development of reward-like behavior (Salamone & Correa, 2012). For 

instance, transgenic mice incapable of producing dopamine still exhibit preference for 

sweetened sucrose solution over water (Cannon & Palmiter, 2003) and develop 

conditioned place preference for a morphine-paired chamber (Hnasko et al., 2005). There 

are some caveats to the validity of this transgenic method (e.g. the mice must be treated 

daily with L-DOPA to survive and given caffeine to overcome hypoactivity), but these 

experiments and others indicate that non-dopaminergic molecular mechanisms may also 

mediate reinforcement learning. 

There are multiple, non-mutually exclusive explanations for why researchers 

have faced challenges in unraveling the neurocircuitry involved in addiction. For one, 

the composition of cells within the midbrain reward system are more complex than 

originally presumed (Lammel et al., 2014; Lammel et al., 2012). Neurons within the VTA 

are not identical in the synaptic input they receive, nor do they project to identical 

targets (Beier et al., 2015). In addition, VTA neurons may release more than just 

dopamine, often co-releasing glutamate and GABA simultaneously (Hnasko et al., 2010; 

Root et al., 2014; Tritsch et al., 2012), which complicates the characterization of 

postsynaptic effects. For instance, optogenetic control of glutamatergic neurons 

projecting from the VTA to GABAergic parvalbumin-expressing interneurons of the 
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NAc was recently identified as a novel pathway for driving aversion behavior in mice 

(Qi et al., 2016). Moreover, there is still controversy regarding the specificity of VTA-

striatal projections for modulating reinforcement behavior, as dopaminergic projections 

from the SNc may also direct motivated behavior (Ilango et al., 2014; Rossi et al., 2013). 

Rapid dopamine signaling into the dorsal striatum additionally represents movement 

and action selection separable from reward signaling (Howe & Dombeck, 2016; Parker et 

al., 2016), and dopamine release into the NAc core of rats can be related to initiation of 

correct goal-directed actions (Syed et al., 2016). In sum, while the mesoaccumbens 

pathway is likely an important neural substrate for the generation of motivated 

behaviors, its characterization is likely insufficient to elucidate the ontogeny of 

pathological substance abuse. These results further define the complexity of midbrain 

dopamine signaling for modulating behavioral outcomes and underscore the 

importance that genetically-defined and pathway-specific manipulations and 

measurements can play in unraveling the heterogeneity of dopamine contributions to 

behavior under normal and pathological conditions. 

In order to understand how reward and reinforcement is encoded in the brain, 

we need to understand the pathways and the participants – that is, understanding the 

detailed neuronal circuitry, but also characterizing which cell types can contribute to a 

given behavioral outcome. To this end, there is a growing appreciation that glia and 

non-neuronal cells can be key participants in a wide array of cognitive and behavioral 
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functions. The following sections serve as an entry point to discussing the origin and 

function of microglia, the mechanisms that impact glial-neuroimmune signaling, and the 

consequent impact these functions may have on reward behavior and drug abuse 

liability. 

1.3 Microglia 

1.3.1 Developmental origins 

Microglia have long been considered the resident immune cells of the brain and 

spinal cord, sharing many functional characteristics with circulating and tissue-specific 

macrophages of myeloid origin (del Río-Hortega, 1932; Thomas, 1992). Similar to other 

macrophages, the plasma membrane of microglia is replete with a tremendous diversity 

of receptors for mounting stimulus-specific responses against a variety of insults, such 

as invading pathogens, signs of injury or cellular death, and misfolded or aggregated 

proteins (Hanisch & Kettenmann, 2007; Lucin & Wyss-Coray, 2009; Ransohoff & Perry, 

2009). Indeed, pioneering immunohistochemical analyses identified several classes of 

macrophage markers similarly expressed by embryonic and adult murine microglia, 

including F4/80, Fcγ receptors, and macrophage-1 antigen (Mac-1), also known as 

complement receptor 3 (CR3) or CD11b/CD18 (Perry et al., 1985). Microglial responses to 

ligand-receptor binding also share similarities to activated macrophages, including 

cytoskeletal reorganization, directed migration, phagocytosis, targeted gene 

transcription, and secretion of cytokines, chemokines, and/or reactive oxygen and 
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nitrogen species (Biber et al., 2007; Block et al., 2007). Based on these observations, it was 

commonly presumed that microglia were ontogenetically similar to other mononuclear 

phagocytes, arising from the mesodermal layer during embryonic development as 

opposed to the neuroectodermal origin of neurons, astrocytes, and oligodendrocytes 

(Hickey et al., 1992; Kreutzberg, 1996). Although microglia share many overlapping 

characteristics with other phagocytes, several fate mapping analyses have determined 

that microglia, while still mesodermal in origin, are a unique population of cells that 

develop differently from macrophages of the blood or other resident populations 

(Ginhoux et al., 2010; Kierdorf et al., 2013; Schulz et al., 2012; Yona et al., 2013). 

Neuroimmunologists have faced many challenges in their attempts to 

characterize the origin and development of microglia (Geissmann et al., 2010; Ransohoff 

& Cardona, 2010). While microglia reside in the brain parenchyma, there are several 

other classes of myeloid cells that contribute to immune regulation of the CNS, 

including meningeal macrophages, perivascular macrophages, choroid plexus 

macrophages, and low-levels of dendritic cells (Prinz & Priller, 2014). Classification of 

these cell types is often ambiguous but is improved by a combinatorial description of its 

tissue location, phenotype (e.g. cell-surface markers or transcriptional profile), 

functional properties, and its developmental lineage (Ransohoff & Cardona, 2010). In 

addition to the functional and phenotypic homology between microglia and 

macrophages discussed above, investigations into their shared transcriptional regulation 
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have identified a critical role for PU.1 (also known as Sfpi), a transcription factor 

expressed exclusively in cells of hematopoietic origin, including macrophages, 

neutrophils, mast cells, B and T cells, and hematopoietic stem cells (Walton et al., 2000). 

Targeted gene disruption of PU.1 (Pu.1–/– mice) completely prevents the detection of 

microglia in the CNS of neonatal and adult mice, which suggests that microglia may 

originate from hematopoietic stem cells (Beers et al., 2006; McKercher et al., 1996). 

Despite these similarities, hematopoietic stem cells give rise to several different 

multipotent progenitors in a highly developmentally controlled sequence of events, 

which has implications for uncovering the precise ontogeny of microglia. Indeed, unlike 

circulating macrophages, certain tissue-specific macrophages, including liver Kupffer 

cells (Klein et al., 2007), epidermal Langerhans cells (Merad et al., 2002), and CNS 

microglia (Ajami et al., 2007) can proliferate without contribution from the bone marrow 

under homeostatic conditions (Schulz et al., 2012), supporting the notion of a separate 

developmental trajectory for tissue-resident immune cells. 

1.3.2 Microglial colonization of the brain 

During mammalian embryogenesis, hematopoiesis occurs in two distinct waves. 

During the first wave, termed primitive hematopoiesis, hematopoietic stem cells 

originate from the extra-embryonic yolk sac; in mice, this is evident around embryonic 

day 7.5 (E7.5) (Samokhvalov et al., 2007). The second wave, termed definitive 

hematopoiesis, involves the progressive colonization and emergence of hematopoietic 
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stems cells from the aorta-gonad-mesonephros region at E10.5 (Medvinsky & Dzierzak, 

1996), followed by the fetal liver, placenta, spleen, and thymus, before finally colonizing 

the bone marrow (Orkin & Zon, 2008). From this bone marrow niche, hematopoietic 

stem cells will regenerate blood cells and the majority of lymphoid and myeloid cells 

throughout the animal’s lifespan. For instance, most cells of myeloid origin, such as 

circulating monocytes and dendritic cells, have short life-spans and are continuously 

replaced from bone marrow-derived progenitors (Fogg et al., 2006; Liu et al., 2009). 

Cultures of embryonic tissue at numerous time-points determined that 

microglial progenitors with high proliferative capacity were already present in the 

embryonic brain at E9.5, when hematopoiesis is restricted to the yolk sac and before the 

start of definitive hematopoiesis (Alliot et al., 1999). From these observations, it was 

proposed that microglia may originate from the yolk sac, during primitive 

hematopoiesis, populating the brain very early during development and maintaining a 

self-renewing population separate from ongoing definitive hematopoiesis. This 

hypothesis was confirmed by elegant fate mapping analyses in transgenic mice 

(Ginhoux et al., 2010), in which tamoxifen-inducible expression of Cre recombinase was 

placed under the promotion of the runt-related transcription factor 1 (Runx1) locus, 

which is expressed in all cells of hematopoietic origin (North et al., 2002; Samokhvalov 

et al., 2007). After crossing these mice with an eYFP Cre-reporter strain 

(Runx1Cre/WT/Rosa26R26R-eYFP), timed injections of 4-hydroxytamoxifen to pregnant females 
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at different gestational time-points could precisely and irreversibly label embryonic 

myeloid progenitors present during a narrow time-frame (<24 hr post-injection). When 

Cre was activated between E7.25 and E7.5 and flow cytometry performed at E10.5, a 

significant proportion of microglia in the brain were eYFP+, while virtually no 

circulating monocytes were eYFP+. In contrast, activating Cre after E8.0 resulted in a 

complete lack of tagged microglia in the brain, while significant percent of monocytes in 

the blood were tagged with eYFP (Ginhoux et al., 2010). The authors concluded that 

microglia arise from progenitors in the yolk sac during the restricted period of primitive 

hematopoiesis, which is maintained with very little contribution from definitive 

hematopoiesis, in contrast to blood monocytes or non-parenchymal CNS macrophages. 

Consistent with this notion, gene knockout of the transcription factor Myb prevented the 

development of circulating monocytes/macrophages, but yolk sac-derived macrophages 

developed normally and populated the brain (Schulz et al., 2012). Recently, it was 

further demonstrated that microglia are generated from a common erythromyeloid 

progenitor in the yolk sac in a manner that requires Pu.1 or the transcription factor 

interferon regulatory factor 8 (Irf8), but not Myb or other genetic targets important for 

definitive hematopoiesis (Kierdorf et al., 2013). This evidence confirms that microglial 

ontogeny is distinct from other myeloid-derived cells born of definitive hematopoiesis. 

While neural-glial interactions may regulate the development of microglia, it is 

still unclear how microglia come to populate the developing brain. However, there is 
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emerging evidence that microglia may utilize the developing vasculature to enter the 

embryonic brain but receive minimal contribution of blood-circulating macrophages 

after initial colonization, coincident with the development of the blood-brain barrier 

(Ginhoux et al., 2013). To address this, researchers took advantage of low expression of 

chemokine receptor type 2 (CCR2) in tissue-resident macrophages but high expression 

of the CX3C chemokine receptor 1 (CX3CR1). Using double-transgenic 

Cx3cr1+/GFP/Ccr2+/RFP fluorescent reporter mice (Saederup et al., 2010), the authors found 

CX3CR1-GFP+ and CCR2-RFP+ cells in the yolk sac at E9.5, as well as surrounding the 

space between the surface ectoderm and neuroepithelium (Mizutani et al., 2012). 

However, at E11.5 only CX3CR1-GFP+ cells begin to migrate away from the IB4+ 

vasculature, thoroughly dispersing though the developing neural tissue, optic vesicles, 

and spinal cord by E13.5 (Mizutani et al., 2012).  In contrast, CCR2-RFP+ cells remained 

at the surface ectoderm and meningeal membranes, which are likely the ontogenetic 

precursors for adult non-microglial perivascular and meningeal macrophages (Mizutani 

et al., 2012). These results support the notion of a unique phenotype for microglial 

progenitors, whose colonization of the CNS is developmentally regulated and most 

likely involves migration through the embryonic vasculature. Consistent with this 

notion, transgenic deletion of the sodium-calcium exchanger 1 (Ncx-1–/–), which prevents 

cardiac muscle contraction and blood circulation (Koushik et al., 2001), completely 

eliminates microglial seeding of the embryonic brain at E10.0 to E10.5, despite high 
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levels of CD45+F4/80+ macrophages in the yolk sac (Ginhoux et al., 2010). However, the 

molecular cues for this pathway of migration are as of yet not fully characterized 

(Ransohoff & Cardona, 2010). 

Currently, there is still a great deal of effort required to elucidate the genetic, 

epigenetic, environmental, and immunological factors that regulate normal microglial 

activity in adulthood, and whether these factors can have differential effects on 

embryonic versus adult-generated microglia. Moreover, the majority of our 

understanding comes from murine models that require further validation in humans. 

Initial evidence has been largely confirmatory, as histology corroborates that microglia 

colonize the fetal brain by at least 13 weeks gestational age, before the start of bone 

marrow hematopoiesis (Hutchins et al., 1990), and the viability of human microglia in 

vitro depends on PU.1 (Smith et al., 2013). Consequently, an expanded understanding of 

the unique origin of microglia could have significant implications when designing and 

implementing therapeutics for treatments of psychiatric disorders associated with 

microglia. 

1.3.3 Neural-glial interactions 

Microglia are distributed throughout all brain regions but in varying densities, 

with the highest concentration of cells appearing in the substantia nigra, basal ganglia, 

and hippocampus (Lawson et al., 1990). Each cell has numerous ramified processes that 

extend throughout the surrounding neuropil, but their processes rarely overlap with 
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those of a neighboring microglial cell (Kierdorf & Prinz, 2013). This spatial organization 

within the brain demonstrates how microglia are active surveyors of their tissue 

microenvironment, sensing the location of other microglia and receiving regulatory 

signals from surrounding neurons that influence their location. The surface membrane 

of microglia is replete with a tremendous diversity of receptors for mounting stimulus-

specific responses against a variety of potential threats to tissue homeostasis (for review 

see Hanisch & Kettenmann, 2007; Lucin & Wyss-Coray, 2009; Ransohoff & Perry, 2009; 

Saijo & Glass, 2011). This includes an extensive catalog of exogenous factors, such as 

infectious microbes (e.g. bacterial, viral, or fungal pathogens), toxins, and other foreign 

substances (i.e. xenobiotics), as well as noxious endogenous compounds released from 

dead or dying cells that often result from conditions such as traumatic brain injury, 

ischemia, or neurodegeneration (Xanthos & Sandkühler, 2014). Upon detection of these 

threats, microglia mount specialized responses that can include phagocytosis, lysosomal 

degradation, and secretion of cytokines, chemotactic cytokines (i.e. chemokines), or 

growth factors that can effect neuronal function, recruit additional immune cells, aid in 

tissue repair, or induce apoptosis (Kierdorf & Prinz, 2013). In addition to these signaling 

principles that are initiated by the presence of exogenous factors that are not usually 

seen in the CNS or endogenous factors not normally seen at such concentrations (such as 

intracellular release of heat shock proteins), there are also a number of endogenous 

membrane-bound and secreted factors originating from neurons that influence 
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microglial activity (Hanisch & Kettenmann, 2007). These so called “on” and “off” signals 

that regulate microglial responses are extremely varied and can contribute to the healthy 

maintenance of the CNS microenvironment or, in the case of uncontrolled activation or 

failure to inhibit inflammatory signaling, can result in tissue damage or inappropriate 

phagocytosis (Biber et al., 2007). The following sections will focus on the signaling 

pathways associated with Toll-like receptor complexes, as these are the most extensively 

characterized receptors for host defense (Gay et al., 2014; Trotta et al., 2014) and have 

significance in later sections on opioid signaling, as well as mechanisms of 

communication between neurons and microglia, including fractalkine (CX3CL1), colony 

stimulating factor (CSF) and interleukin-34 (IL-34). 

1.3.2.1 Toll-like receptors 

Toll-like receptors (TLRs) are pattern recognition receptors (PRRs) that play an 

essential role in coordinating innate immune responses through detection of microbial 

pathogens (Kawai & Akira, 2006). TLRs are transmembrane monomeric receptors 

containing a cytosolic Toll/interleukin-1 receptor (TIR) domain and a leucine-rich 

ectodomain that accommodates binding of highly conserved pathogen-associated 

molecular patterns (PAMPs), such as bacterial lipoproteins, bacterial flagellin, and viral 

single-stranded RNA (Gay et al., 2014; Kawai & Akira, 2006). The first human TLR 

identified was TLR4 (Medzhitov et al., 1997), which initiates the pro-inflammatory 

response to lipopolysaccharide (LPS), a protein found on the outer membrane of Gram-
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negative bacteria (Poltorak et al., 1998). Recognition of LPS requires the co-receptor 

myeloid differentiation factor 2 (MD2) and CD14, which produces dimerization of TLR4 

and induces intracellular signaling cascades through MyD88-dependent or MyD88-

independent pathways. The MyD88-dependent pathway requires the adaptor proteins 

TIR domain containing adaptor protein (TIRAP) and MyD88 to initiate the intracellular 

signal cascade, culminating in transcription of cytokines and chemokines through 

translocation of nuclear factor-κB (NF-κB) to the nucleus (Trotta et al., 2014). These 

responses include production of canonical pro-inflammatory cytokines, including 

interleukin-1β (IL-1β), IL-6, IL-8, tumor necrosis factor alpha (TNF-α), and inducible 

nitric oxide synthase (iNOS). Pro-inflammatory factors play a demonstrable role in 

pathogen clearance and tissue repair when recruited acutely, but persistent release in the 

brain can result in apoptosis or necrosis of surrounding neurons and glia (Block et al., 

2007). In order to tightly regulate the spatiotemporal properties of the immune response, 

TLR activation also results in release of anti-inflammatory cytokines such as interleukin-

1 receptor antagonist (IL-1ra) and IL-10 (Lee & Kim, 2007). In contrast, the MyD88-

independent pathway uses the adaptors Toll-like receptor adaptor molecule (TICAM) 1 

or TIR-domain-containing adaptor inducing interferon-β (TRIF) and TICAM2 or TRIF-

related adaptor molecule (TRAM). Binding of TICAM1/TICAM2 or TRIF/TRAM to TIR 

domains on TLRs allows for the production of transcription factor IRF3 (IFN regulatory 

factor 3) and interferon-β. To-date, only TLR4 and TLR3 have been identified as 
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containing a MyD88-independent pathway using the TRIF/TRAM or TRIF adaptor 

molecules, respectively (O'Neill et al., 2013). 

Beyond pathogen recognition, there is increasing evidence that TLRs may also 

recognize numerous endogenous ligands with diverse molecular motifs, including 

amyloid-β, heat shock proteins, oxidized phospholipids, and high-mobility group box 

protein 1 (HMGB1) (Kawai & Akira, 2006; Trotta et al., 2014). Considering these ligands 

are often released following cell damage or as a result of abnormal protein aggregation, 

many have reclassified TLR4 as a PRR for danger-associated molecular patterns 

(DAMPs) in addition to PAMPs (Piccinini & Midwood, 2010). Recently, non-endogenous 

xenobiotics such as drugs of abuse were discovered to also activate TLR4 (Hutchinson & 

Watkins, 2014), which will be discussed in the context of opioid abuse in the sections 

that follow. 

1.3.2.2 CX3CR1-CX3CL1 

A critical pathway for regulating microglial function involves the chemokine 

receptor CX3CR1 (a.k.a. fractalkine receptor) (Bazan et al., 1997; Imai et al., 1997). 

CX3CR1 is a seven-transmembrane Gαi-protein-coupled receptor expressed by myeloid 

cells (Wolf et al., 2013). Within the CNS parenchyma, only microglia express the 

receptor, although perivascular and meningeal macrophages also demonstrate 

expression (Hughes et al., 2002; Jung et al., 2000). The only known ligand is CX3CL1, or 

fractalkine (Pan et al., 1997), which is expressed on particular subsets of neurons in the 
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CNS, particularly within the striatum, hippocampus, and cortical layer II (Kim et al., 

2011), although the mechanism regulating this heterogeneous expression is unknown. 

The membrane-bound ligand can also be shed to perform alternative functions. 

However, the interaction between membrane-bound CX3CL1 and CX3CR1 has been 

postulated as a key “off” signal that maintains microglia in their surveillant, “resting” 

state (Kierdorf & Prinz, 2013). In various mouse models of inflammation and 

neurodegeneration, including LPS injection, Parkinson’s disease [1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP)-induced degeneration of dopamine neurons], and 

amyotrophic lateral sclerosis (ALS) (SOD1G93A mutants), CX3CR1 deficiency in Cx3cr1–/– 

mice results in heightened neurotoxicity compared to wild type or heterozygotes 

(Cardona et al., 2006). Increased secretion of CX3CL1 was also detected, which implies it 

may be liberated from the neuronal membrane under conditions of excessive 

neuroinflammation. Importantly, fractalkine interactions may have an additional 

function of regulating microglial migration, which in turn influences synaptic 

maturation during development. Mice lacking CX3CR1 show a transient reduction in 

microglial density during postnatal development which results in delayed maturation of 

CA1 hippocampal pyramidal neurons (Paolicelli et al., 2011). Similarly, CX3CR1-

deficiency delays the colonization and distribution of microglia in the somatosensory 

cortex with concomitant impairments in the maturation of AMPA and NMDA receptor-

mediated currents at thalamocortical synapses (Hoshiko et al., 2012). Fractalkine 
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signaling may indeed be important for the establishment of neural circuits, as Cx3cr1–/– 

mice show reduced functional brain connectivity between the medial PFC and 

hippocampus, as measured by LFP coherence and fMRI BOLD synchronization (Zhan et 

al., 2014). Notably, the knockout mice also show diminished preference for social 

interaction (Zhan et al., 2014). These results establish precedence that microglia can 

indeed influence behavior through dysfunctional regulation of synaptic development. 

1.3.2.3 Colony stimulating factor and IL-34 

As discussed previously, microglia originate from the fetal yolk sac and colonize 

the developing brain early in gestation (Ginhoux et al., 2010; Kierdorf et al., 2013; Schulz 

et al., 2012; Yona et al., 2013). While the precise nature of the developmental program 

from erythromyeloid progenitor to microglia is not fully understood, there are a few 

important molecules that have been identified that implicate neurons as critical effectors 

of microglial survival (Prinz & Priller, 2014). The best characterized mechanism involves 

colony stimulating factor 1 receptor (CSF1R), which is expressed on the surface of yolk 

sac macrophages and maintained on microglia throughout development (Ginhoux et al., 

2010). Earlier in vitro work demonstrated that CSF signaling can direct differentiation of 

myeloid cells (Geissmann et al., 1998). Consistent with this notion, Csfr1-knockout mice 

are almost entirely devoid of microglia (Erblich et al., 2011), suggesting an essential role 

for CSF1 signaling in regulating microglial survival. However, mice harboring a natural 

null mutation of CSF1 (Csf1op/op) show reduced but not drastically depleted levels of 
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microglia, implying an alternative ligand may function at CSF1R in addition to CSF1 

(Wegiel et al., 1998). Indeed, the cytokine interleukin-34 (IL-34) was identified as a 

separate ligand for CSF1R with a unique temporal and spatial distribution in the CNS 

(Lin et al., 2008). Intriguingly, IL-34-deficient LacZ reporter mice have reduced numbers 

of microglia (in addition to tissue-resident Langerhans cells) compared to wild-type 

mice, but only localized to brain regions where IL-34 would normally be expressed, 

including the cerebral cortex, basal ganglia, and hippocampus (Greter et al., 2012; Wang 

et al., 2012b). LacZ staining further demonstrates that neurons are the source of IL-34 

production in these particular regions (Greter et al., 2012).  Therefore, tissue-specific 

expression of secreted factors from neurons may directly regulate the survival and 

function of microglia. This raises the alluring possibility that locally secreted signals 

from neurons or glia acting on receptors such as CSF1R may heterogeneously regulate 

microglia differentiation or function. This will have further implications for explaining 

heterogeneous activation of microglia following opioid exposure. 

1.3.4 Regulation of synaptic function  

Resident tissue macrophages, including microglia, have the capacity to defend 

the organism against threats to tissue homeostasis. Under healthy conditions, it was 

traditionally assumed that microglia remained in a resting or quiescent state before 

rapidly mounting stimulus-specific responses to various signals of injury or danger, 

termed activation (Kreutzberg, 1996). Activation was most evident by alterations in cell 
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morphology, in which resting microglia retract their highly ramified processes and 

adopt an amoeboid shape distinguished by high motility (Stence et al., 2001). However, 

the notion of microglia “resting” in the healthy CNS was upended by a series of reports 

that devised an elegant preparation to visualize mammalian microglia in vivo (Davalos 

et al., 2005; Nimmerjahn et al., 2005). Microglia were fluorescently labeled in transgenic 

mice expressing enhanced GFP at the locus of the Cx3cr1 gene (Jung et al., 2000) and 

visualized by thinning the skull and performing two-photon microscopy. This 

preparation obviates the need to section or extract brain tissue, a process which 

produces neuronal death and activates microglia from their surveillant state, as 

observed in time-lapse confocal imaging of hippocampal slice cultures (Petersen & 

Dailey, 2004). It was revealed that the soma of cortical microglia remains relatively 

stationary, but in contrast, their ramified processes are highly motile, retracting and 

extending protrusions throughout the parenchyma and surveying the entire brain every 

few hours (Nimmerjahn et al., 2005). This surveillance allows microglia to dynamically 

respond to signs of injury, which rapidly extend their processes toward sites injured by 

focal laser ablation (Davalos et al., 2005). Similar results were also obtained from 

zebrafish embryos; like their mammalian counterparts, microglial cells expressing GFP 

under the promotion of the apolipoprotein-E locus display highly mobile, extensively 

branched processes which were used to phagocytose apoptotic neurons for lysosomal 

degradation (Peri & Nüsslein-Volhard, 2008). Taken together, these results indicate that 



 

25 

microglia are not simply “reactive” immune cells that mobilize strictly during signs of 

infection or injury, but are rather active sentinels that are constantly surveying the 

healthy CNS. 

On the basis of these observations, researchers have sought a potential 

explanation for why an organism might expend considerable energy to continuously 

scan the neuropil under homeostatic conditions. As a result, several groups have argued 

that microglia might play an essential role in monitoring synaptic activity (Bilbo & 

Schwarz, 2012; Graeber, 2010; Kettenmann et al., 2013; Schafer & Stevens, 2013). In 

support of this hypothesis, ultrastructural analysis in mice has revealed that microglial 

processes make direct contact not only with axon terminals and dendritic spines, but 

also astrocytes and their perisynaptic processes that ensheath dendritic branches 

(Tremblay et al., 2010). Similarly, simultaneous in vivo two-photon imaging of 

fluorescently-labeled neurons and microglia confirmed that microglial processes make 

frequent but brief contact with dendritic spines (Wake et al., 2009). These results put 

microglia in a prime position to monitor fluctuations in secreted elements at synapses, 

but it was unclear if their function could be altered by changes in neuronal activity. 

Remarkably, reducing basal neural activity in visual cortex by either binocular occlusion 

or intraocular injection of tetrodotoxin (TTX), a potent inhibitor of voltage-gated sodium 

channels, reduces the frequency that processes make contact with neurons (Wake et al., 

2009). Similar results were obtained when animals were reared in complete darkness 



 

26 

during a critical period of visual cortex development (Tremblay et al., 2010). In contrast, 

increasing neuronal activity in zebrafish by either glutamate uncaging or repetitive 

visual stimulation results in increased contact by microglial processes which 

preferentially ensheath neurons with high spontaneous calcium transients through a 

mechanism that likely involves calcium-induced release of ATP from neurons (Li et al., 

2012). Contact by microglial processes was also associated with a subsequent decrease in 

spontaneous spiking frequency (Li et al., 2012). Therefore, microglia appear to monitor 

synaptic function and alter their physiological behavior in response to changes in 

neuronal activity, which in turn can exert influence on the activity properties of 

contacted neurons. Likewise, microglial surveillance of synapses is likely an 

evolutionarily conserved process, as similar properties are observed from zebrafish to 

mice. Incidentally, these results raise many intriguing questions. Based on their 

macrophage-related lineage, researchers wondered if microglia play a role in 

phagocytosing structural rudiments of the CNS, including synapses. If so, under what 

physiological or pathological conditions might they engulf synaptic elements? Would 

only dead cells or cellular debris be cleared, or could microglia phagocytose specific 

elements, such as myelin or synaptic terminals, from developing or mature neurons? 

What mechanisms could regulate these processes, and could they be altered in CNS 

pathologies? 
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In seeking answers to these questions, it has become increasing clear that 

microglia can be active participants in sculpting neural circuits. The initial insight for 

synaptic stripping originated from the facial nerve injury model, in which unilateral 

incision of the facial nerve would reliably produce microglial activation on the 

transected side. Light and electron microscopy revealed that microglial processes make 

direct contact with dendritic shafts and perikarya of damaged neurons and remove 

synaptic terminals from these branches, suggesting that under conditions of sterile 

injury, microglia can remove synaptic structures from axotomized neurons (Blinzinger 

& Kreutzberg, 1968). A similar outcome was described in the sensorimotor cortex 

following immune activation; focal targeting of cortical microglia by stereotaxic delivery 

of heat-killed bacteria and subsequent peripheral bacterial challenge resulted in 

increased contact of Iba1+ and CD68+ microglia processes with neurons and decreased 

the number of presynaptic terminals compared to saline injections (Trapp et al., 2007). 

Increased elimination of dendritic spines is also observed under other conditions of 

injury that are characterized by microglial activation, including ischemia (Wake et al., 

2009) and craniotomy (Xu et al., 2007). These results are consistent with the notion that 

microglia are sensitive to changes in the neuronal milieu and that certain molecular 

signals can promote pruning of synapses. However, it was previously unclear what 

molecular signals may promote synapse elimination and, more importantly, if this 
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process was restricted to states of severe injury, or if it may have broader implications 

for shaping neuronal connectivity. 

These questions were methodically addressed in the context of cortical 

development, particularly within the retinogeniculate system. Axons from retinal 

ganglion cells (RGCs) form exuberant synaptic connections in the dorsal lateral 

geniculate nucleus (dLGN) of the thalamus early in development, but these imprecise 

and overlapping projections are selectively eliminated in an activity-dependent fashion, 

resulting in remarkably precise eye-specific segregation of synaptic input (Luo & 

O'Leary, 2005; Schafer et al., 2013). To determine if microglia actively sculpt synapses, 

contralateral and ipsilateral RGCs were uniquely labeled with fluorescent dyes and 

high-resolution 3D reconstruction of GFP-expressing microglia were generated from the 

dLGN to quantify fluorescent RGC inputs that have been internalized into the 

cytoplasm of microglia (Schafer et al., 2012). During the postnatal period when synaptic 

refinement is still ongoing (P5), microglial phagocytosis of RGC inputs is high, 

compared to time periods after eye-segregation is established (P9 or P30) (Schafer et al., 

2012). This synaptic pruning is exquisitely dependent upon neuronal activity. When 

neuronal activity in one eye is inhibited by intraocular injection of TTX, microglia 

preferentially engulf RGC input from the TTX-treated eye; conversely, when neuronal 

activity in one eye is augmented by forskolin, microglia preferentially engulf RGC input 

from the saline-treated eye (Schafer et al., 2012). The authors conclude quite definitively 
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that microglia participate in synaptic refinement during development by engulfing 

relatively “weak” synapses for elimination. But what molecular mechanism could be 

driving this process? 

Although microglia are the primary immunocompotent cells of the brain, it was 

nevertheless surprising that a potential mechanism critical for microglial pruning of 

synapses utilizes components of the complement system, a branch of the innate immune 

system. The complement system is comprised of several circulating and membrane-

bound proteins which function in the periphery as an initial line of defense against 

invading pathogens by performing a variety of functions, including opsonization, 

recruitment of phagocytes, and cell lysis (Stephan et al., 2012). The classical pathway is 

initiated by recognition of conserved molecular patterns by C1q, which triggers 

conformational changes that lead to proteolytic cleavage of downstream serine 

proteases, culminating in cleavage of the typically inert C3 into its effector fragments of 

C3a, C3b, and its degredation product iC3b. C3 fragments can consequently amplify 

enzymatic cleavage of C3 in addition to promoting phagocytosis through interactions 

with complement receptor 3 (CR3), also referred to as CD11b/CD18 or Mac-1 (Ricklin et 

al., 2010). Earlier observations had identified expression of complement factors C1q and 

C3 in the developing CNS that primarily co-localizes between immunoreactive puncta 

for synaptic vesicle 2 (SV2) and postsynaptic density protein 95 (PSD95), suggesting 

opsonization or “tagging” of synaptic elements for subsequent elimination (Stevens et 
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al., 2007). Given the previously confirmed expression of CR3 on microglia (Perry et al., 

1985), it was hypothesized that C3 tagging of synapses may represent an important 

mechanism that allows microglia to sculpt neural circuits. Consistent with this 

prediction, mice with transgenic knockout of either the ligand C3 or its receptor CR3 

both showed a significant decrease in RGC synaptic engulfment compared to wild type, 

and this disruption in synaptic pruning resulted in greater overlap between ipsilateral 

and contralateral RGC input to the dLGN, a deficit which persisted well into adulthood 

(Schafer et al., 2012). Similar to genetic strategies, pharmacological inhibition of 

microglial activation by treatment with minocycline reduced synaptic engulfment and 

produced improper input-specific synaptic segregation in the dLGN (Schafer et al., 

2012). Synaptic engulfment was reduced by approximately 50% relative to wild type 

littermates using either method, which implies that C3 or CR3-independent mechanisms 

may also be involved. 

These results represent some of the most compelling evidence that microglia 

directly alter neural circuitry by actively phagocytosing structural elements from 

neurons. This process is driven by changes in neuronal activity which most likely 

involves spontaneous and sensory-driven activity from RGCs (Hooks & Chen, 2006). 

The mechanism whereby patterns of synaptic activity influence the deposition of C1q or 

C3 on synapses remains to be described. There are several non-exclusionary hypotheses; 

constitutive expression of complement fragments on nascent synapses could be 
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downregulated following repetitive stimulation, or repetitive stimulation could result in 

an unidentified “punishment” signal which increases complement expression on 

neighboring synapses (Stephan et al., 2012). Additional evidence suggests that neural-

glial signaling via the cytokine transforming growth factor-β (TGF-β) as one potential 

candidate, as RGC-specific knockout of its TGF-β receptor II produced astonishingly 

similar deficits in synaptic pruning as mice lacking C1q, C3, or CR3 (Bialas & Stevens, 

2013). An appreciable proportion of synaptic C1q appears to be supplied by neurons 

themselves and both astrocytes and microglia can secrete TGF-β (Bialas & Stevens, 2013; 

Butovsky et al., 2014), which further demonstrates the complexity of bidirectional 

signaling between neurons and glia and the importance of characterizing these 

interactions. Moreover, further experiments are required to characterize the contribution 

of microglia to synapse elimination across ages and brain regions, although the 

accumulation of complement factor C1q during normal aging has recently been 

described in both mice and humans (Stephan et al., 2013). Disruptions in either 

complement ligand or complement receptor expression could have functional 

consequences on both the way individual neuronal pathways are structurally innervated 

and the downstream behavioral output these pathways mediate. In accordance with this 

presumption, genetic reduction of C1q in mice results in excessive axonal branching of 

layer V cortical neurons and increased glutamatergic signaling, which manifests as 
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spontaneous epileptic seizures (Chu et al., 2010). Thus, behavioral consequences can 

indeed result from alterations in microglial pruning of synapses. 

Under pathological conditions in the CNS or in conditions of altered microglial 

activation, there may be inappropriate remodeling of synaptic structures. It has been 

strongly established that the pathogenesis of many neuropsychiatric disorders, 

including autism spectrum disorders and schizophrenia, are related to alterations in 

dendritic spines (Penzes et al., 2011). Based on the ability of microglia to monitor, effect, 

and eliminate synapses, one could hypothesize that synaptic remodeling may occur 

under the conditions of drug abuse and could contribute to persistent behavioral effects 

characteristic of the disorder. Conclusive evidence of microglial engulfment during 

normal development is still very recent and thus has yet to be applied under the 

conditions of acute or repeated drug exposure. While underlying adaptations in 

neuronal circuitry is still an essential component to addiction, microglia may refine 

synaptic connectivity in a way that could promote liability to developing pathological 

drug abuse. 

1.4 Opioids, glia, and neuroimmune signaling 

Drugs of abuse could influence microglia directly through interactions at surface 

receptors sensitive to these natural or synthetic compounds, or indirectly through their 

effects on neurons or glia surveyed by microglia, which include but are not limited to 

changes in neurotransmitter release or synthesis, protein trafficking, spontaneous or 
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evoked patterns of action potentials, and release of cytokines, chemokines, or other 

immune signaling molecules. In turn, microglial responses to drugs of abuse could 

influence neuronal function directly through physical remodeling of structural 

components (Brown & Neher, 2014; Corty & Freeman, 2013), as described in the 

previous section, or indirectly through a variety of secreted compounds (Block et al., 

2007), an assortment of which, depending on the type and duration of activation, can be 

anti-inflammatory and neuroprotective [e.g. IL-10, TGF-β, brain-derived neurotrophic 

factor (BDNF)] or pro-inflammatory and neurotoxic (e.g. IL-1β, TNFα, NADPH 

oxidase). In particular, the expanding literature implicating microglia as critical effectors 

of synaptic pruning can extend to predictions of significant microglial-induced effects on 

synaptic plasticity in the face of drug exposure. The following section will explore the 

physiological effects that opioids exert on microglial biology, in particular changes to 

neuroimmune signaling, as well as the evidence that microglia and their responses may 

influence behavioral responses to abused drugs. The phrase “neuroimmune signaling” 

is used deliberately to emphasize that, while microglia are the principal cells of immune 

regulation in the CNS, they signal to and receive signals from all CNS cells, including 

neurons, astrocytes, oligodendrocytes, non-parenchymal CNS macrophages, and 

endothelial cells (Hutchinson & Watkins, 2014). 

Derivatives of the opium poppy (Papaver somniferum), particularly morphine, 

have been used for thousands of years due to their potent analgesic and rewarding 
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effects. Opioids have varying degrees of selectivity for the classical heterotrimeric Gi/o-

coupled opioid receptors – μ, δ and κ receptors – but the reinforcing effects are largely 

attributed to their signaling at µ opioid receptors (Matthes et al., 1996), which is due in 

part to suppression of local GABAergic inhibition of VTA dopamine neurons (Johnson & 

North, 1992; Mazei-Robison & Nestler, 2012). Apart from their effects on neurons, there 

is some evidence that microglia can be influenced through classical opioid receptor 

signaling. Cell cultures of neonatal cortical microglia from rats show immunoreactivity 

for all three receptor classes and dynamically regulate their expression in response to 

morphine exposure (Turchan-Cholewo et al., 2008), while others have detected μ and κ 

receptors on cultured human microglia (Chao et al., 1996; Chao et al., 1997). Treatment 

with morphine or the selective μ agonist DAMGO inhibits chemotaxis in human 

cultures (Chao et al., 1997), although increases in morphine-induced chemotaxis were 

observed in rodent cultures in a manner that requires P2X4 purinergic receptors 

(Horvath & DeLeo, 2009; Takayama & Ueda, 2005). These differences could be species-

specific but are more likely due to disparities in the assays used to quantify chemotaxis. 

Alternatively, a compound used by Horvath and DeLeo (2009) as a µ-opioid receptor 

antagonist (CTAP) has also been described as an antagonist for TLR4 (Grace et al., 

2014b), making it difficult to interpret these results. In contrast to cultured cells, FACS 

analysis of CD11b+ cells sorted from the NAc revealed near undetectable relative gene 

expression for μ, δ and κ receptors (Schwarz et al., 2013). These results could implicate 
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heterogeneous expression of opioid-sensitive microglia across regions and 

developmental time-points, but also suggests that the role of opioid receptors on 

microglia awaits further description. 

Beyond the classical opioid receptors, a fascinating area of research receiving 

considerable interest has originated from the observations of overlapping microglial 

responses between opioids and typical activators of the innate immune system (Jacobsen 

et al., 2014). As previously covered, circulation of molecules bearing pathogen-

associated molecular patterns (PAMPs), such as LPS found on Gram-negative bacteria, 

can rouse microglia from their surveillant state through ligation at pattern recognition 

receptors (PRRs) and result in a host of immunological responses, including 

upregulation of surface receptors (e.g. CD11b, Iba1) and production of cytokines and 

chemokines. In a similar fashion, it was discovered that repeated injections of morphine 

increase CD11b densitometry in both spinal and brain microglia of rats (Hutchinson et 

al., 2009; Raghavendra et al., 2002). Importantly, this measure of glial activation is not 

found across the entire brain but is rather restricted within certain brain regions, 

including the VTA, dentate gyrus, periaqueductal gray, dorsal caudate, and other 

regions associated with opioid dependence (Hutchinson et al., 2009). In a similar 

manner, an acute injection of morphine rapidly increases mRNA expression of CD11b in 

the NAc but not the hippocampus (Schwarz et al., 2011). Concomitant systemic 

treatment with a pharmacological modulator of glial activation such as ibudilast, which 
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functions as a non-selective phosphodiesterase inhibitor but has broad effects on glial 

function (Gibson et al., 2006), is effective at preventing CD11b induction by morphine 

(Hutchinson et al., 2009), a result replicated by targeted intra-NAc infusions of ibudilast 

(Schwarz et al., 2011). Minocycline, a highly lipid-soluble tetracycline antibiotic that can 

also modulate glial activity, is capable of preventing LPS-induced upregulation of 

microglial Iba1 but has no effect on astrocytic GFAP upregulation following LPS (Yoon 

et al., 2012). In vitro assessment of cultured rat microglia confirms that minocycline can 

inhibit microglial activation to morphine, measured by a dose-dependent reduction in 

morphine-induced cyclooxygenase-1 production following minocycline treatment 

(Hutchinson et al., 2008). These results indicate that opioids may stimulate microglia 

into an activated state through a shared mechanism of LPS detection, although their 

activation appears to be confined to discrete locations within the brain. Systemic or 

region-specific injections of glial attenuators prevent morphine-induced elevations of 

CD11b or Iba1, although the precise mechanisms whereby ibudilast or minocycline 

suppress microglial activity remain unclear. It is important to consider that both 

ibudilast and minocycline are known to affect the functional properties of other cells, so 

the mechanism of action for these pharmacological agents may not be exclusive to glia 

(González et al., 2007). 

In addition to changes in surface markers indicative of microglial activation, 

opioid administration increases a number of neuroimmune signaling molecules and 
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receptors, including cytokines (IL-1β, TNFα), chemokines (CCL2), related intracellular 

signaling pathways affecting gene transcription (extracellular signal-related kinase 

(ERK)/mitogen-activated protein kinase (MAPK), NF-κB, activator protein-1 (AP-1)) 

(Coller & Hutchinson, 2012), which are all reminiscent of the downstream inflammatory 

profile induced by innate immune PRR signaling (Rivest, 2009). Consequently, 

microglial activation appears to be largely pro-inflammatory, although some 

counteractive anti-inflammatory cytokines are also induced by morphine (Schwarz et al., 

2011), an effect that parallels LPS injection (de Waal Malefyt et al., 1991). For instance, 

acute treatment of morphine rapidly increases pro-inflammatory gene expression 

interferon γ (IFNγ) and several classes of chemokines within the NAc, an effect which is 

suppressed by pre-treatment with ibudilast mediated in part through significant 

induction of anti-inflammatory IL-10 expression (Schwarz et al., 2011).  

Due to the striking similarities in the neuroimmune signaling response to 

endotoxin (i.e. LPS) and opioid drugs, investigators predicted there would be a 

commonality in how these disparate xenobiotics initiate comparable outcomes. This 

prediction has led to the characterization of TLR4 as a novel, non-classical opioid 

binding site on microglia that encompasses mechanisms of innate immunity to alter 

microglial function. Opioid-induced activation through non-classical binding has 

experimental precedent in the context of neuropathic pain (Watkins et al., 2009); opioid-

induced hyperalgesia was reported in opioid receptor triple knockout mice, suggesting 
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alternative sites of action for altering nociception (Juni et al., 2007). In silico docking 

simulations predicted that opioids would bind to the LPS binding pocket of MD2, the 

co-receptor for TLR4 (Hutchinson et al., 2010), which was later confirmed in vitro (Wang 

et al., 2012a). In an extensive series of experiments, morphine was determined to induce 

conformational changes at the MD2 structure to induce TLR4 oligomerization, resulting 

in pro-inflammatory interleukin production that was blocked by pharmacological or 

RNA interference at the TLR4-MD2 complex (Wang et al., 2012a). Likewise, 

stereoisomers of traditional antagonists to opioid receptors, such as (+)-naloxone, have 

been characterized as selective antagonists to TLR4 signaling with no appreciable 

function at opioid receptors (Hutchinson et al., 2011). These initial insights have 

expanded the notion of TLRs as not just sensors for pathogen- or damage-associated 

molecular patterns, but are perhaps sensitive to a wider range of xenobiotic or “non-

self”-associated molecular patterns. 

Considering the previous evidence that opioids likely contribute to microglial 

activation through TLR4-dependent signaling, one could predict that inhibition of this 

signaling pathway would influence responding to opioids. Consistent with this 

prediction, (+)-naloxone (a TLR4 antagonist) administered immediately before morphine 

injections prevents the establishment of morphine CPP in rats, while transgenic mice 

deficient in either TLR4 or MyD88 both failed to demonstrate CPP for oxycodone 

(Hutchinson et al., 2012). An explanation for this effect may partly derive from 
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alterations in dopaminergic transmission. Similar to the result obtained using ibudilast, 

(+)-naloxone suppresses morphine-induced dopamine release into the NAc as measured 

by in vivo microdialysis (Hutchinson et al., 2012). Opioid-induced TLR4-mediated 

signaling appears to depend on microglial p38 MAPK (Zhang et al., 2012), a pathway 

associated with cAMP-responsive element-binding protein (CREB)-mediated 

transcription of pro-inflammatory cytokines and chemokines (Gay et al., 2014). Thus, in 

addition to opioid receptor-mediated effects on neurons, TLR4 interactions on microglia 

strongly influence conditioning to the motivational properties of different classes of 

abused opioid drugs. 

Experiments designed to investigate if microglia contribute to self-administration 

of opioids are desperately needed, as this behavioral paradigm has strong validity for 

modeling voluntary acquisition of abused substances. In rats, self-administration of 

remifentanil, an ultra-short-acting synthetic opioid, is dose-dependently reduced by (+)-

naloxone treatment (Hutchinson et al., 2012). In a similar fashion, chronic antagonism of 

TLR4 with (+)-naltrexone osmotic minipumps during withdrawal reduces cue-induced 

heroine self-administration (Theberge et al., 2013). Importantly, a single dose of (+)-

naltrexone administered before extinction testing was ineffective at reducing heroin 

intake, suggesting that TLR4 antagonism may not acutely diminish the reinforcing 

properties of heroin after repeated exposure but rather influence synaptic remodeling 

during the withdrawal period. 
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Recurrent stimulation of microglia via TLR4 signaling can result in deleterious 

consequences to the viability and function of dopaminergic neurons. Repeated 

activation of microglia by LPS produces dopaminergic loss in the substantia nigra, a 

process that was spared in C3-knockout mice (Bodea et al., 2014). Transcriptome and 

histological analysis suggests a role for CR3-induced release of immunoreceptor 

tyrosine-based activation motif (ITAM)-associated molecules resulting in increased 

microglial production of nicotinamide adenine dinucleotide phosphate (NADPH) 

oxidase (Bodea et al., 2014; Qin et al., 2013). NADPH oxidase is an enzyme complex 

composed of a membrane-bound and intracellular subunits that, when activated, result 

in the production of reactive oxygen species, such as superoxide anion, hydroxyl radical, 

and hydrogen peroxide, which can be neurotoxic at significant concentrations (Block et 

al., 2007; Qin et al., 2004). In addition, reactive oxygen species can diffuse through 

microglial cytosol and function as second messengers to initiate additional production of 

cytokines, such as NF-κB-induced production of TNFα (Qin et al., 2004). Given that 

NADPH oxidase is also responsible for the production of oxidized phospholipids which 

bind TLR4 and result in NF-κB production of inflammatory cytokines through the 

MyD88-independent TRIF signaling pathway (Imai et al., 2008), it appears that aberrant 

activation of microglia through the TLR4 pathway can lead to amplification of 

inflammatory signaling through a mixed consort of factors, including complement-

mediated translocation of the cytosolic subunits of the NADPH oxidase complex to 
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drive catalytic production of reactive oxygen species. This can have functional 

consequences on synaptic plasticity, as CR3-mediated NADPH oxidase production can 

induce long-term depression (LTD) in the hippocampus (Zhang et al., 2014a). In the case 

of opioid-induced TLR4 signaling, it is currently unclear if repeated stimulation from 

extended self-administration would result in the type of neurodegenerative phenotype 

induced from LPS stimulation, or whether it would selectively trigger complement-

mediated phagocytosis of synaptic structures from dopaminergic neurons or their 

associated synaptic inputs. Given the robust complement-mediated synaptic pruning 

that occurs in the dLGN (Schafer et al., 2012), one could predict that synaptic remodeling 

may occur in regions associated with reward and reinforcement. Although beneficial 

during development and for maintaining homeostatic synaptic function, microglial 

phagocytosis of neuronal structural elements could go awry under conditions of 

extended, pathological activation, such as repeated opioid exposure. In turn, improper 

remodeling of synapses could result in stable alterations to behavior related to drug 

reinforcement. 

Importantly, mechanisms of drug metabolism can also influence microglial 

responses. For instance, the morphine metabolite morphine-3-glucuronide exhibits 

strong affinity for the TLR4 receptor, while morphine-6-glucuronide exhibits no TLR4 

activation (Lewis et al., 2010; Wang et al., 2012a). Alternative synthetic opioids would 

produce different metabolites, which could be an important factor when considering 
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similarities and differences in behavioral outcomes to these opioid drugs. Based on the 

differences in pharmacodynamics between opioids and other xenobiotics, it suggests 

that microglial activation and subsequent changes in neuroimmune signaling and 

synaptic remodeling will likely vary across different classes of abused substances, and 

may even vary within opioids. 

Collectively, these results support the captivating hypothesis that microglial 

responses following drug administration may play a critical and often overlooked role. 

The mechanisms that drive selective microglial activation, despite the penetrance of 

opioids throughout CNS parenchyma, are not fully characterized and as such are a topic 

of considerable interest for future research. While a comprehensive explanation of the 

underlying neuronal adaptations to opioids remains an essential and ongoing research 

endeavor, these results affirm that neuroimmune signaling contributes to the 

pathogenesis of opioid abuse and offers a potential entry point for future development 

of therapeutics. 

1.5 Early-life experience: risk and resilience for drug abuse 

There is considerable interest in identifying the genetic and environmental 

factors that may predispose an individual to develop pathological drug use. Only a 

relative minority of individuals who consume addictive substances transition to 

compulsive, dysregulated drug use (Warner et al., 1995). Although it is currently unclear 

what distinguishes the differential outcomes following drug exposure, a variety of 
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genetic and non-genetic risk factors have been identified that may be involved (Volkow 

& Morales, 2015). Among the many interacting factors identified, early-life adversity in 

humans – including childhood neglect or abuse – is one of the strongest predictors of 

illicit drug use and abuse in adulthood, as outlined in the sections that follow. This 

discussion is followed by covering evidence that early-life experience may enduringly 

impact later-life abuse liability via specific impacts on glial cell development and long-

term function. 

1.5.1 Stress and vulnerability to drug abuse 

Adverse events during childhood are strongly linked to negative mental health 

outcomes later in life (Chen & Baram, 2016; Tost et al., 2015). Psychosocial trauma early 

in life such as violence, abuse, and social neglect are significant risk factors for major 

depression, anxiety, and other mood disorders (Heim et al., 2008). Notably, in a 

longitudinal assessment, a small number of childhood and adolescent dichotomous risk 

factors (such as low family socioeconomic status, depression, and adolescent tobacco 

use) was sufficient to predict above chance which individuals would develop severe, 

relapsing drug dependence during adulthood (Meier et al., 2016). In contrast, a positive 

parent-child relationship (as measured by self-report parental affection) appeared to 

negate the detrimental effects of early-life adversity on “allostatic load”, an integrative 

measure of overall health (Carroll et al., 2013). Thus, population-based studies in 

humans supports the basic assumption that prolonged and inappropriate activation of 
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the neural, hormonal, and immune responses to stress during development carries 

disease risk, and conditions early in life can mediate this response (Meaney, 2001). 

Investigations into mechanisms that may underlie the enduring effects of stress 

have focused historically on the neural/endocrine function of the hypothalamic-

pituitary-adrenal (HPA) axis in response to various stressors (Lupien et al., 2009). 

Although a unified definition of stress that captures its substantial variability across 

species is a challenging task, stress in general is a signal of a present or anticipated threat 

to homeostasis that is detected by the brain and culminates in activation of the HPA 

axis, beginning with secretion of corticotropin-releasing factor from the hypothalamus 

and resulting in release of glucocorticoids in the periphery (McEwen et al., 2016; Selye, 

1951). Glucocorticoids have pleiotropic effects across tissues but act on glucocorticoid 

receptors in the brain, which functions as a negative feedback loop for terminating the 

stress response. Engaging the HPA axis in response to an acute threat can be an adaptive 

and healthy process, but similar to inflammation, prolonged activation of the stress 

response, especially during critical developmental periods, can lead to deleterious health 

outcomes, as outlined above. Early-life stress in humans results in lasting HPA axis 

dysfunction, although the directionality (hyper- or hyporesponsiveness) varies 

depending on the kind of childhood adversity experienced (Essex et al., 2011). These 

observations are supported by rodent models; the offspring of dams that experienced 
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stress either during pregnancy or during the early postnatal period are characterized by 

heightened HPA activity (Bolton et al., 2013; Vallée et al., 1999). 

Beyond the HPA axis, investigations regarding the long-term consequences of 

stress have focused primarily on brain networks implicated in emotional regulation, in 

particular the hippocampus, amygdala, and PFC (Chattarji et al., 2015; McEwen et al., 

2016). Stress can be physical in nature (such as abuse, restraint, or acute pain) but also 

has a strong emotional and social component (such as social isolation, fragmented 

maternal care, or social subordination). For instance, both rodents and tree shrews 

display a profound stress response when exposed to the sensory cues of a dominant 

conspecific (Fuchs et al., 1996; Fuchs et al., 1995; Warren et al., 2013). In humans, chronic 

psychosocial stressors early in life such as physical abuse, low socioeconomic status, 

and/or emotional neglect have been associated with structural and functional differences 

across associated brain regions, which could be the result of dendritic hypertrophy, 

excessive synaptic pruning, or an altered developmental trajectory (Hanson et al., 2015; 

Luby et al., 2013). The potential mechanisms of how stress exerts its effects on the brain 

is a topic of extraordinary interest, and numerous candidate pathways have been 

identified, including stress-induced mechanisms regulating glucocorticoid function, 

neurotrophin signaling (e.g. BDNF), transcription factors (e.g. ΔFosB), epigenetic 

regulation of gene expression, and other pathways for synaptic plasticity. In general, 

alterations to the structure and function of neurons in these networks are thought to 
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underlie the long-lasting impact of stress on the brain and the resulting behavioral 

outcomes. 

Early-life adversity can have a profound influence on the risk of developing drug 

dependence. Chronic stress during development is one of the strongest predictors of 

later substance abuse in humans (Enoch, 2011). Cumulative stress in childhood is 

correlated with dampened ventral striatal activity in response to rewards, suggesting 

functional adaptations in reward-related pathways (Hanson et al., 2016). Animal models 

have largely confirmed these observations. Sustained deprivation from maternal care 

results in increased self-administration of methamphetamine in adulthood (Lewis et al., 

2016; Lewis et al., 2013), as well as increased acquisition of cocaine (Moffett et al., 2006) 

and ethanol (Ploj et al., 2003). This enhanced drug acquisition could be related in part to 

glucocorticoid signaling in the mesolimbic dopamine pathway. Neurons in the dorsal 

striatum and NAc highly express glucocorticoid receptors, and inactivation of these 

receptors in D1R-expressing neurons, but not dopamine-releasing neurons, led to a 

reduction in motivation to self-administer cocaine (Ambroggi et al., 2009). Thus, 

glucocorticoid action on neurons that receive neuromodulation from dopamine may 

play an important role in shaping the behavioral response to motivating stimuli 

(Rodrigues et al., 2011). 

Activation of glucocorticoid receptors during a stress response also induces 

secretion of cytokines in the CNS and can produce a “priming” effect whereby 
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subsequent immune challenge results in a sensitized neuroimmune response (de Pablos 

et al., 2006; Frank et al., 2010; Sorrells et al., 2013). Similarly, activation of TLR4 receptors 

by LPS produces an exaggerated cytokine response in the substantia nigra of rats 

previously exposed to stress, which may exacerbate the destruction of dopaminergic 

cells (de Pablos et al., 2014). Indeed, there is evidence that chronic stress produces 

upregulation of Iba1+ microglia along with structural remodeling in the PFC (Hinwood 

et al., 2012; Tynan et al., 2010). Treatment with minocycline blocked these changes in 

microglial morphology, suggesting that stress-induced microglial activation may play a 

part in the synaptic remodeling following stress (Hinwood et al., 2013). Repeated social 

stress can also cause upregulation of TLR4 expression on microglia, which may have 

implications in terms of enhancing their response to opioids, cocaine, or ethanol 

(Wohleb et al., 2011). Epigenetic modifications to other genes that regulate synaptic 

plasticity, such as BDNF, may also be involved in the persistent effects of early-life 

adversity on shaping later-life cognitive impairment or vulnerability to psychiatric 

disorders (Roth et al., 2009). While neurons are a major source of BDNF release in the 

CNS, microglia can also release BDNF independently of neurons, and its signaling at 

tropomyosin-releated kinase receptor B (TrkB) receptors on neurons can promote 

structural synaptic plasticity at glutamatergic synapses (Parkhurst et al., 2013). In sum, 

these results highlight the importance of disentangling the contribution of neuronal and 



 

48 

glial signaling events, and suggests that microglia may contribute in part to the effects of 

early stress on substance abuse vulnerability. 

1.5.2 Maternal care and resilience to stress and drug abuse 

Compared to the rich diversity of knowledge regarding the negative impact of 

stress on addiction liability, there is relatively little known about the biological and 

environmental factors that contribute to resilience, most likely because it has received 

relatively less research focus. Resilient individuals are exemplified by their ability to 

adapt to adverse conditions and display normal physiological or behavioral 

characteristics despite this adversity (Feder et al., 2009). For example, repeated episodes 

of social defeat stress in mice produces persistent social avoidance behavior in the 

majority of subjects, but approximately 45% of defeated mice show no deficit when 

tested for social interaction (Krishnan et al., 2007). Thus, at the behavioral level, these 

“resilient” mice appear no different from non-defeated controls. However, at the 

transcriptional, molecular, and electrophysiological level, resilient mice demonstrated 

unique homeostatic plasticity in the VTA-to-NAc projecting dopamine neurons 

characterized in part by increased K+ channel hyperpolarizing current and reduced 

BDNF release into the NAc (Friedman et al., 2014; Krishnan et al., 2007). These results 

further highlight the overlapping neural circuitries implicated for mood and substance 

abuse disorders (Brady & Sinha, 2005), and additional investigations have largely 

focused on neuroadaptations in stress- and reward-related circuitries, including the 
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HPA axis, hippocampus, PFC, NAc, and VTA (Anacker et al., 2016; Franklin et al., 2012; 

Russo et al., 2012).  

In the context of drug addiction, prevailing theories of resilience have once again 

focused largely on differences in the function of the mesolimbic dopamine system. 

Several studies have identified individual differences in dopamine transients within the 

striatum as a critical substrate for cue-directed behavior, both for food and cocaine 

rewards (Aragona et al., 2009; Flagel et al., 2011; Saunders et al., 2013). However, the 

factors that influence these individual differences – whether they be genetic, epigenetic, 

or environmental – are still unclear. As highlighted in the previous section, stress from 

impoverished maternal care early in development is a substantial risk factor for later-life 

substance abuse. In contrast, enriched maternal care during the perinatal period can 

have a positive effect on a variety of neurodevelopmental, immunological, and cognitive 

outcomes. In studies on natural variations in the frequency of licking/grooming and 

nursing behavior from lactating rat mothers, pups that received high amounts of 

maternal care show reduced HPA axis reactivity to stress, including reduced plasma 

ACTH and corticosterone (Caldji et al., 1998; Liu et al., 1997). Consistent with an 

attenuated stress response, high maternal care increased hippocampal glucocorticoid 

receptor expression in the adult offspring (Weaver et al., 2004). Pups born to low 

licking/grooming mothers that were cross-fostered to high licking/grooming mothers 

have a similarly reduced stress response, suggesting this developmental effect is 
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transferred nongenomically through environmental programming (Caldji et al., 2003; 

Francis et al., 1999). A setting of enriched maternal care can also be induced 

experimentally using the “handling” paradigm; briefly separating (i.e. 3-15 mins) the 

mother from her pups during the perinantal period results in a consistent increase in 

licking/grooming and nursing directed toward the pups (Meaney, 2001). In adulthood, 

handled rats also show reduced HPA axis response to stress and altered glucocorticoid 

receptor expression in the hippocampus (Levine, 1967; Meaney et al., 1985). 

The persistent effects of maternal care on stress resilience are likely due to stable 

epigenetic modifications, including regulation of glucocorticoid receptor transcription 

(Weaver et al., 2004; Zhang et al., 2013). A pivotal set of experiments demonstrated that 

variations in licking/grooming received as pups produced divergent effects on 

transcriptional regulation within the exon 1 region of glucocorticoid receptor in the 

hippocampus (Weaver et al., 2004). Tactile stimulation meant to mimic licking and 

grooming produces the same outcome as rats receiving high maternal care, suggesting 

the epigenomic response is somehow conferred from the mother to pup through the 

physical act of nursing (Hellstrom et al., 2012). In addition to changes in DNA 

methylation, modifications to histone proteins can alter chromatin structure and 

produce persistent changes in gene expression. Increased frequency of maternal care is 

accompanied by histone modifications associated with increased transcriptional access 

at the gene promotor encoding for metabotropic glutamate receptor 1, which has 
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implications for glutamatergic signaling and synaptic plasticity (Bagot et al., 2012). 

These results may have consequences for human health as well, as a history of 

childhood abuse is associated with increased methylation at the promoter site for the 

glucocorticoid receptor NR3C1 (McGowan et al., 2009). While there is still work 

remaining to explain how environmental events can generate these epigenetic sequelae 

at specific DNA sites, these data represent a remarkable demonstration for how we can 

link differences in the early-life environment as a way to explain, in part, differential 

resistance to stress (Zhang et al., 2013). 

Maternal care may also significantly influence the reinforcing properties of 

opioid drugs. Schwarz et al. (2011) examined the effects of enriched maternal care on 

opioid reinforcement behavior in rats. During the neonatal period (postnatal days 2 to 

20) rat pups received the handling paradigm (daily brief 15 min separation from the 

dam) to induce licking/grooming and arch-backed nursing care (Bilbo et al., 2007), while 

controls were left undisturbed. In adulthood, all rats were tested for morphine CPP. 

Handled rats spent significantly less time in the morphine-paired chamber, indicating an 

attenuation of drug reinforcement. More dramatically, controls showed robust drug-

induced reinstatement following extinction, while handled rats showed no 

reinstatement of place preference in response to morphine exposure. Drug- or cue-

induced reinstatement (relapse) is a particularly intractable issue when trying to treat 

addiction, which can arise even after long periods of abstinence. Given the fact that 
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opioids produce rapid release of cytokines and chemokines that can be blocked by non-

specific glial inhibitors, Schwarz et al. (2011) interrogated if the etiology handling effect 

could be associated with changes in glial signaling with the brain reward circuit. Indeed, 

adult rats that were handled neonatally expressed greater expression of the anti-

inflammatory cytokine IL-10 in the NAc, indicating an effect of developmental 

programming. To further characterize how this stable change in cytokine signaling 

might occur, relative methylation of a CpG island within the Il-10 gene was measured in 

whole tissue and isolated microglia. Neonatal handling resulted in a dramatic reduction 

of Il-10 gene methylation specific to microglia, suggesting that epigenetic modifications 

specific to glia could cause long-lasting changes in reinforcement behavior. Moreover, a 

significant negative correlation was found between IL-10 expression in the NAc and 

reinstatement CPP score – that is, higher NAc IL-10 predicted reduced reinstatement, 

regardless of early-life experience. The authors hypothesized that the attenuated 

inflammatory response during morphine conditioning was protective against the 

neuroadaptive changes that may underlie later reinstatement behavior. Schwarz et al. 

(2011) ultimately demonstrates how early-life conditions impact neuroimmune signaling 

through epigenetic mechanisms in microglia, which may confer resistance to opioids.  

1.5.3 Summary  

As discussed previously, microglial precursor cells begin to colonize the 

developing brain starting at mid-gestation, and play important roles in several aspects of 
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normal brain sculpting, including cellular proliferation, synaptic pruning, and 

regulation of apoptosis (Squarzoni et al., 2014; Williamson & Bilbo, 2013). Given the 

essential role of glia in early brain development, we have hypothesized that events 

occurring during the perinatal period of life often produce enduring effects on brain and 

behavior via their specific influence on glial cell activity and subsequent neural 

development (Bilbo & Schwarz, 2009; Bilbo & Schwarz, 2012). There is now substantial 

evidence to support this case, including the epigenetic programming of microglia by 

maternal care and addiction resilience as described above.  

Taken together, glia, in particular microglia, may represent a critical link 

between the literature on differences in early-life experience and later-life pathology, 

including drug addiction (Frank et al., 2011; Nusslock & Miller, 2016; Shanks & 

Lightman, 2001). To expand upon this hypothesis, the following sets of experiments 

were conducted to analyze the impact of developmental environmental conditions on 

opioid drug-taking behavior in adulthood. In particular, we were interested in 

identifying environmental predictors of resilience to opioid reinforcement, rather than 

exploring the well-known risk factors related to stress. The first set of experiments 

employed a paradigm of neonatal handling in rats to experimentally manipulate the 

quality and quantity of maternal care delivered to the offspring of one group, which 

were compared against control rats reared under normal laboratory housing conditions. 

To assess if this manipulation resulted in enduring effect on opioid reinforcement in 
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adulthood, a model of intravenous opioid self-administration was employed to 

investigate self-motivated acquisition of the fast-acting µ-opioid receptor agonist 

remifentanil. To further characterize the relationship between neonatal handling and 

remifentanil acquisition, a separate experiment was performed to generate a dose-

response curve. Two palatable natural rewards – food and sucrose – were used to 

evaluate the effect of neonatal handling on reinforcement behavior for non-opioid 

rewards. Transcriptional profiling was then performed to evaluate changes in 

neuroimmune gene expression in the NAc. Based on the results, a separate set of 

experiments were performed to investigate if anti-inflammatory signaling within the 

NAc may underlie the behavioral effects observed following neonatal handling. In vivo 

manipulation of IL-10 expression was performed in rats, and the resulting outcome was 

assessed using self-administration of remifentanil. To address the specificity of this 

manipulation, acquisition of food and sucrose rewards were observed following control 

or IL-10 gene therapy. Collectively, these experiments attempt to define the 

developmental conditions under which ventral striatal neuroimmune signaling may 

influence motivated behaviors for the highly reinforcing opioid remifentanil. 
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2. Early-life environmental experience reduces opioid 
self-administration and alters neuroimmune signaling in 
the nucleus accumbens 

2.1 Introduction 

Only a small proportion of individuals who consume addictive substances 

transition to compulsive, dysregulated drug use (Warner et al., 1995). This heterogeneity 

in the behavioral outcome following drug exposure is influenced by the complex 

interactions of numerous genetic and non-genetic risk factors, including chronic stress, 

previous experience with other classes of drugs, comorbid psychiatric conditions, the 

type of drug abused, the route of administration, and the frequency of drug exposure 

(Volkow & Morales, 2015). Among these, early-life adversity in humans, including 

childhood neglect or abuse, is one of the strongest predictors of illicit drug use and 

abuse in adulthood (Anda et al., 2006; Enoch, 2011; Kendler et al., 2000). While much 

information has been generated investigating the toxic effects of perinatal stress on 

disease risk later in life, surprisingly little is known regarding early-life environmental 

factors that promote resilience or resistance to developing substance abuse disorders. 

Drug addiction is thought to arise from structural and functional adaptations in brain 

regions associated with motivation and reward, in particular the dopamine-producing 

neurons of the ventral tegmental area (VTA) and one of its major targets, the nucleus 

accumbens (NAc) in the ventral striatum (Nestler, 2001; Robinson & Berridge, 1993). 

While the majority of addiction research has focused on identifying the cellular and 
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molecular adaptations of neurons and their associated circuitries (Hyman et al., 2006; 

Lüscher & Malenka, 2011), there is emerging evidence that neuroimmune signaling (e.g. 

between neurons and glial cells) plays an important role in the neurophysiological and 

behavioral manifestations of acute and repeated exposure to drugs of abuse (Lacagnina 

et al., 2016; Miguel-Hidalgo, 2009). Thus, we sought to investigate the hypothesis that 

variations in early-life environmental conditions could differentially influence 

differences in drug reward sensitivity through persistent changes in neuroimmune 

function associated with glial cell activity. 

Glial activity in the context of neuroimmune signaling can be broadly 

categorized as either anti-inflammatory or pro-inflammatory depending on the 

cytokines and chemokines expressed as well as the functional outcomes they support 

(Dantzer et al., 2008; Meyer et al., 2008), although their actions can be multidimensional 

(Ginhoux et al., 2016; Ransohoff, 2016). Opioid administration produces pro-

inflammatory glial activation via Toll-like receptor 4 (TLR4) signaling on microglia and 

other immunocompetent cells, and the resulting production of cytokines and 

chemokines may contribute to the reinforcing properties of opioids (Hutchinson et al., 

2012; Wang et al., 2012a). These include increased secretion of cytokines such as IL-1β 

and TNF-α, both of which have repeatedly been found to be elevated in the brain 

following drug exposure (Eidson et al., 2016; Pascual et al., 2015; Qin et al., 2008), and 

their release following inflammatory events have well-documented effects on cognitive 
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behavioral tasks (Bilbo et al., 2005; Williamson et al., 2011). Taken together, current 

evidence suggests a possible link between pro-inflammatory signaling and altered 

behavioral outcomes, including drug reinforcement (Coller & Hutchinson, 2012). 

Alternatively, anti-inflammatory neuroimmune signaling has been shown to 

attenuate the reinforcing effects of opioids, and its expression in the brain can be 

profoundly influenced by early-life environmental conditions (Schwarz et al., 2011). 

Specifically, neonatal handling in rats (which promotes increased maternal licking and 

grooming behavior) (Liu et al., 1997) prevents reinstatement of morphine conditioned 

place preference (CPP) in adulthood, reduces morphine-induced pro-inflammatory 

cytokine and chemokine expression in the NAc, and persistently increases gene 

expression of anti-inflammatory cytokine interleukin-10 (IL-10) specifically in microglia 

(Schwarz et al., 2011). These data suggest that environmental conditions early in life may 

influence liability for drug abuse by impacting IL-10 expression levels in microglia 

within the NAc. However, it is still unclear if the “protective” effects of neonatal 

handling can be extended to repeated episodes of opioid self-administration, which 

more accurately models human drug-taking behavior (Fernando & Robbins, 2011). 

Furthermore, while acute experimenter-administered opioid injections have been shown 

to alter microglial-specific cytokine and chemokine mRNA expression in the NAc based 

on FACS sorting of CD11b+ cells (Schwarz et al., 2013), quantification of persistent gene 



 

58 

expression changes within the NAc related to neuroimmune signaling has not 

previously been assessed following repeated exposure to opioids. 

The goal of the following experiments was to test the effects of variations in the 

early-life maternal environment (i.e. neonatal handling) on acquisition of intravenous 

opioid self-administration in adulthood. The evidence outlined above suggest that daily 

manipulations of brief maternal separation in rats is associated with enduring 

physiological alterations, including neuroendocrine function of the hypothalamic-

pituitary-adrenal axis (Liu et al., 1997; Meaney et al., 1985; Vallée et al., 1999) and 

reductions in glial-related hippocampal cytokine and chemokine gene expression 

following an immune challenge (Bilbo et al., 2007). Thus, we hypothesized that neonatal 

handling would reduce the reinforcing properties of opioids, which would be reflected 

in the number of infusions acquired per session. Remifentanil was chosen due to its high 

specificity for µ-opioid receptors and its remarkably short half-life, which results in high 

rates of responding (Panlilio & Schindler, 2000). Given the functional evidence of 

multiple structurally diverse opioid compounds of natural and synthetic classification as 

agonists for TLR4-mediated receptor signaling (Hutchinson et al., 2010; Jacobsen et al., 

2014; Wang et al., 2012a), we predicted that extended self-administration of remifentanil 

would modulate TLR4 receptor expression in the CNS. Addressing the potential 

molecular adaptations underpinning any group behavioral differences observed, we 

predicted that neonatal handling would elevate IL-10 transcription in the NAc, in 
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accordance with previous observations (Schwarz et al., 2011) and based on the extensive 

literature associating differences in the early postnatal environment as critical factors 

influencing offspring physiology separable from genomic inheritance (Bilbo & Schwarz, 

2009; Francis et al., 1999; Zhang et al., 2013). The outcome of these experiments would, 

for the first time, provide insight regarding the consequence of neonatal handling on 

opioid self-administration and if any enduring behavioral differences can be associated 

with perinatal programming of neural-glial signaling pathways. 

2.2 Materials and Methods 

2.2.1 Animals 

Adult male and female Sprague-Dawley rats (males age 59-63 d, weighing 250-

275 g; females age 54-64 d, weighing 175-199 g) were obtained from Harlan/Envigo 

(Dublin, VA) and housed in individually ventilated polypropylene cages with corn cob 

bedding and ab libitum access to food (Purina LabDiet 5001) and filtered water. Once 

per week rats were transferred to clean cages with new bedding and food hoppers were 

replenished. The breeding rodent colony was maintained at 23°C on a 12:12 h light-dark 

cycle (lights on at 7:00 AM). Upon arrival, rats were housed in same-sex pairs and 

allowed to acclimate to laboratory conditions for at least one week. Males and females 

were subsequently housed into breeding pairs. Females were observed daily for signs of 

pregnancy, and males were removed from cages several days before delivery of the 

pups [termed postnatal day (P) 0]. Litters were culled on P2 to consist of two females 
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and up to eight males per litter, for a maximum of 10 pups/litter. All experiments were 

approved by the Duke University Institutional Animal Care and Use Committee. 

2.2.2 Neonatal handling 

Approximately half of the litters were assigned to the neonatal handling 

condition (Handled), which has been outlined in detail previously (Bilbo et al., 2007; 

Schwarz et al., 2011). Dams were separated from their litter and placed in a clean 

polycarbonate cage with a securely fastened lid. The pups were then individually 

moved to a separate clean polycarbonate cage filled with bedding. After 15 min had 

elapsed, the pups were individually returned to the home cage, followed by the mother. 

This procedure was conducted once per day from P2 to P20. During this period, litters 

assigned to the control condition (Control) were left undisturbed, apart from weekly 

cage-changing. To ensure that control litters were not inadvertently separated from 

dams during cage changing, the same experimenter conducting the handling procedure 

also performed cage-changing for all cages during this time. On P22, females were 

culled while all male offspring were housed with siblings (2-4 males per cage until P45, 

followed by 2 males per cage) and allowed to reach adulthood (P60) before their use in 

experiments; thus, only male were used in experiments. To control for litter effects, only 

2-4 pups from a single litter were assigned to the same experimental condition (mean 

number of pups from the same litter used per experiment = 2.5 ± 0.14). In adulthood, rats 

were transferred to the colony room adjacent to behavioral testing rooms and were 
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allowed to acclimate to the new housing conditions for at least one week. Animals were 

kept on a 12:12 light cycle (lights off at 7:00 AM), and all experiments were conducted 

during the animals’ active phase. 

2.2.3 Drugs 

Remifentanil hydrochloride (Sigma-Aldrich, cat. R1908) was dissolved into 0.9% 

sterile saline to a concentration of 100 µg/mL and frozen in aliquots at -20°C, which were 

subsequently thawed and further diluted with 0.9% sterile saline to the required 

concentration prior to daily self-administration sessions. The infusion volume (44.4 µL) 

and infusion duration (2.5 sec) were held constant across sessions, necessitating dilution 

of remifentanil solution to accommodate individual weight differences. Rat weights (g) 

at the day of testing were rounded to the nearest value in increments of 5 g (e.g. 351 g 

weight would be considered 350 g; 353 g would be considered 355 g), and remifentanil 

was diluted to deliver equal µg per kg (e.g. 0.29 µg/kg) per infusion across individuals. 

Drug doses are reported as free base concentrations. 

2.2.4 Self-administration 

2.2.4.1 Apparatus and general procedure 

Behavioral testing was conducted in operant-conditioning chambers (Med 

Associates, ENV-008-CT) individually housed inside sound-attenuating boxes equipped 

with motorized fans to ventilate air and generate white noise. Each chamber consisted of 

polycarbonate sides, a modular stainless steel front and rear, and a stainless steel grid 
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floor. A flat stainless steel sheet wrapped in a clean absorbent pad was placed on the 

floor of the chamber to create an even, continuous surface. The front wall of each 

chamber was equipped with two levers with a cue light above each lever, with a house 

light and tone generator in the rear. Downward displacement of either lever defined a 

response. During an experimental session, the illumination of the cue light over the 

active lever indicated reward availability. Correct responses on the active lever resulted 

in reward delivery, the presentation of 0.5 sec tone, and the extinguishing of the cue 

light for the duration of the timeout. During session timeouts, responding on the active 

lever was recorded but had no effect. Any responses on the inactive lever were recorded 

but resulted in no programmed outcome. Assignment of the left or right lever as the 

active lever was counter-balanced across groups. A house light at the rear remained 

illuminated during the session but was briefly extinguished during reward delivery. For 

food or sucrose rewards, a pellet dispenser delivered a 45 mg pellet into a food 

receptacle mounted in the front wall between the two levers. For remifentanil rewards, a 

10 mL syringe was fitted into a syringe driver located outside the chamber, which was 

attached to polyurethane tubing that entered the chamber and attached to the infusion 

harness of a catheterized animal. Responding on the active lever resulted in a 44.4 µL 

infusion of remifentanil solution delivered over 2.5 sec. The chambers were interfaced to 

a computer running MED-PC-IV software for controlling chambers and measuring 

behavior. The number of rewards delivered (either remifentanil infusions or pellets) and 
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responses on the inactive lever were recorded as the primary behavioral outcomes. The 

ordinate scale for inactive responses is based on matching the scale for active lever 

responses. 

2.2.4.2 Intravenous catheterization surgeries 

Rats were anesthetized with a combination of ketamine (60 mg/kg, i.p.) and 

dexmedetomidine (0.15 mg/kg, i.p.). Surgical sites were shaved with an electric razor 

and treated with 70% ethanol, swabbed with povidone-iodine, and cleaned again with 

70% ethanol. An incision was made left of midline around the clavicle and blunt 

dissection was used to isolate the jugular vein. Silk sutures were used to loosely tie off 

the vein a several mm rostral and caudal to the desired incision site. A small incision 

was cut into the vein using fine surgical scissors, and a sterile silastic catheter (SAI 

Infusion Technologies) filled with heparinized saline was inserted through the vein 

several mm toward the heart. Once in place, the catheter was fastened to the vein and 

surrounding muscle with silk sutures. The opposite end of the catheter was tunneled 

subcutaneously to the dorsum where it emerged from a small incision made between the 

scapulae. The catheter was attached to an infusion harness (SAI Infusion Technologies; 

port filled with heparinized saline) and secured to the rat with belly bands. Wounds 

were treated with bupivacaine (0.25%, 0.2 mL applied topically), sealed with nylon 

sutures, and treated with antibiotic ointment. Ketoprofen (5 mg/kg, s.c.) was 

administered for post-operative analgesia, and atipamezole (1.5 mg/kg, i.p.) was 
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administered to allow for rapid recovery from anesthesia. As a baseline drug-naïve 

control condition (Sham), rats from both groups received the same anesthesia and 

underwent jugular isolation surgery, but received no remifentanil. Rats were 

individually housed after surgery and given DietGel and sweetened cereal (Fruit Loops) 

to ameliorate post-surgical weight loss. Rats were given a minimum of one week to 

recover from surgery before transitioning to self-administration. For the remainder of 

the study, the catheter of each rat was flushed daily with 0.25 mL of sterile lock solution 

containing heparinized saline and the antibiotic gentamicin (8 mg/mL) to maintain 

catheter patency. In addition, on days of behavioral assessment, catheters were initially 

flushed with 0.25 mL of heparinized saline before rats were placed in operant chambers. 

At the end of a session, the remaining remifentanil solution in the animals’ infusion 

harness was removed with a 1 mL syringe before the daily sterile lock infusion was 

given. 
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2.2.4.3 Experiment 1: Remifentanil self-administration 

A schematic of the experimental timeline is depicted in Figure 1. Training to 

Age:P0

18 days

Remifentanil 

self-administration

7 days 7 days

0.29 μg/kg 0.9 μg/kg

14 days

P2 P60P20

7 days

 

Figure 1: Schematic representation of the experimental timeline. Following 

neonatal handling or control conditions, adult rats were trained to self-administer 

intravenous (i.v.) remifentanil (n = 11-13/group). 

lever press for food was performed, based on a previously established protocol (Levin et 

al., 2016). Rats were briefly food-restricted (to 85-90% of free-feeding body weight, 24 h 

before and throughout the duration of food training) and exposed to overnight training 

in operant chambers (15 h, beginning between 6:00-8:00 PM) where deflection of the 

active lever resulted in delivery of a 45 mg food pellet (FR1 schedule, no timeout, 550 

maximum reinforcers) along with tone presentation for 0.5 sec and brief extinguishing of 

the cue light. To test for acquisition of operant conditioning, rats were tested twice daily 

(once between 8:00 AM and 12:00 PM, and once between 12:00 PM and 5:00 PM) in 30 

min sessions (FR1 reinforcement schedule, no timeout). Once rats had successfully 

reached criteria for responding (≥50 responses in 3 consecutive 30 min sessions), they 

were implanted with intravenous catheters and given at least one week to recover.  
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Control and Handled rats were given the opportunity to self-administer the fast-

acting opioid remifentanil (i.v.) on a continuous FR1 reinforcement schedule, 20 sec 

timeout. Food was temporarily restricted 24 h before the first remifentanil session to 

motivate initial exploration of the active lever, but was returned to ab libitum access after 

the first session and for the remainder of the experiment. Rats received daily 1 h 

remifentanil sessions for 14 days: 7 days at 0.29 μg/kg/infusion and 7 days at 0.9 

μg/kg/infusion. Rats were saline perfused 14 days after the final session and NAc was 

removed to analyze persistent changes in gene expression via qRT-PCR (n = 11-

13/group). 

Before perfusions, the patency of the catheter was tested by injecting Euthasol 

(390 mg/mL pentobarbital sodium and 50 mg/mL phenytoin sodium; Virbac) i.v. into the 

infusion harness and observing rapid loss of consciousness. Any rat that failed the 

patency test was perfused but removed from subsequent analyses. 

2.2.4.4 Experiment 2: Remifentanil dose-response curve 

A schematic of the experimental timeline is depicted in Figure 6. Rats underwent 

jugular catheterization or sham surgeries after at least one week of acclimation to 

housing conditions. After recovery from surgery, animals were allowed to acquire 

remifentanil without previous food training at 0.9 μg/kg/infusion (1 hr daily, FR1, 20 sec 

timeout) until responding was stable, defined as <20% variance of infusions received 

across the previous 3 sessions, for a minimum of 14 d. After reaching the response 
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criteria, rats received daily exposure to one of four concentrations of remifentanil (dose 

range: 0.09 to 2.9 μg/kg/infusion) based on a previously validated range of 

concentrations (Hutchinson et al., 2012). To control for order effects, animals from both 

groups were counter-balanced to receive each possible order permutation, and all 

animals were exposed to all four doses in four day cycles. Rats received no external 

stimuli indicating which dose they would receive each day, and the order of doses 

received from one four-day cycle did not influence the order received for the second or 

third cycle. The dose-response sessions proceeded for 12 days (1 hr daily, FR1, 20 sec 

timeout), and rats were perfused 24 hours after their final session (n = 6-8/group). 

2.2.4.5 Experiment 3: Food and sucrose self-administration 

To determine if the behavioral phenotype of handling is specific to opioids or 

generalizes to natural rewards, rats were either food restricted (to 85-90% of free-feeding 

body weight) and allowed to lever press for food pellets (TestDiet, 45 mg; n = 7-8/group), 

or maintained on ad libitum diet and allowed to press for sucrose pellets (Bio-Serv, 45 

mg, banana flavored; n = 5-6/group). Both conditions experienced daily 1 hr sessions, 

FR1, 20 sec timeout. 

2.2.5 Tissue collection 

Rats were deeply anesthetized with Euthasol and transcardially perfused with 

ice-cold 0.9% saline (approximately 100 mL) to clear the brain of blood and circulating 

monocytes. Brain tissue was quickly removed following decapitation and placed on an 
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ice-cold petri dish. Using a new sterile razor blade, the hemispheres were separated 

along the sagittal midline, and one intact hemisphere (right vs. left hemisphere counter-

balanced across groups) was submerged in 10 mL ice-cold 4% paraformaldehyde (in 0.1 

M phosphate buffer). Using the remaining hemisphere, the NAc (targeting the core and 

shell subregions) was rapidly dissected and flash frozen in isopentane (~20 mL in a 

beaker surrounded by dry ice). The frozen tissue was blotted to remove excess 

isopentane, placed in a 2 mL microcentrifuge tube, stored temporarily on dry ice before 

transporting tissue to -80°C for storage until RNA extraction. 

2.2.6 Real-time quantitative reverse transcription polymerase chain 
reaction 

2.2.6.1 RNA extraction and cDNA synthesis 

RNA was isolated from whole tissue based on the acid guanidinium thiocyanate-

phenol-chloroform extraction method (TRIzol; Ambion), which is a commonly used 

technique in molecular biology to obtain high-quality RNA for gene expression analysis 

(Chomczynski & Sacchi, 1987). Quantification of RNA yield and assessment of RNA 

quality were evaluated by spectrophotometry (NanoDrop, ND-1000). For rats used in 

experiment 1, isolated RNA samples were DNase-treated and cDNA was synthesized 

from 150 ng RNA per sample using the QuantiTect reverse transcription kit (Qiagen). 

Amplification of cDNA was performed in duplicate using the QuantiFast SYBR Green 

PCR kit (Qiagen) and gene expression was measured with quantitative real-time PCR 

(qRT-PCR) on a Mastercycler ep realplex2 (Eppendorf). cDNA was added to a reaction 
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master mix (12 μL) containing HotStarTaq Plus DNA polymerase, QuantiFast buffer, 

SYBR Green I, passive reference dye, and gene-specific primers (500 nM each of forward 

and reverse primer).  

2.2.6.2 Real-time qRT-PCR analysis 

Threshold cycle (Ct) (number of cycles for amplification to reach threshold of 

detection) was automatically determined by Eppendorf software for each reaction, and 

relative gene expression against the housekeeping gene Gapdh was determined using the 

2–ΔΔCt method (Livak & Schmittgen, 2001; Pfaffl, 2001) as previously reported 

(Williamson et al., 2011). Samples were run in duplicates and were excluded based on 

improper melting curve or failure to amplify (for Il10, n = 3 Control-Remi and n = 3 

Handled-Remi failed to meet quality controls).  

2.2.6.3 Primer sequences 

Primer sequences (prepared by Integrated DNA Technologies) were as follows: 

Gapdh forward: GTTTGTGATGGGTGTGAACC; Gapdh reverse: 

TCTTCTGAGTGGCAGTGATG; Tlr4 forward: CAGAGGAAGAACAAGAAGC; Tlr4 

reverse: CCAGATGAACTGTAGCATTC; Il10 forward: ATGTTGCCTGCTCTTACTGG; 

Il10 reverse: TCTGGCTGACTGGGAAGTG. 

2.2.6.4 PCR array 

For rats used in experiment 2, NAc gene expression was quantified using PCR 

arrays to simultaneously measure gene expression of 84 rat chemokines, receptors, and 



 

70 

related inflammatory signaling pathways (SABiosciences/Qiagen; cat. PARN-022ZA). 

After isolating RNA with the TRIzol method as described above, cDNA was synthesized 

from 500 ng of RNA using the RT2 First Strand kit (Qiagen). Gene expression was 

measured using real-time qRT-PCR on the Mastercycler ep realplex2 by using RT2 SYBR 

Green ROX master mix (Qiagen) according to manufacturer’s instructions (n = 6/group). 

Relative gene expression normalized to a panel of five housekeeping genes was 

determined using the 2–ΔΔCt method. 

2.2.7 Statistical analyses 

 Data were analyzed and depicted with GraphPad Prism 6 software. Self-

administration data were analyzed by two-way mixed repeated measures ANOVA (RM-

ANOVA), with early-life experience (Control or Handled) as the between-subjects factor 

and time as the within-subjects repeated measure, followed by Fischer’s LSD post hoc 

comparisons when appropriate. Behavioral data were analyzed separately for the two 

remifentanil doses, and planned comparisons were made between the first and final day 

to simplify assessment of shifts in drug acquisition behavior over time. Outliers from 

behavioral assessments were detected by Grubb’s test during the final three sessions, 

resulting in the removal of 3 subjects (n = 1 Control and n = 1 Handled for experiment 1, 

n = 1 Handled for experiment 2). Single-gene PCR data were analyzed by two-way 

ANOVA, with early-life experience (Control or Handled) and remifentanil exposure 

(Sham or Remi) as the between-subjects variables. PCR array data and figures were 
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generated and analyzed with the assistance of software provided by the manufacturer 

(SABiosciences/Qiagen). The threshold for significance (α-level) was set at p < 0.05. All 

data are presented as mean ± SEM. 
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Figure 2: The number of i.v. infusions of remifentanil was recorded in daily 1 

h sessions (FR1, 20 sec timeout) for 14 days: 7 days at 0.29 μg/kg and 7 days at 0.9 

μg/kg. 



 

72 

Day 1 Day 7 Day 1 Day 7
0

20

40

60

80
Control

Handled

Remifentanil concentration

0.29 g/kg 0.9 g/kg

*

In
fu

s
io

n
s

 

Figure 3: Neonatal handling does not influence remifentanil self-

administration for adult rats during initial sessions at 0.29 μg/kg when comparing the 

first and final sessions (day 1 vs day 7). In contrast, neonatal handling significantly 

attenuates the number of remifentanil infusions acquired compared to controls on 

day 7 when remifentanil is delivered at 0.9 μg/kg (*p < 0.05). 

2.3 Results 

2.3.1 Neonatal handling attenuates remifentanil self-administration 

 Previous investigations utilizing rodent models have established that 

manipulations to the early-life maternal environment can have enduring consequences 

on addiction-related behavioral outcomes in adulthood, such as morphine locomotor 

sensitization (Kalinichev et al., 2002) and morphine conditioned place preference 

(Schwarz et al., 2011). However, the extant literature has not extended these 
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observations to a model of opioid self-administration, which arguably demonstrates 

greater face validity to human addiction-related behaviors (Panlilio & Goldberg, 2007). 

To test the impact of neonatal handling on a behavioral paradigm of self-motivated 

intravenous opioid acquisition, we measured self-administration for remifentanil at two 

drug concentrations (0.29 μg/kg and 0.9 μg/kg) previously shown to be reinforcing 

(Hutchinson et al., 2012) in 1 h sessions for 7 days at each dose. Self-administration 

behavior for each daily session are presented in Figure 2. Comparisons were made 
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Figure 4: Responses on the inactive lever across daily 1 h sessions for 14 days: 7 

days with remifentanil available at 0.29 μg/kg and 7 days at 0.9 μg/kg. 
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between the first and final sessions for each drug concentration (day 1 vs. day 7) to 

assess changes in drug acquisition behavior over time. A two-way mixed repeated 

measures ANOVA (RM-ANOVA) revealed no main effect of early-life experience on the 

number of infusions acquired at 0.29 μg/kg (F1,22 = 0.0007, p = 0.980) and no change in 

behavior over time (F1,22 = 1.32, p = 0.263) (Figure 3). In contrast, a two-way RM-ANOVA 

for sessions at 0.9 μg/kg revealed there was a main effect of time (F1,22 = 79.72, p < 0.001) 

and a significant interaction between test day and early-life experience (F1,22 = 4.61, p = 
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Figure 5: Neonatal handling has a negligible effect on inactive lever pressing 

when comparing groups for sessions at both drug concentrations. 
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Figure 6: Schematic representation of the experimental timeline. Following 

neonatal handling or control conditions, adult rats were allowed to acquire 

remifentanil self-administration at 0.9 μg/kg (1 h daily, FR1, 20 sec timeout) until 

responding was stable (<20% variance across 3 sessions) for at least 14 days. 

Subsequent sessions involved randomized access to varying concentrations of 

remifentanil, which was counterbalanced between groups (4 concentrations, 3 

sessions per concentration, across 12 days; n = 6-8/group). 

0.043). Post hoc comparisons revealed that controls took a significantly greater number 

of remifentanil infusions at 0.9 μg/kg on day 7 compared to handled rats (p < 0.05) 

(Figure 3). Responses on the inactive lever were also compared as a measure of non-

specific lever displacement behavior. Inactive lever responses are reported for each 

individual session in Figure 4. A two-way mixed RM-ANOVA comparing the first and 

final sessions did not change across time and did not differ between groups for sessions 

at 0.29 μg/kg. For sessions at 0.9 μg/kg, there was a significant interaction between early-

life experience and session (F1,22 = 6.14, p = 0.021), but post hoc comparisons revealed 

there was no significant difference between groups on day 1 or day 7 (p > 0.05 for both 

comparisons), suggesting that neonatal handling condition does not influence non-

specific responding for non-reinforced actions (Figure 5). 
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2.3.2 Neonatal handling reduces dose-response curve for remifentanil 

The results from the previous experiment revealed that neonatal handling 

influenced self-motivated remifentanil acquisition in a dose-dependent manner (Figure 

3). To further investigate the relationship between early-life experience and self-

administration behavior as a factor of remifentanil concentration, we examined the dose-
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Figure 7: There is a downward shift in the dose-response curve to remifentanil 

in rats that received neonatal handling compared to controls (main effect of early-life 

experience; *p < 0.05). Post hoc tests revealed that handled rats administer fewer 

remifentanil infusions per session at the 0.09 μg/kg or 0.29 μg/kg concentrations 

relative to controls (*p < 0.05, **p < 0.01). 

response curve to four different drug concentrations used in previous work (Hutchinson 

et al., 2012). The experimental timeline for experiment 2 is presented in Figure 6. Our 

data from experiment 1 suggested that reminfentanil at the 0.9 μg/kg concentration was 
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capable of promoting increased self-administration over time, but because the number 

of sessions was fixed, it was unclear if responding at day 7 had plateaued or would have  

continued increasing. To ensure that responding at 0.9 μg/kg had stabilized before the 

dose was manipulated, we performed daily 1 h remifentanil sessions until responding 

was stable (defined as <20% variance in infusions for 3 sessions). Once responding was 

stable, rats received daily exposure to one of four concentrations of remifentanil (0.09, 

0.29, 0.9, or 2.9 μg/kg/infusion) in a randomized sequence, counter-balancing the order 

of dose presentation across groups. Individual responses for each drug concentration 

were averaged across the three separate trials and reported as the 
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Figure 8: Handled and non-handled control rats do not show differences in 

responding on the inactive lever during the dose-response sessions. 
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Age: P0

18 days

P2 P60P20
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Figure 9: Schematic representation of the experimental timeline. Adult rats 

either self-administered food pellets under conditions of food deprivation (n = 7-

8/group), or sucrose pellets with ad libitum access to food (n = 5-6/group) in daily 1 h 

sessions (FR1, 20 sec timeout) for 7 days. 

group mean ± SEM. A two-way mixed RM-ANOVA revealed that neonatal handling 

significantly reduced the number drug infusions acquired across doses (main effect of 

early-life experience; F1,12 = 4.81, p = 0.049; Figure 7). Post hoc comparisons between 

groups confirmed that neonatally handled rats acquired fewer remifentanil infusions per 

session during the 0.09 μg/kg (p < 0.01) and 0.29 μg/kg trials (p < 0.05), compared to 

controls. The number of infusions acquired was also strongly influenced by 

concentration (main effect of drug concentration; F3,36 = 27.16, p < 0.001), which is 

consistent with the presumption that rodents would modify acquisition behavior 

within-session based on drug received per infusion (Panlilio & Goldberg, 2007). 

Responding on the inactive lever varied by dose (main effect of drug concentration; F3,36 
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= 8.09, p < 0.001), but we observed no difference between handled and non-handled 

groups for inactive lever-pressing (Figure 8). 

2.3.3 Neonatal handling does not alter reinforcement for natural 
rewards 

Taken together, the previous data indicate that neonatal handling can attenuate 

self-administration of remifentanil for adult male rats. To determine the extent to which 

neonatal handling can influence reinforcement learning for other rewards, we assessed 

self-administration behavior for food or sucrose pellets using a separate group of 

handled and non-handled control rats from the same litters as experiments 1 and 2. The 

experimental timeline is presented in Figure 9. The number of pellets per session rose 

dramatically over time, both for food (Figure 10a) and sucrose (Figure 10b). Comparing 

the first and final sessions, there was a significant main effect of time for rats acquiring 

food (F1,13 = 69.22, p < 0.001) as well as those acquiring sucrose (F1,9 = 12.29, p = 0.007). 
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Figure 10: Acquisition of pellet rewards rose dramatically for both food (a) and 

sucrose (b) across sessions. 
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However, there was no main effect of early-life experience on food (F1,13 = 0.04, p 

= 0.837; Figure 11a) or sucrose (F1,9 = 0.05, p = 0.822; Figure 11b) self-administration, and 

no significant interactions between time and early-life experience for acquisition of food 

(F1,13 = 0.59, p = 0.458) or sucrose (F1,9 = 0.990, p = 0.346). In addition, two-way RM-

ANOVA determined there was no significant difference between groups in their 

responding on the inactive lever during trials for food (Figure 12a) or sucrose (Figure 

12b). Using two different palatable reinforcers, these data demonstrate that neonatal 

handling does not influence acquisition of food or sucrose rewards, and suggest that the 

attenuation of self-administration behavior by neonatal handling is specific for 

remifentanil administration. Likewise, these experiments rule out the possibility that the 

effects of neonatal handling for remifentanil self-administration are associated with 

anhedonic-like behavior or generalized inability to acquire operant conditioning under 
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Figure 11: Comparing day 1 vs day 7, rats that received neonatal handling do 

not differ from controls in their acquisition of food (a) and sucrose (b) rewards. 

the same parameters. 
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2.3.4 Neonatal handling produces an anti-inflammatory environment 
following remifentanil exposure revealed by transcriptional profiling 
of the NAc 

There is considerable evidence that various opioid compounds can induce a 

neuroinflammatory response through the proposed mechanism of Toll-like receptor 

(TLR) activation, in particular TLR4 (Eidson et al., 2016; Wang et al., 2012a). Previous 

work has characterized acute morphine-induced cytokine and chemokine transcription 

in the NAc (Schwarz et al., 2011; Schwarz et al., 2013), but persistent changes in 

neuroimmune signaling following repeated opioid self-administration have not yet been 

investigated. We first utilized qRT-PCR to quantify mRNA expression in the NAc of rats 

from experiment 1, which were isolated 14 days after cessation of drug exposure. As a 

baseline drug-naïve control group, NAc tissue was also collected from rats that 

underwent jugular isolation surgery but received no remifentanil (“Sham” treatment). 

For TLR4 mRNA, we observed a significant main effect of drug treatment (F1,32 = 4.26, p = 
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Figure 12: Inactive lever responses were similar between groups for during 

food (a) and sucrose (b) self-administration sessions. 
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0.047) but no effect of early-life experience (F1,32 = 0.50, p = 0.484), such that remifentanil 

acquisition increased NAc expression of TLR4 regardless of early-life conditions (Figure 

13). 
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Figure 13: TLR4 mRNA is elevated in NAc of rats that self-administered 

remifentanil, compared to sham-treated controls (*p < 0.05; Sham: n = 5-6/group; Remi: 

n = 11-13/group). 

We next compared gene expression of anti-inflammatory IL-10. Consistent with 

previous work (Schwarz et al., 2011), we found IL-10 mRNA was elevated in the NAc of 

handled rats (Figure 14), regardless of remifentanil exposure (main effect of early-life 

experience: F1,21 = 5.24, p = 0.033). 
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Figure 14: Expression of IL-10 mRNA in the NAc is increased for rats that 

received neonatal handling (p < 0.05; Sham: n = 3-4/group; Remi: n = 8-10/group). 

To more thoroughly characterize neuroimmune signaling in the NAc, we 

collected tissue from rats used in Figure 2 and utilized PCR arrays to analyze gene 

expression of 84 cytokine/chemokine genes and their related receptors (log2 fold-change 

heat maps are presented in Figure 15). Transcriptional profiling of the NAc revealed a 

suppression of pro-inflammatory cytokine and chemokine genes in handled rats that 

received remifentanil compared to non-handled controls; twelve genes investigated 

were significantly downregulated, including Cx3cr1, Tlr2, Il1b, and Ccl2 (Table 1). Non-

supervised hierarchical clustering of all non-housekeeping genes grouped rats primarily 

by early-life experience (Figure 16), suggesting that cytokine/chemokine gene expression 
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patterns in the NAc are persistently influenced by early-life conditions and, 

Handled-Sham Control-Remi Handled-Remi

 

Figure 15: The log2 fold-change heat maps of gene expression as assessed by 

PCR array, compared to Control-Sham (n = 6/group). 

in response to repeated remifentanil exposure, are characterized by a broadly 

immunosuppressive phenotype. 

Table 1: Fold regulation and reported p values of significant gene expression 

changes (normalized to Control-Sham).  

 Gene Fold regulation p value 

Handled-Sham Il6 1.39 0.0364 

Control-Remi Slit2 

Ackr2 

Cx3cr1 

Ccl17 

1.32 

-1.35 

-1.3 

-1.58 

0.0237 

0.0497 

0.0267 

0.0178 

Handled-Remi Gpr17 -1.23 0.0403 
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Il16 
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Ccl7 

Itgb2 

Tymp 

Kdr 

Cx3cr1 

Tlr2 

Il1b 

Ccl2 

-1.14 

-1.18 

-1.29 

-3.11 

-1.28 

-1.19 

-1.62 

-1.45 

-1.4 

-2.08 

-3.18 

0.0380 

0.0236 

0.0221 

0.0225 

0.0132 

0.0096 

0.0064 

0.0036 

0.0020 

0.0005 

0.0006 
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Figure 16: Non-supervised hierarchical clustering of non-housekeeping genes 

assessed by PCR array assembles groups based on early-life experience: Handled-

Sham with Handled-Remi (labeled Group 1 and Group 3, respectively), and Control-

Sham with Control-Remi (labeled Control group and Group 2). 

2.4 Discussion 

We have demonstrated that a reasonably simple manipulation of neonatal 

handling from P2 to P20 has a striking effect on a measure of reinforcement behavior for 

the fast-acting opioid remifentanil, attenuating the number of infusions acquired in a 

drug concentration-dependent manner and resulting in a downward deflection of the 

dose-response curve. For many decades, developmental psychologists and 

neurobiologists have noted that neonatal handling results in enduring physiological and 

behavioral sequelae, largely in the context of stress and organization of the HPA axis 

(Levine, 1957; Levine et al., 1967). This manipulation is aimed at disrupting mother-pup 
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interactions, and many authors have proposed that variations in rodent maternal care 

during the critical period of postnatal development (whether those variations in care are 

naturally occurring or induced by the experimenter through home-cage disruption) can 

influence long-term physiological function with implications for neural circuit function 

(Curley & Champagne, 2016; Franklin et al., 2012; Korosi & Baram, 2010; Meaney, 2001). 

While the handling manipulation does not easily map to equivalent parent-offspring 

interactions in humans, there is nevertheless substantial evidence that early-life social 

conditions, such as trauma, parental support, and socioeconomic status can profoundly 

affect susceptibility to numerous stress-related psychopathologies (Russo et al., 2012; 

Tost et al., 2015), although the biological mechanisms producing these effects in humans 

are less clear. In contrast to the seemingly protective phenotype of neonatal handling, 

many other laboratories have reported that extended periods of rodent maternal 

separation (often 180 min or greater) can lead to increased sensitivity to drugs of abuse. 

Indeed, extended maternal separation has been shown to increase measures of drug self-

administration for the psychostimulants cocaine (Moffett et al., 2006) and 

methamphetamine (Lewis et al., 2016; Lewis et al., 2013), the latter associating changes 

in expression of the epigenetic marker methyl CpG binding protein 2 (MeCP2) in the 

NAc as a putative mechanism for the persistent effects of early-life stress on adult self-

administration behavior. In these cases, the environmental manipulation is primarily 

conceptualized as a model of early life stress or trauma, which is supported by measures 
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of hypothalamic corticotropin-releasing factor (CRF) and stress-induced plasma 

corticosterone (Plotsky & Meaney, 1993). This is in contrast to the brief (15 min) 

separation paradigm used here, which has been shown to reduce biomarkers of stress 

(Bhatnagar & Meaney, 1995) and is associated with decreased cocaine self-

administration compared to both non-handled controls and 180 min maternal separation 

(Moffett et al., 2006). In addition to intravenous drug delivery, voluntary ethanol 

consumption in rats is reduced following neonatal handling, while prolonged maternal 

separation potentiates ethanol consumption compared to handled rats and non-handled 

controls (Ploj et al., 2003). These data suggest that divergent behavioral outcomes for 

rodent offspring are extremely sensitive to the temporal dynamics of the maternal 

separation procedure. 

We focused our transcriptional analyses to the NAc, a major site of dopaminergic 

and glutamatergic input that is associated with reinforcement and aversion behaviors. 

The neuronal circuits projecting to and from the dopamine receptor-expressing medium 

spiny neurons (MSNs) in the NAc have been extensively characterized for their role in 

motivation and reward learning, and drug-induced changes in the plasticity of these 

circuits is thought to underlie the persistence of addiction behavior (Graziane et al., 

2016). Phasic signaling from midbrain dopaminergic projections targeting the NAc has 

been associated with sucrose reward acquisition as well as in response to cues that 

predict this reward (Parker et al., 2016), and acute opioid administration similarly 
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elevates striatal dopamine release (Vander Weele et al., 2014). Glutamatergic projections 

from the prefrontal cortex, hippocampus, and basolateral amygdala to MSNs of the NAc 

have been associated with promoting reward-related behavior for intracranial self-

stimulation or drug-seeking (Ferenczi et al., 2016; Pascoli et al., 2014; Stuber et al., 2011). 

Beyond reward, opioid-induced negative affective states have been recently associated 

with changes in subunit trafficking of postsynaptic glutamatergic AMPA receptors in 

the NAc (Russell et al., 2016). Thalamic projections to D2-receptor-expressing NAc 

neurons appear to drive the aversive withdrawal symptoms to morphine (Zhu et al., 

2016), and dendritic spine elimination on D2-receptor neurons in NAc occurs following 

withdrawal from morphine (Graziane et al., 2016). Indeed, optogenetic control of 

dynorphinergic cells in this region confirms that the NAc has a complex architectural 

topography that can encode opposing motivational states (Al-Hasani et al., 2015). The 

NAc is also a critical region for the maintenance of remifentanil acquisition, as recovery 

of µ-opioid receptors in distinct subpopulations of dorsal and ventral striatal neurons is 

sufficient to partially restore remifentanil self-administration (Cui et al., 2014). As such, 

neuroadaptations associated within NAc remains an important biological substrate for 

understanding reminfentail reinforcement and opioid abuse in general. 

More recently, microglial cytokine signaling in the NAc has been associated with 

synaptic and behavioral responses to opioids and cocaine (Lewitus et al., 2016; Schwarz 

& Bilbo, 2013). Based on this evidence, we focused our characterization on the NAc and 
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demonstrated that neuroinflammatory signaling in this region is influenced by early-life 

environmental conditions. Our transcriptional analyses suggest that cytokine and 

chemokine signaling within the NAc, including pathways associated with TLRs, may 

represent important neural-glial communication associated with opioid reinforcement. 

Opioids can interact with the lipopolysaccharide (LPS)-binding pocket of myeloid 

differentiation factor-2 (MD-2), leading to TLR4 oligomerization and subsequent pro-

inflammatory cytokine and chemokine transcription (Wang et al., 2012a). Non-specific 

modulators of inflammatory signaling (e.g. ibudilast) as well as specific disruption of 

TLR4 signaling reduces the rewarding effects of opioids, potentially through reduced 

NAc dopamine transmission (Bland et al., 2009; Hutchinson et al., 2012). The 

contribution of TLR signaling to addiction-like behavior is supported by studies in 

which pharmacological or genetic disruption of TLR4 signaling prevents morphine and 

oxycodone CPP and reduces remifentanil self-administration (Hutchinson et al., 2012). 

Similarly, chronic antagonism of TLR4 with (+)-naltrexone reduces cue-induced heroin 

self-administration following withdrawal (Theberge et al., 2013), suggesting opioid-

induced TLR4 receptor activity may contribute to distinct behavioral components of 

addiction behavior, namely drug reinstatement for heroin. Given that TLR4/MD-2 

signaling may also underlie behavioral responding to cocaine (Northcutt et al., 2015), 

TLR activity could represent a unifying mechanism regulating the immune responses to 
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drugs of abuse, and inhibition of the pro-inflammatory downstream products may alter 

drug reinforcement. 

We found that remifentanil self-administration increases TLR4 expression in the 

NAc regardless of early-life experience. However, neonatal handling produces a 

persistent elevation in IL-10 gene expression in the NAc, consistent with previous 

reports (Schwarz et al., 2011). IL-10 is a potent inhibitor of TLR-mediated signaling and 

can directly inhibit cytokine transcription and translation (Kishore et al., 1999) and 

prevents LPS-induced neurotoxicity in mesencephalic cultures by suppressing 

production of cytokines and reactive oxygen species (Zhu et al., 2015). The selectivity to 

which IL-10 can inhibit TLR4 was further confirmed with the characterization of 

microRNA-146b, which is induced by IL-10 and negatively regulates TLR4-mediated 

pro-inflammatory cytokine and chemokine induction (Curtale et al., 2013). These results 

support the notion that tonic elevation of IL-10 may be sufficient to suppress the 

downstream signaling pathway of TLR activation in response to opioids, although 

further research is needed to characterize the specific molecular targets regulated by IL-

10 in the NAc. 

Despite the promising view of TLR4 as a master regulator of opioid-induced 

neuroinflammation, some conflicting reports have emerged regarding its function in 

opioid-induced behavioral effects. For instance, mice harboring dominant-negative or 

null mutations of Tlr4 retain morphine-induced withdrawal symptoms (Mattioli et al., 
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2014). Additionally, a recent report found that pharmacological antagonism of TLR4 

with pre-treatment of (+)-naloxone or (+)-naltrexone had no effect on remifentanil self-

administration (Tanda et al., 2016). In light of these observations, alternative immune 

signaling pathways may also be recruited. For instance, here we observed 

downregulation of TLR2 gene expression in handled rats that received remifentanil. 

Indeed, other laboratories have identified a role for TLR2 in mediating the pro-

inflammatory response to opioids (Zhang et al., 2011) as well as cocaine and alcohol 

(Fernandez-Lizarbe et al., 2013; Liao et al., 2016). While these discrepancies in the 

literature could be due to methodological differences, they could also be attributable to 

compensatory responses to broad genetic or pharmacological disruptions of TLR 

function in the examples given (Mattioli et al., 2014; Tanda et al., 2016). For example, 

evidence has emerged in zebrafish and mouse models using null allele genetic 

inactivation strategies that compensatory genetic responses can emerge at separate loci 

(Rossi et al., 2015), and that the genetic background of inbred mouse strains can lead to 

startlingly divergent genotype-phenotype outcomes, including the psychomotor 

activating effects of methamphetamine (Sittig et al., 2016). Although the precise 

mechanisms of opioid-induced neuroinflammation remain unclear, further research 

aimed at cell type-specific perturbations should help resolve these issues. 

A possible explanation for the persistent effects of neonatal handling could be 

attributed to epigenetic modifications related to cytokine and chemokine responses 
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within the CNS. Researchers had long-predicted that natural variations in maternal care 

(e.g. licking and grooming behavior and arched-back nursing) could influence 

divergence in phenotypic outcomes later in life (Francis et al., 1999). Schwarz et al. (2011) 

demonstrates the clearest evidence that handling produces epigenetic modifications to 

DNA methylation at the sequence for IL-10; more importantly, these changes are specific 

to microglia. A limitation to our method of PCR analysis is the loss of cell type-specific 

information during whole tissue homogenization. Thus, while the data indicate 

elevations in IL-10 mRNA, we cannot determine its cellular origin or if epigenetic 

mechanisms were associated with reduced remifentanil acquisition. Future evidence 

aimed at cell-type specific manipulation should consider the contribution of microglia, 

astrocytes, or other immunocompetent cells in order to evaluate the relative cell-type-

specific contribution to handling effects on opioid reinforcement. 

The effect of handling is likely a multiplicative effect of diverse factors, including 

tactile stimulation, thermal regulation, changes in maternal behavior, and altered pup-

pup interactions. There are likewise equally diverse biological mechanisms that have 

been associated with early handling, including neuroendocrine function, HPA axis 

responsivity, and epigenetic modifications to promoter function of glucocorticioid and 

metabotropic glutamate receptors. The work contained here extends the hypothesis that 

early handling effects may also be mediated through changes in innate immune 

signaling within the NAc. However, it is likely that neuroimmune signaling in other 
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brain regions beyond the NAc may play an essential or supporting role in dictating 

reward behavior. This is supported by recent data linking neuroimmune signaling 

mechanisms in the ventral tegmental area (Taylor et al., 2016) or the periaqueductal gray 

(Eidson et al., 2016) to the development of morphine tolerance. However, the structural 

organization of NAc cell populations (or extrastriatal circuits) that could be effected by 

opioid-induced neuroimmune signaling still awaits further description. 

Collectively, these results support the broad conclusion that neonatal handling 

results in attenuated opioid drug-taking behavior. Although it is tempting to draw 

direct comparisons between the remifentanil self-administration behavior for 

experiment 1 (Figure 3) and experiment 2 (Figure 7), an important limitation to consider 

is the differences in remifentanil exposure between the groups: the former received a 

fixed number of sessions (14 days) and a fixed order of concentration exposure (0.29 

μg/kg followed by 0.9 μg/kg), while the latter received a variable number of sessions 

beginning at the higher 0.9 μg/kg dose, followed by randomized exposure to various 

drug concentrations. This is important to consider when comparing the behavioral 

responses to remifentanil, as well as the mRNA analyses obtained. Thus, we cannot rule 

out the possibility that the differences in the quantity and duration of remifentanil 

exposure could explain some of the effects observed; for instance, handled rats on the 

dose-response curve show attenuated drug acquisition during sessions at lower 

concentrations (0.09 μg/kg and 0.29 μg/kg), whereas the significant effect of handling 
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was originally revealed only when the dose was increased from 0.29 μg/kg to 0.9 μg/kg. 

This suggests that the concentration of intravenous remifentanil received per infusion 

during initial sessions likely shapes the outcome of responding to future changes in 

drug concentration, which interacts with early-life environmental status. Further 

delineation of the relationship of how the neonatal handling condition influences opioid 

intake over time in a concentration-dependent manner is a topic of considerable interest 

for future research.
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3. Plasmid DNA encoding IL-10 delivered into the 
nucleus accumbens attenuates opioid self-
administration 

3.1 Introduction 

The data thus far support the hypothesis that manipulations which increase anti-

inflammatory signaling in the NAc, such as altering the early-life maternal environment 

via neonatal handling, result in an attenuation of opioid self-administration. Analysis of 

gene expression in the NAc confirmed that neonatal handling resulted in elevated gene 

expression of IL-10 relative to controls, regardless of later remifentanil exposure. In 

agreement with the proposed role of IL-10 as a canonical suppressor of inflammatory 

action (Moore et al., 2001), PCR array characterization of cytokine and chemokine 

transcription of the NAc revealed a broadly anti-inflammatory profile in handled rats 

following remifentanil self-administration, suggesting a drug by environment 

interaction that results in active suppression of the typical pro-inflammatory mediators 

induced by opioids or LPS, such as Il1b and Ccl2. However, it is possible that the 

observed differences in IL-10 mRNA expression in the NAc are not the cause of the 

transcriptional and behavioral outcomes related to neonatal handling. In other words, 

we cannot conclusively determine if elevated IL-10 expression is the causative factor in 

suppressing cytokine/chemokine transcription in the NAc and thus impacting the 

reinforcing efficacy of remifentanil, or if IL-10 upregulation represents an indirect 

consequence of an unknown process, with changes in basal IL-10 production 
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representing an indirect outcome independent of our observed results. We sought to 

address this fundamental concern by achieving direct manipulation of IL-10 gene 

expression in non-handled, naïve rats. 

In the following set of experiments, we utilized a non-viral method of IL-10 gene 

delivery to directly manipulate IL-10 expression in the NAc and assay its effect on 

behavioral responding for intravenous remifentanil. Naked plasmid DNA (pDNA) 

encoding rat IL-10 has been used to effectively resolve allodynia through suppression of 

glial cytokine production in the spinal cord (Milligan et al., 2006). In addition, a recent 

report found that delivery of D-mannose as a transgene adjuvant along with pDNA-IL-

10 greatly improves the efficacy of intrathecal pDNA-IL-10 for suppression of 

neuropathic pain (Dengler et al., 2014). Based on these results, we chose to administer 

pDNA-IL-10 and D-mannose into the NAc of naïve adult rats to achieve in vivo 

manipulation of IL-10. We subsequently assessed the effect of intracranial pDNA-IL-10 

delivery on remifentanil self-administration, utilizing the same conditions as the 

experiment outlined in the previous chapter. To address if pDNA-IL-10 manipulation 

influences instrumental conditioning or alters reinforcement of natural rewards, we 

measured food and sucrose self-administration following pDNA treatment. Finally, to 

resolve the question of which cells within the CNS are responsive to pDNA 

administration, we utilized in vitro application of pDNA to isolated CD11+ and CD11b- 
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cell populations and identified changes in IL-10 mRNA expression as a measure of 

plasmid efficacy. 

3.2 Materials and Methods 

3.2.1 Animals 

Adult male Sprague-Dawley rats (age 59-63 d, weighing 250-275 g upon arrival) 

were obtained from Harlan/Envigo (Dublin, VA) were pair-housed in individually 

ventilated polypropylene cages with corn cob bedding and ab libitum access to food 

(Purina LabDiet 5001) and filtered water. Rats were given at least one week to acclimate 

to laboratory conditions before experiments began. Once per week rats were transferred 

to clean cages with new bedding and food hoppers were replenished. The breeding 

rodent colony was maintained at 23°C on a 12:12 h light-dark cycle (lights off at 7:00 

AM). All experiments were approved by the Duke University Institutional Animal Care 

and Use Committee. 

3.2.2 Drugs 

Remifentanil hydrochloride (Sigma-Aldrich, cat. R1908) was dissolved into 0.9% 

sterile saline to a concentration of 100 µg/mL and frozen in aliquots at -20°C, which were 

subsequently thawed and further diluted with 0.9% sterile saline to the required 

concentration prior to daily self-administration sessions. The infusion volume (44.4 µL) 

and infusion duration (2.5 sec) were held constant across sessions, necessitating dilution 

of remifentanil solution to accommodate individual weight differences. Rat weights (g) 
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at the day of testing were rounded to the nearest value in increments of 10 g (e.g. 351 g 

weight would be considered 350 g; 356 g would be considered 360 g), and remifentanil 

was diluted to deliver equal µg per kg (e.g. 0.29 µg/kg) per infusion across individuals. 

D-(+)-mannose (Sigma-Aldrich, cat. M6020) was dissolved in 0.9% sterile saline before 

use. Drug doses are reported as free base concentrations. 

3.2.3 Plasmid DNA treatments 

3.2.3.1 Plasmid DNA construct 

pDNA-IL-10 vectors consisted of a 5.9 kilobase circular plasmid DNA (pDNA) 

containing a transcriptional cassette with a cytomegalovirus enhancer/chicken beta-actin 

promoter driving expression of rat IL-10 containing a point mutation (F129S) and a viral 

SV40 polyadenylation signal. The cassette is flanked by a 149 base-pair inverted terminal 

repeat sequence. Additional information on the plasmid construct has been reported 

previously (Milligan et al., 2006). The pDNA-control vector was identical to the pDNA-

IL-10 vector but lacking the IL-10 gene. The purified, endotoxin-free plasmids were 

suspended in Dulbecco’s PBS with 3% sucrose and stored in aliquots at -80°C, then 

thawed directly before use. 

3.2.3.2 In vitro experiments 

For in vitro experiments, isolated saline-perfused rat brains (n = 4) were finely 

sliced with sterile razor blades (excluding cerebellum), transferred to ice-cold sterile 

tubes containing enzyme digestion mix [collagenase (1.5 mg/mL) and DNase I (0.4 
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mg/mL) in HBSS (w/o) (Invitrogen), 5% FBS, 10 µM HEPES], and incubated at 37°C for 

15 min. Tissue was manually dissociated through several rounds of repeated Pasteur 

pipetting, brought to a single-cell suspension by passing tissue through a 70 µm nylon 

filter, and washed with HBSS w/ CaCl2 and MgCl2. After centrifuging at 300X g for 10 

min, myelin was depleted using a 30%-70% Percoll gradient (GE Healthcare). The 

gradient was spun at 1400 rpm for 20 min at room temperature with slow acceleration 

and no break. The resulting myelin layer was aspirated, and cells at the interphase were 

transferred to new 15 mL conical vials with HBSS/FBS/HEPES solution. For some 

experiments, microglia were isolated at this step using CD11b MACS magnetic beads 

and columns according to manufacturer’s instructions (Miltenyi Biotec). The captured 

CD11b+ cells and flow-through of CD11b- cells (1.28 x 105 cells/100 µL/well) or non-

isolated cells were pooled and cultured in media at 37°C, 5% CO2 for 1 h. Cells were then 

incubated with media (Dulbecco's Modified Eagle medium) or media containing D-

mannose (5 mg/mL), D-mannose + pDNA-control (10 µg/mL), or D-mannose + pDNA-

IL-10 (10 µg/mL) for 2 h, with conditions run in triplicate. Plates were centrifuged at 

300X g, 4°C for 5 min, the supernatant was removed, and cells were treated with 200 uL 

TRIzol and frozen at -80°C until processing for qRT-PCR. 

3.2.3.3 In vivo experiments: stereotaxic surgeries 

Rats were anesthetized with a combination of ketamine (60 mg/kg, i.p.) and 

dexmedetomidine (0.15 mg/kg, i.p.). Fur around the head was shaved before placing the 



 

100 

rat in the stereotaxic frame (Kopf Instruments). After cleaning the surgical site with 70% 

ethanol and povidone-iodine, a scalpel was used to expose the skull, and bilateral 

craniotomies were performed with dental drill. A microsyringe pump injector (World 

Precision Instruments) fastened to the arm of the stereotax was fitted with a 5 µL 

Hamilton syringe, which was then filled with 2 uL of the control or pDNA-IL-10 

solution. Using the stereotax, the syringe was lowered to the target coordinates for the 

left or right hemisphere NAc (AP: + 1.8; ML: ± 1.5; DV: -6.8) (Paxinos & Watson, 2007) 

and 1 µL of the pDNA and D-mannose solution was slowly infused over 10 mins at a 

rate of 0.1 µL/min. The syringe was left in place for 7 mins to allow for diffusion before 

moving the syringe to the other hemisphere and repeating the same 1 µL infusion. Bone 

wax was applied to the skull and the incision was closed with autoclips. For post-

operative care, bupivacaine (0.25%, topically applied, no more than 0.3 mL) and 

ketoprofen (5 mg/kg, s.c.) were administered for analgesia, and antibiotic ointment was 

applied to the wound. Atipamezole (1.5 mg/kg, i.p.) was administered to allow for rapid 

recovery from anesthesia. Rats were returned to their cage and given DietGel and 

sweetened cereal (Fruit Loops) to ameliorate post-surgical weight loss. 

3.2.4 Self-administration 

3.2.4.1 Apparatus and general procedure 

Behavioral testing was conducted in operant-conditioning chambers (Med 

Associates, ENV-008-CT) individually housed inside sound-attenuating boxes equipped 
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with motorized fans to ventilate air and generate white noise. Each chamber consisted of 

polycarbonate sides, a modular stainless steel front and rear, and a stainless steel grid 

floor. A flat stainless steel sheet wrapped in a clean absorbent pad was placed on the 

floor of the chamber to create an even, continuous surface. The front wall of each 

chamber was equipped with two levers with a cue light above each lever, with a house 

light and tone generator in the rear. Downward displacement of either lever defined a 

response. During an experimental session, the illumination of the cue light over the 

active lever indicated reward availability. Correct responses on the active lever resulted 

in reward delivery, the presentation of 0.5 sec tone, and the extinguishing of the cue 

light for the duration of the timeout. During session timeouts, responding on the active 

lever was recorded but had no effect. Any responses on the inactive lever were recorded 

but resulted in no programmed outcome. Assignment of the left or right lever as the 

active lever was counter-balanced across groups. A house light at the rear remained 

illuminated during the session but was briefly extinguished during reward delivery. For 

food or sucrose rewards, a pellet dispenser delivered a 45 mg pellet into a food 

receptacle mounted in the front wall between the two levers. For remifentanil rewards, a 

10 mL syringe was fitted into a syringe driver located outside the chamber, which was 

attached to polyurethane tubing that entered the chamber and attached to the infusion 

harness of a catheterized animal. Responding on the active lever resulted in a 44.4 µL 

infusion of remifentanil solution delivered over 2.5 sec. The chambers were interfaced to 
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a computer running MED-PC-IV software for controlling chambers and measuring 

behavior. The number of rewards delivered (either remifentanil infusions or pellets) and 

responses on the inactive lever were recorded as the primary behavioral outcomes. The 

ordinate scale for inactive responses is based on matching the scale for active lever 

responses. 

3.2.4.2 Intravenous catheterization surgeries 

Rats were anesthetized with a combination of ketamine (60 mg/kg, i.p.) and 

dexmedetomidine (0.15 mg/kg, i.p.). Surgical sites were shaved with an electric razor 

and treated with 70% ethanol, swabbed with povidone-iodine, and cleaned again with 

70% ethanol. An incision was made left of midline around the clavicle and blunt 

dissection was used to isolate the jugular vein. Silk sutures were used to loosely tie off 

the vein a several mm rostral and caudal to the desired incision site. A small incision 

was cut into the vein using fine surgical scissors, and a sterile silastic catheter (SAI 

Infusion Technologies) filled with heparinized saline was inserted through the vein 

several mm toward the heart. Once in place, the catheter was fastened to the vein and 

surrounding muscle with silk sutures. The opposite end of the catheter was tunneled 

subcutaneously to the dorsum where it emerged from a small incision made between the 

scapulae. The catheter was attached to an infusion harness (SAI Infusion Technologies; 

port filled with heparinized saline) and secured to the rat with belly bands. Wounds 

were treated with bupivacaine (0.25%, 0.2 mL applied topically), sealed with nylon 



 

103 

sutures, and treated with antibiotic ointment. Ketoprofen (5 mg/kg, s.c.) was 

administered for post-operative analgesia, and atipamezole (1.5 mg/kg, i.p.) was 

administered to allow for rapid recovery from anesthesia. Rats were individually 

housed after surgery and given DietGel and sweetened cereal (Fruit Loops) to 

ameliorate post-surgical weight loss. Rats were given a minimum of one week to recover 

from surgery before transitioning to self-administration. For the remainder of the study, 

the catheter of each rat was flushed daily with 0.25 mL of sterile lock solution containing 

heparinized saline and the antibiotic gentamicin (8 mg/mL) to maintain catheter 

patency. In addition, on days of behavioral assessment, catheters were initially flushed 

with 0.25 mL of heparinized saline before rats were placed in operant chambers. At the 

end of a session, the remaining remifentanil solution in the animals’ infusion harness 

was removed with a 1 mL syringe before the daily sterile lock infusion was given. 

3.2.4.3 Remifentanil self-administration 

A schematic of the experimental timeline is depicted in Figure 17. Training to 

lever press for food was performed, based on a previously established protocol (Levin et 

al., 2016). Rats were briefly food-restricted (to 85-90% of free-feeding body weight, 24 h 

before and throughout the duration of food training) and exposed to overnight training 

in operant chambers (15 h, beginning between 6:00-8:00 PM) where deflection of the 

active lever resulted in delivery of a 45 mg food pellet (FR1 schedule, no timeout, 550 

maximum reinforcers) along with tone presentation for 0.5 sec and brief extinguishing of 
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the cue light. To test for acquisition of operant conditioning, rats were tested twice daily 

(once between 8:00 AM and 12:00 PM, and once between 12:00 PM and 5:00 PM) in 30 

Age: P60
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Remifentanil 

self-administration

1 day7 days
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Figure 17: Schematic representation of the remifentanil self-administration 

experimental timeline. Adult rats received stereotaxic delivery of pDNA-control or 

pDNA-IL-10 and were trained to self-administer intravenous (i.v.) remifentanil (n = 

9/group). 

min sessions (FR1 reinforcement schedule, no timeout). Once rats had successfully 

reached criteria for responding (≥50 responses in 3 consecutive 30 min sessions), they 

were implanted with intravenous catheters and given at least one week to recover.  

Control (pDNA-control) and pDNA-IL-10 rats were given the opportunity to 

self-administer the fast-acting opioid remifentanil (i.v.) on a continuous FR1 

reinforcement schedule, 20 sec timeout. Food was temporarily restricted 24 h before the 

first remifentanil session to motivate initial exploration of the active lever, but was 

returned to ab libitum access after the first session and for the remainder of the 

experiment. Rats received daily 1 h remifentanil sessions for 14 days: 7 days at 0.29 

μg/kg/infusion and 7 days at 0.9 μg/kg/infusion. Rats were saline perfused 24 hours after 
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the final session and brains were removed and post-fixed in 4% paraformaldehyde to 

confirm infusion site in the NAc (n = 9/group). 

Before perfusions, the patency of the catheter was tested by injecting Euthasol 

(390 mg/mL pentobarbital sodium and 50 mg/mL phenytoin sodium; Virbac) i.v. into the 

infusion harness and observing rapid loss of consciousness. Any rat that failed the 

patency test was perfused but removed from subsequent analyses. 

3.2.4.4 Food and sucrose self-administration 

To determine if the behavioral phenotype of pDNA treatment is specific to 

opioids or generalizes to natural rewards, rats were food restricted (to 85-90% of free-

feeding body weight) and allowed to lever press for food pellets (TestDiet, 45 mg) for 7 

days. Rats were then returned to ab libitum diet for 2 days before being tested for sucrose 

pellet self-administration (Bio-Serv, 45 mg, banana flavored). All trials were daily 1 h 

sessions, FR1, 20 sec timeout (n = 5/group). 

3.2.5 Statistical analyses 

Data were analyzed and depicted with GraphPad Prism 6 software. Self-

administration data were analyzed by two-way mixed repeated measures ANOVA (RM-

ANOVA), with pDNA treatment (pDNA-control or pDNA-IL-10) as the between-

subjects factor and time as the within-subjects repeated measure, followed by Fischer’s 

LSD post hoc comparisons when appropriate. Behavioral data were analyzed separately 

for the two remifentanil doses, and planned comparisons were made between the first 
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and final day to simplify assessment of shifts in drug acquisition behavior over time. 

Outliers from behavioral assessments were detected by Grubb’s test during the final 

three sessions, but no subjects were removed from analyses based on these criteria. In 

vitro single-gene PCR data were analyzed by one- or two-way ANOVA, with well 

treatment (Media alone, D-mannose, D-mannose + pDNA-control, or D-mannose + 

pDNA-IL-10) and cell population (CD11b- or CD11b+) as the between-subjects variables, 

followed by Tukey’s or Bonferroni’s post hoc tests when appropriate. The threshold for 

significance (α-level) was set at p < 0.05. All data are presented as mean ± SEM. 

3.3 Results 

3.3.1 pDNA-IL-10 increases IL-10 gene expression and is expressed 
primarily in microglia 

The data thus far suggest that manipulations which increase anti-inflammatory 

signaling in the NAc, such as the early-life maternal environment, can attenuate opioid 

self-administration. We next sought to determine if anti-inflammatory IL-10 expression 
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in the NAc plays a causal role in the attenuation of opioid reinforcement. Naked pDNA 
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Figure 18: Using dissociated cell culture, incubation with D-mannose + pDNA-

IL-10 for 2 h markedly increases IL-10 mRNA expression compared to D-mannose + 

pDNA-control or D-mannose alone (***p < 0.001; n = 3/group). 

encoding rat IL-10 delivered with D-mannose has been used previously to effectively 

resolve allodynia through suppression of glial pro-inflammatory cytokine production in 

the spinal cord (Dengler et al., 2014; Milligan et al., 2006). To manipulate IL-10 in vivo 

while minimizing immunogenicity (Yin et al., 2014), we stereotaxically delivered pDNA-

IL-10 or pDNA-control and D-mannose into the NAc prior to behavioral assessment. To 

first confirm the functional properties of pDNA treatment, we performed in vitro 

characterization with dissociated cell culture. The results confirmed pDNA-IL-10 

treatment increased IL-10 gene expression, while D-mannose alone or pDNA-control 
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had no appreciable effect on IL-10 (F3,8 = 42.13, p < 0.001, followed by Tukey’s post hoc 

test; Figure 18). Furthermore, isolation of CD11b+/- populations demonstrated that 

pDNA-IL-10 treatment increased IL-10 expression to a greater extent 
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Figure 19: Isolated microglia (CD11b+ cells) show a greater increase in IL-10 

mRNA following 2 h incubation with D-mannose + pDNA-IL-10, compared with the 

CD11b- population (*p < 0.05 main effect of pDNA-IL-10 treatment; **p < 0.01 

compared to CD11b- population; n = 2-3/group) 

in the CD11b+ population (F3,15 = 4.01, p < 0.05; followed by Bonferroni’s post hoc test; 

Figure 19), suggesting that microglia primarily (although not exclusively) internalize 

and express pDNA. 
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3.3.2 pDNA-IL-10 delivery in the NAc attenuates remifentanil self-
administration 

Stereotaxic coordinates and confirmation of these targets are depicted in Figure 

20. Remifentanil infusions acquired per session were assessed over time (Figure 21), 

revealing a main effect of time on remifentanil acquisition at 0.29 μg/kg (F1,16 = 6.90, p < 

0.05) but no effect of pDNA treatment on self-administration (F1,16 = 0.27, p = 0.607). 

 

Figure 20: Left panel: Representative image of the infusion site in NAc. Images 

acquired at 10x magnification (Zeiss, Axio Imager) and tiling achieved using Zen 2 

software (Zeiss); DAPI in blue, scale bar = 1 mm. White arrowhead indicates infusion 

site, observed near the anterior commissure. Right panel: Representation of the 

stereotaxic coordinates for pDNA treatment into NAc based on the Paxinos and 

Watson atlas. Red line indicates path of Hamilton syringe. 
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In contrast, at 0.9 μg/kg there was a main effect of time (F1,16 = 28.03, p < 0.001) and a 

significant interaction between test day and pDNA treatment (F1,16=11.06, p < 0.01). Post 

hoc comparisons revealed pDNA-IL-10 treatment significantly reduced remifentanil 

acquisition on day 7 compared to pDNA-control treatment (p < 0.05; Figure 22). 
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Figure 21: The number of intravenous infusions of remifentanil was recorded 

in daily 1 h sessions (FR1, 20 sec timeout) for 14 days: 7 days at 0.29 μg/kg and 7 days 

at 0.9 μg/kg. 

Responding on the inactive lever did not differ across sessions or between groups 

(Figure 23). 
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3.3.3 pDNA-IL-10 treatment does not alter reinforcement for food or 
sucrose 

Finally, food and sucrose self-administration was investigated following pDNA 

treatment (Figure 24). Responding for both food and sucrose was robust across sessions 

(Figure 25a-b). Acquisition of food increased over time (F1,8 = 9.87, p < 0.05), but there was 

no effect of pDNA treatment on reinforcement behavior for food (Figure 26a) 
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Figure 22: pDNA-IL-10 treatment does not influence remifentanil self-

administration during initial sessions at 0.29 μg/kg, although infusions per session 

did decrease from day 1 vs day 7. In contrast, pDNA-IL-10 significantly attenuated the 

number of remifentanil infusions acquired compared to pDNA-control on day 7 when 

remifentanil is delivered at 0.9 μg/kg (*p < 0.05; n = 9/group). 
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Sucrose acquisition did not change over time (presumably due to high initial responding 

as a result of previous food sessions) and was not affected by pDNA treatment (Figure 

26b). In addition, responding on the inactive lever did not differ across sessions or 

between groups for food (Figure 27a) or sucrose (Figure 27b). 

3.4 Discussion 
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Figure 23: Inactive lever responding during remifentanil sessions did not 

differ between groups. 

Given our evidence that neonatal handling results in increased IL-10 gene 

expression in the NAc, we predicted that augmentation of IL-10 expression in naïve rats 

would recapitulate the behavioral results induced by neonatal handling. Indeed, direct 
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IL-10 gene manipulation can attenuate opioid reinforcement in a dose-dependent 

manner (Figure 22), in a manner that surprisingly resembles the outcome from the 

handling experiment (Figure 3). That is, there was no difference between control or IL-10 

pDNA treatment in the number of infusions acquired at the 0.29 μg/kg concentration, 

but when the dose was increased to 0.9 μg/kg, control-treated rats reliably increased 

their acquisition behavior over sessions, and their rate of drug acquisition was 

significantly greater than rats treated with pDNA-IL-10. Unlike the previous handling 

experiments, we did observe a significant effect of time for trials at the 0.29 μg/kg dose, 

which we suspect was a result of initially high food-seeking behavior on day 1 due to 24 

h food restriction prior to this session. The eventual reversal of drug-taking behavior 

seen primarily in the control group suggests that rats were still sensitive to changes in 

the amount of drug received per infusion. Responses on the inactive lever did not differ 
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Figure 24: Schematic representation of the food and sucrose experimental 

timeline. Adult rats received stereotaxic delivery of pDNA-control or pDNA-IL-10, 

and self-administration behavior was observed for food pellets under conditions of 

food deprivation and sucrose pellets under conditions of ad libitum food access in 

daily 1 h sessions (FR1, 20 sec timeout) for 7 days each (n = 5/group). 
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across sessions or between groups, further supporting the notion that pDNA treatment 

does not alter non-specific responding for non-reinforced actions. These results suggest 

that pDNA-IL-10 delivery into the NAc is effective at attenuating the reinforcing 

properties of opioids. Similar to the effect of neonatal handling, IL-10 gene therapy does 

not appear to completely abolish the reinforcing effects of remifentanil or render the 

drug aversive – rats will still readily lever press for intravenous delivery each session – 

but instead appears to diminish drug-intake depending on the drug concentration, or 

perhaps reduce the likelihood of escalating drug intake. Further experiments aimed at 

answering these possibilities, such as employing a variable ratio reinforcement schedule 

or a progressive ratio break-point assessment, could further address the motivational 

properties that arise from augmented anti-inflammatory signaling in the NAc. 

We suspect that microglia play a critical role in these behavioral outcomes, given 

that acute morphine administration profoundly increases IL-10 transcription specifically 

in microglial cells of the NAc (Schwarz et al., 2013). Previous analysis of isolated NAc 

microglia determined that neonatal handling results in epigenetic alterations to the DNA 

methylation state of IL-10 (Schwarz et al., 2011), which may explain the remarkably 

persistent effects of maternal care on IL-10 expression into adulthood. Likewise, in vitro 

confirmation of pDNA-IL-10 expression found significantly greater IL-10 mRNA 

expression in the CD11b+ population, suggesting that cellular internalization of the 

pDNA vector occurs primarily in microglia, an effect that might be associated with the 
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co-administration of D-mannose (Dengler et al., 2014). Beyond their potential role in 

drug abuse, microglia have also been identified as critical contributors to opioid-induced 

neuroinflammation in models of neuropathic pain. For instance, morphine-induced 

sensitization of allodynia was recently attributed to microglial inflammasome activity in 

the spinal cord (Grace et al., 2016). While it is currently unclear if other 

immunocompetent cells of the CNS (such as astrocytes or meningeal T cells) are 
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Figure 25: The number of food (a) or sucrose (b) pellets acquired during each 

session. 

influenced by or contribute to the behavioral consequences observed following neonatal 

handling or pDNA manipulation, our results are at least consistent with the 

interpretation of microglia as important mediators of the neuroinflammatory response 

to opioids. 
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Figure 26: Comparing day 1 vs day 7, rats that received pDNA-IL-10 do not 

differ from pDNA-controls in their acquisition of food (a) and sucrose (b) rewards. 

A potential caveat to note regarding these experiments is that the decreased 

cytokine and chemokine gene expression we observed earlier could be a consequence of 

decreased drug exposure, as opposed to handling per se. Future experiments employing 

yoked, non-contingent delivery of remifentanil could offer additional insight into the 

molecular consequences that occur when drug intake is controlled. Moreover, the 

reduction of remifentanil acquisition by handled rats could potentially be explained by a 

change in motivation to positive reinforcers, or a behavioral deficit to operant 

conditioning. However, this notion was not supported by the behavioral data, as both 

groups showed equivalent acquisition of food and sucrose rewards. Likewise, pDNA-IL-

10 treatment in these sets of experiments had no effect on motivation for food or sucrose, 

suggesting that intracranial pDNA-IL-10 treatment does not suppress motivation for 

non-opioid rewards. 
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Figure 27: Inactive lever responses were similar between pDNA-control and 

pDNA-IL-10 groups for food (a) and sucrose (b) self-administration sessions. 

There are unique challenges to studying microglia, as most invasive measures 

result in non-homeostatic, largely pro-inflammatory physiological conditions. We 

originally considered chronic implantation of cannulas for either (i) repeated delivery of 

pDNA-IL-10 or (ii) for timed infusions of pDNA-IL-10 to uncover if anti-inflammatory 

signaling is necessary before the initial exposure to opioids, or if IL-10 can be delivered 

prophylactically to reduce opioid intake after repeated exposure has already occurred. 

However, implantation of cannulas into the CNS damages neighboring tissue and 

results in glial scar formation, characterized by histological markers of astrocyte and 

microglial activation (Seyer et al., 2016). Bilateral cannulation of ventral structures such 

as the NAc would not be possible without extensive and prolonged gliosis, which may 

counteract the anti-inflammatory basis of the experimental manipulation. We thus 

sought to minimize the duration and severity of tissue damage by utilizing thin syringe 

delivery (Hamilton Neuros syringe, 33-gauge needle, 0.210 mm outer diameter) and 

transient bilateral infusions controlled by an external infusion pump. At the moment it is 
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perhaps impossible to perform in vivo manipulation of neural tissue without rousing 

glial activation in some respect. Craniotomies themselves to access the brain result in 

increased microglial density and adoption of amoeboid morphology, although they are 

localized to the superficial cortical layers ipsilateral to the open-skull surgery, 

suggesting the effect would not propagate to subcortical structures (Xu et al., 2007). 

Future research aimed at non-invasive methods to manipulate neuroimmune signaling 

with some degree of spatial sensitivity would be of great interest. Indeed, recombinase-

dependent mouse lines have already been developed that permit non-invasive 

chemogenetic activation of genetically defined cell populations, including conditional 

expression of the Gq DREADD hM3Dq in Gfap+ astrocytes (Sciolino et al., 2016). 

Exploitation of unique microglial genetic signatures identified through RNA sequencing 

[such as transmembrane protein 119 (Tmem119) (Bennett et al., 2016)] to drive 

recombinase-dependent DREADD expression represents a feasible opportunity for non-

invasive microglial-specific manipulation strategies without altering bone marrow-

derived monocytes. While this proposed method would not target specific cytokines as 

achieved with the pDNA strategy employed here, microglial cytokine production can 

indeed be altered by activation of the Gi DREADD hM4Di (Grace et al., 2016). 

In summary, these experiments provide the first evidence that in vivo gene 

therapy for an anti-inflammatory cytokine (IL-10) into the CNS can functionally 

influence self-motivated acquisition of a synthetic opioid. This effect is mediated 
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primarily through CD11b+ cells, which likely include microglia. In conjunction with our 

behavioral and transcriptional analyses following neonatal handling, the results support 

the interpretation that neuroimmune signaling in the NAc can influence the reinforcing 

properties of opioids. While it is probable that the NAc is not the only brain region 

where reciprocal neural-glial interactions might shape reward-related behavioral 

outcomes, the contribution of other brain regions remains to be fully explored.
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4. Summary and Discussion 

Our studies reveal that early-life maternal care can significantly attenuate self-

motivated intravenous acquisition of a strongly reinforcing opioid drug in adulthood. 

Moreover, we demonstrate that neonatal handling induces a persistent 

immunosuppressive transcriptional environment in the NAc, and specifically increases 

anti-inflammatory IL-10 expression that endures despite repeated drug exposure. We 

thus hypothesized that IL-10 expression is a novel resilience factor in addiction liability 

which can be programmed early in life via environmental factors. In support of this, 

direct administration of pDNA overexpressing IL-10 into the NAc of rats reduced self-

administration of remifentanil, without affecting the response to natural rewards. 

Importantly, pDNA-induced IL-10 expression is likely driven by microglia, which 

recapitulates previous findings indicating IL-10 expression in response to neonatal 

handling is driven specifically by microglia (Schwarz et al., 2011). Collectively, these 

data are the first to our knowledge to show that putative microglial-derived IL-10 

expression in NAc plays a causal role in attenuating opioid drug-taking behavior. 

Neuroscientists have made remarkable progress in their efforts to characterize 

the neurophysiological consequences of drug exposure and associate these changes with 

the pathologic behavioral phenotypes that manifest as substance abuse and addiction. 

While some notable exceptions have been highlighted throughout the text, the 

preponderance of the extant literature on the biological mechanisms of addiction has 
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focused on the neurotransmitters, neuronal receptors, electrophysiological properties, 

intracellular signaling pathways, genetic and epigenetic factors that are specific to 

neurons and their associated circuits. Given the clear evidence that neuronal and 

synaptic changes occur in response to drugs of abuse, the primacy of neurons as the 

fundamental cells responsible for behavior, and the long-standing assumption that glial 

cells serve largely supportive roles, this focus on neurons is an entirely logical 

preoccupation. Indeed, neurons should and will continue to remain at the center of the 

investigations and theories of addiction. However, the results from these experiments 

support the proposition that neuroscientists, glial biologists, and addiction researchers 

should consider a focus on the role that neural-glial interactions play in mediating drug 

reinforcement, and if these bidirectional signaling properties contribute in some way to 

the development and maintenance of substance abuse disorders.  

Gaining basic insight into the foundation of psychiatric illness requires a well-

validated animal model, which has often been an issue of concern when modeling other 

neuropsychiatric disorders (e.g. depression, anxiety, schizophrenia, or attention 

deficit/hyperactivity disorder); either the etiology of the disorder is unknown, or the 

behavioral outcome does not faithfully recapitulate the features of the human disease 

(Averbeck & Chafee, 2016; Nestler & Hyman, 2010).  In contrast, animal models of drug 

addiction are perhaps the best validated models for psychiatric disease available 

(Fernando & Robbins, 2011): the precipitating factor is known (i.e. exposure to drug), 
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and both rodent and non-human primate procedures for drug self-administration can 

reproduce many of the behavioral features of addiction, including drug-seeking, drug-

taking, relapse and reinstatement following abstinence. However, technical limitations 

defined by the primary experimental questions of interest can mean that individual 

experiments infrequently address each of these separate components of reinforcement 

learning at once, highlighting a significant limitation of the model. In addition to fixed 

reinforcement models such as those employed here, variations of task design can be 

used to distinguish persistence of behavioral responding despite negative consequences 

(Saunders et al., 2013) or to interrogate the incentive motivational properties of 

conditioned cues separate from instrumental learning (Flagel et al., 2011). In this regard, 

self-administration nevertheless functions as an ideal behavioral model to further 

interrogate the causal or secondary role of glial cells in the development of a complex 

neuropsychiatric disorder such as drug addiction. 

Despite the face validity of these rodent models of self-administration, it is still 

unclear what accounts for the individual differences in addiction-like behavior in 

humans, as only a subset of individuals who consume addictive substances will 

transition to the compulsive, dysregulated drug use characteristic of addiction (Warner 

et al., 1995). To this end, the data presented here support the hypothesis that variations 

in early-life environmental conditions represent a critical determinant of an individual’s 

risk or resilience for dysregulated drug intake through sustained effects on 
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inflammatory reactivity to subsequent immune challenges – whether the challenge be an 

infection, brain injury, stress, or in the case here, repeated opioid exposure. The brain 

and the immune system undergo remarkable maturation in the period following birth, 

and as research across both experimental rodent models and long-term observational 

studies in humans has shown, the association between early-life conditions and its 

effects on inflammation can help determine psychopathology risk throughout the 

lifespan (Bilbo et al., 2012; Danese & Lewis, 2016). For instance, as described earlier, rats 

that receive enriched maternal care show decreased preference for morphine as well as 

increased expression of anti-inflammatory IL-10 in the NAc, which may be persistently 

altered due to decreased Il-10 gene methylation in microglia (Schwarz et al., 2011). 

Similarly, the experiments outlined here show that neonatal handling is associated with 

reduced remifentanil self-administration in a drug concentration-dependent manner, 

and this effect may be related to persistent reductions of cytokine and chemokine 

expression in the NAc. Given the unique developmental ontogeny of microglia 

(Ginhoux et al., 2013) and their critical role in early brain development (Matcovitch-

Natan et al., 2016), it could be hypothesized that elevated access to maternal care (i.e. 

licking, grooming, and arched-back nursing) could alter the functional phenotype that 

microglia adopt for extended periods of time, and perhaps throughout the entire 

animal’s life. Differences in microglial-specific modifications of inflammatory signaling 

could in turn cause long-lasting changes in risk or resilience to opioid reinforcement. 
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However, at the moment it is unclear what molecular signal is linking the environmental 

manipulation of neonatal handling to its effect of IL-10 expression in the NAc. While 

epigenetic modifications to neuronal DNA structure driven by the maternal 

environment have been frequently observed for rodents and humans (Bagot et al., 2012; 

Klengel et al., 2016; McGowan et al., 2009; Weaver et al., 2004) and can be associated 

with variations in tactile stimulation for rats (Hellstrom et al., 2012), it remains to be 

determined what mechanism or constellation of effects could impart lasting effects on 

microglial cytokine gene expression as observed in our experiments. 

Based on the ability of microglia to effect the formation, maturation, and 

elimination of synapses, one could predict that synaptic remodeling may occur under 

the conditions of drug abuse and could contribute to the persistent behavioral effects 

characteristic of the disorder. Indeed, complement-mediated synaptic pruning by 

microglia has recently been demonstrated to drive early synaptic loss in a mouse model 

of Alzheimer’s disease (Hong et al., 2016) and contributes to the chronic cognitive 

sequelae following murine West Nile virus infection (Vasek et al., 2016). These reports 

have elaborated upon the mechanisms dictating glial synapse refinement during normal 

development and under conditions of neurodegeneration or infection, but experimental 

evidence for glial-mediated synaptic refinement has yet to be applied under the 

conditions of acute or repeated drug exposure, and the experiments we conducted 

cannot fully address this possibility. Nevertheless, this document has examined 
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evidence from a neuroimmune perspective that opioids can impact glial function, alter 

neuroimmune signaling, and influence drug-related behavior. The concept of glial-

mediated synaptic plasticity may represent a missing link connecting evidence of 

neuroimmune signaling to the persistent behaviors that result from pathological drug 

abuse. Importantly, it is still possible that neuroimmune signaling or glial-mediated 

synaptic plasticity are not a fundamental component in the pathophysiology of 

addiction and represent an epiphenomenon of other, more essential processes. Future 

research will hopefully elucidate the strength of the connections between glial signaling, 

the early-life environment, and opioid reinforcement behavior. 

There are a few additional considerations that are worth discussing. First, there is 

a need for greater specificity in the empirical characterization of neural-glial interactions 

in response to experimental manipulation. Despite its widespread use, the term 

“activation” with respect to glial function does not signify a single type of response. 

Although the classification has its utility, it is clear that these cells do not exist in a 

binary state between “inactive” and “active” (Ransohoff, 2016). For instance, microglia 

change their shape and function depending on the type and concentration of signals in 

its local environment, both through direct contact of membrane-bound adhesion 

molecules, and at a distance through secreted molecules. Historically, the morphology of 

microglia was used to infer its functional state – whether it was ramified and quiescent, 

or amoeboid and phagocytic – but morphology alone is often insufficient in infer the 
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functional properties of the cell (Sierra et al., 2010). In a similar fashion, the responses of 

microglia to differing insults may not be uniformly pro-inflammatory or anti-

inflammatory. For instance, peripheral LPS injection induces cortical gene expression of 

traditionally pro-inflammatory markers such as IL-1β, major histocompatibility complex 

class II (MHC-II), TLR2, and indoleamine 2,3-dioxygenase (IDO), while also increasing 

anti-inflammatory IL-10 (Henry et al., 2009). This viewpoint was recently corroborated 

in the context of a mouse model for ALS (SOD1G93A mutants), as deep RNA sequencing 

of FACS-isolated spinal microglia in SOD1 mutants demonstrated a unique phenotype 

that could not be entirely classified as either pro-inflammatory or anti-inflammatory 

(Chiu et al., 2013). While this phenotype may be specific to this particular mutant strain, 

it will be important for future research to uncover the mechanisms that govern the 

complex functional states of microglia. 

Along with increasing precision to measure and perturb genetic- and pathway-

specific neural ensembles, there is a growing appreciation that these cellular 

subpopulations must be carefully and exhaustively characterized if their function is ever 

to be fully understood. Advancements in RNA sequencing (RNA-seq) should permit a 

higher fidelity of classifying cell-type specific transcriptional dynamics during 

homeostasis and in response to drugs of abuse (Ginhoux et al., 2016). Efforts to develop 

searchable RNA-seq transcriptome libraries of the healthy mouse cerebral cortex have 

already highlighted novel cell-specific gene expression and alternative splicing in 
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neurons, astrocytes, microglia, oligodendrocytes, and vascular cells (Zhang et al., 2014b). 

Massively parallel single-cell sequencing should also help in identifying if there is 

heterogeneous transcriptional regulation in subpopulations of glial cells, which may 

unravel brain region- and drug-type specific effects that are currently unexplained 

(Zeisel et al., 2015). To this end, FACS purification of CD11b+ microglia and GLT1+ 

astrocytes in the NAc following acute morphine found microglial-specific upregulation 

of chemokine ligands CCL4 and CCL17, their receptor CCR4, and anti-inflammatory IL-

10 (Schwarz et al., 2013). The authors also found a concomitant downregulation of 

fractalkine ligand CX3CL1 in neurons, suggesting that opioid exposure rapidly changes 

neuron-glia crosstalk as well as autocrine regulation or glia-to-glia chemotaxis (Schwarz 

et al., 2013). Therefore, utilizing high-resolution cell sorting and sequencing of neurons 

and glia may ultimately reveal epigenetic and/or post-transcriptional modifications that 

may account for the developmental sensitivity and “priming” of microglia by 

immunological or environmental factors, such as neonatal handling. 

As mentioned earlier, another topic of considerable interest relates to brain 

region-specific glial responses to acute or repeated drug exposure. The mechanisms that 

drive regional selectivity in glial activation, despite the penetrance of drugs of abuse 

throughout CNS parenchyma, are currently unknown. Although speculative, an 

enticing possibility may be related to the heterogeneity of tissue milieu, in particular 

variances in neuronal innervation patterns that dictate neurotransmitter release within a 
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given region. Within the NAc, for example, simultaneous triggering of microglial or 

astrocytic TLR4/MD-2 by opioids that coincides with dopamine receptor binding from 

transient opioid- or cue-induced elevations in phasic dopamine release may produce a 

unique microglial phenotype within this region. This example is still a reductionist 

account of the staggering degree of complex molecular cascades initiated by opioid 

administration, such as known changes to GABAergic signaling in the VTA (Johnson & 

North, 1992; Laviolette et al., 2004; Taylor et al., 2016), which may represent separable 

but contributing roles in dictating the outcome of glial responses to drugs of abuse. 

Future research should clarify if TLR receptor dimerization in the NAc is sufficient to 

modulate the reinforcing efficacy of opioids, or whether alternative receptors (e.g. for 

glutamate, dopamine, purines, opioids, or other cytokines or chemokines) must be 

simultaneously activated over some temporal period. 

Beyond regional differences in network connectivity, others have suggested that 

glial cells themselves are a heterogeneous population with specialized responses across 

the brain, some of which may be dictated by neuron-glial interactions (Bayraktar et al., 

2015; Hanisch, 2013). For instance, astrocyte expression of thrombospondin 1 (TSP1) and 

TSP2, which are astrocyte-secreted proteins critical for cell- and matrix-adhesion, is 

found primarily in rodent cortex early in development (Christopherson et al., 2005), 

while TSP4 is expressed in astrocytes of the subventricular zone (Benner et al., 2013). 

Astrocyte-released glypicans 4 and 6 are also found primarily in the hippocampus and 
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cerebellum, respectively (Allen et al., 2012). For microglia, signaling between the 

neuronal chemokine fractalkine (CX3CL1) and the microglial receptor CX3CR1 

represents a critical pathway for bidirectional communication. CX3CL1 is expressed on 

subsets of neurons in the CNS, particularly within the striatum, hippocampus, and 

cortical layer II (Kim et al., 2011), although the mechanism regulating this heterogeneous 

expression is unknown. Disruptions to CX3CR1 can increase neurotoxicity, delay 

synapse maturation in the hippocampus, and result in social interaction deficits 

(Cardona et al., 2006; Paolicelli et al., 2011; Zhan et al., 2014). The maintenance and 

survival of microglia also depends on signaling at colony stimulating factor 1 receptor 

(CSF1R). The cytokine IL-34, which is primarily produced by neurons in the CNS, was 

identified as a separate ligand for CSF1R with a unique spatial distribution in the CNS; 

mice deficient in IL-34 have reduced numbers of microglia compared to wild-type mice, 

but only localized to brain regions where IL-34 would normally be expressed, including 

the cerebral cortex, basal ganglia, and hippocampus (Greter et al., 2012; Lin et al., 2008; 

Wang et al., 2012b). Moreover, microglia are curiously found in higher densities in 

regions that either produce or receive dopamine (Lawson et al., 1990), suggesting some 

unknown chemotactic or proliferation signal is present in these regions. Notably, a 

recent genome-wide transcriptional profile of rodent microglia uncovered remarkable 

phenotypic diversity across different regions in the healthy adult brain, identifying 

steady-state differences in immune vigilance and energy metabolism (Grabert et al., 
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2016). This regional heterogeneity could be programmed early in development and 

influence the migration and seeding of the embryonic brain, or the differences may 

emerge after exposure to local differences in the neurochemical environment, such as 

neurotransmitter innervation and blood-brain barrier permeability. Collectively, these 

results imply that glia may have regionally localized responses to drugs of abuse – for 

example, one could speculate that microglia in the NAc could mount an exaggerated 

pro-inflammatory response to opioids compared to microglia in the cerebellum. As a 

result, neuroimmune responses or synaptic remodeling could be restricted within 

particular neural circuits associated with drug reinforcement, although this proposal 

remains speculative.  

With this consideration in mind, it is perhaps less perplexing how drug-induced 

neuroimmune signaling may produce a different physiological outcome compared to an 

alternative insult; that is, how a similar signaling pathway could be involved in sickness 

behavior and reinforcement for abused substances. Both LPS and opioids may signal 

through TLR4, but there are differences between these molecules in terms of how and 

where they interact with TLR4. LPS does not easily diffuse across the blood brain barrier 

under normal conditions (Banks & Robinson, 2010), but appears to nevertheless activate 

TLR4 receptors through diffusible signals originating from TLR4-dependent activity 

from cells within the circumventricular organs or resident macrophages in the choroid 

plexus, perivascular space, and endothelium (Chen et al., 2012; Rivest, 2009). In contrast, 
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opioids can easily penetrate CNS tissue and signal directly at neurons and glia, 

suggesting independent patterns of cell recruitment (Hutchinson & Watkins, 2014). 

Drug-specific recruitment of multiple innate immune signaling pathways may also 

explain their unique neuroimmune and behavioral outcomes; opioids, for example, 

signal at TLR4, but there is also evidence that they may participate in signaling through 

TLR2 and TLR9 (He et al., 2011; Li et al., 2010), although there is currently less evidence 

for these alternative pathways. Moreover, the affinity of the opioids morphine and 

fentanyl at the TLR4/MD-2 complex is considerably less than LPS in reporter HEK 293 

cells (Stevens et al., 2013). In this case, opioid-induced production of cytokines and 

chemokines may not mimic the broadly neuroinflammatory response to LPS, but rather 

function in a neuromodulatory role (Jacobsen et al., 2014; Rostène et al., 2007). 

Finally, while there is exciting evidence that suppression of the pro-

inflammatory glial response to drugs of abuse is successful at reducing drug reward, 

efficaciously translating these results to the clinic will require a more nuanced approach. 

Therapeutics targeting Toll-like receptors certainly offers a promising avenue for 

investigation, given their involvement across many classes of drugs. For a discussion on 

the translational potential of TLR4 antagonism in the context of drug abuse, see Bachtell 

et al. (2015). Alternatively, methods for manipulating anti-inflammatory cytokines such 

as IL-10 may yield some promise for treating drug-induced inflammation, as the results 

from the pDNA-IL-10 experiments suggest. IL-10 is a powerful suppressor of TLR-
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induced cytokine production (Curtale et al., 2013), and the efficacy of pDNA-IL-10 

treatment has proven successful at treating animal models of neuropathic pain (Dengler 

et al., 2014; Kwilasz et al., 2015). However, the outcomes have been mixed for other 

preclinical models. In differing mouse models of Alzheimer’s disease, viral mediated 

overexpression of IL-10 worsens amyloid-β plaque deposition, while IL-10 deficiency 

promotes amyloid-β plaque clearance and improved outcomes on cognitive tasks 

(Chakrabarty et al., 2015; Guillot-Sestier et al., 2015). In contrast, intracerebroventricular 

infusions of IL-10 receptor blocking antibodies exacerbates disease onset in the SOD1G93A 

model of ALS, while targeted intrathecal overexpression of IL-10 in CD11b-expressing 

microglial cells greatly improves disease progression (Gravel et al., 2016). While the 

disease models and methods of IL-10 manipulation vary significantly between these 

studies, they highlight the need for further studies to clarify how neuroimmune 

signaling is tuned in the context of disease as well as homeostasis. 

4.1 Conclusion 

Microglia and astrocytes have received considerable attention recently due to 

their contributions to a wide array of homeostatic and non-inflammatory processes, as 

well as during states of heightened inflammation and injury (Brown & Neher, 2014; 

Ginhoux & Jung, 2014; Prinz & Priller, 2014; Salter & Beggs, 2014; Walsh et al., 2014). 

Glial and neuroimmune mechanisms have been extensively characterized in the context 

of pathological pain (Grace et al., 2014a), while researchers attempting to decode the 



 

133 

complex etiology of neurodegenerative disorders such as Alzheimer’s disease have also 

argued for a more holistic framework, where the interactions and compensatory 

responses between neurons, glia, and vascular cells all contribute to the progression of 

the disease (De Strooper & Karran, 2016). Given their role in immune surveillance and 

debris clearance, it is perhaps unsurprising that microglial activation in particular has 

been implicated in neurodegenerative diseases beyond Alzheimer’s disease, including 

multiple sclerosis and Parkinson’s disease (Chung et al., 2015b; Heneka et al., 2015; 

Hong et al., 2016). As evidence accumulates positioning glia as critical for synapse 

maturity and elimination, many have speculated that glia and immune signaling are 

associated with many neuropsychiatric disorders, from stress-related conditions such as 

depression (Hodes et al., 2015; Miller & Raison, 2015), to neurodevelopmental disorders 

such as autism and schizophrenia (Gupta et al., 2014; Sekar et al., 2016; Werling et al., 

2016). Taken together, the experiments in this dissertation provide novel evidence that 

neuroimmune molecular signaling in the brain, in particular the nucleus accumbens, 

may contribute to the behavioral manifestation of opioid drug-taking. Utilizing both 

environmental and genetic manipulations aimed at altering IL-10 expression, the results 

identify a neuroinflammatory mechanism associated with resilience against the 

reinforcing properties of opioids. Given the remarkable ability of early-life experiences 

to indelibly impact microglial function throughout the lifespan (Bilbo et al., 2012), 

measures aimed at monitoring and quantifying the functional state of microglia prior to 
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drug exposure may be an important avenue for predicting an individual’s risk for later 

substance abuse. Advancements in our ability to control the activity state of these glial 

cells should hopefully allow us to further dissect the contribution of neurons and glia in 

regulating behavior in health and disease. This renewed focus on glia represents a 

necessary step in the continued elaboration of the deeply complex network of cells 

involved in motivation and addiction. 
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