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Abstract

The brain is increasingly appreciated to be a constantly rewired organ that yields age-specific
behaviors and responses to the environment. Adolescence in particular is a unique period
characterized by continued brain maturation, superimposed with transient needs of the organism to
traverse a leap from parental dependence to independence. Here we describe how these needs
require immune maturation, as well as brain maturation. Our immune system, which protects us
from pathogens and regulates inflammation, is in constant communication with our nervous
system. Together, neuro-immune signaling regulates our behavioral responses to the environment,
making this interaction a likely substrate for adolescent development. We review here the
identified as well as understudied components of neuro-immune interactions during adolescence.
Synaptic pruning, neurite outgrowth, and neurotransmitter release during adolescence all regulate
—and are regulated by—immune signals, which occur via blood-brain barrier dynamics and glial
activity. We discuss these processes, as well as how immune signaling during this transitional
period of development confers differential effects on behavior and vulnerability to mental illness.

1. Introduction

One of the most influential ideas in behavioral neuroscience has been the idea that the brain
continues to develop throughout adolescence and into adulthood. Decades of research have
unveiled adolescence as a period of transient differences that yield increased risk-taking,
reward seeking, and vulnerability to affective disorders (see below, and in this issue).
Important for this review, behaviors and mental illness do not originate singularly from
neuronal activity, or even just from the brain itself. In contrast, the brain is in constant
communication with peripheral factors, including the immune system. Together, neuronal
and immune mechanisms regulate cognitive and behavioral function as well as dysfunction
throughout the lifespan. Here we propose that a full understanding of the adolescent brain
can only be achieved through a rigorous developmental investigation of both peripheral and
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central immune mechanisms. The study of immune development has lagged behind that of
the brain, with most research focusing on embryonic, perinatal, or senescent stages
(Barrientos et al., 2010, Bilbo et al., 2011, Harry and Kraft, 2012). Only recently has it been
suggested that the immune system also undergoes important and distinct changes throughout
adolescence. As a result, the adolescent immune system has begun to gain attention as a
potential mediator of developmental programming and adolescent-specific behavior (Crews
et al., 2007, Crews and Vetreno, 2011). We will first review emerging evidence that both the
peripheral and central immune systems undergo important development through the
adolescent stage. Then, we will present mechanisms by which immune modulators influence
adolescent neuronal circuitry and behavior. Finally, these mechanisms will be explored in
the context of adolescence as a window of vulnerability to, and an opportunity to prevent,
psychiatric illnesses.

2. A brief overview of the immune system

Our immune system is designed to recognize and defend our bodies against invasion from
viruses, bacteria, and other antigens. The immune system can eliminate the presence of a
pathogen via a specialized, robust molecular and cellular response. As part of this immune
response, immune cells secrete elevated levels of immune molecules, resulting in
inflammation that coordinates a cellular attack against the pathogen. Many of the symptoms
we experience during an infection are the direct result of our immune system’s response to
the pathogen, and not the pathogen itself. For example, peripheral immune molecules
including cytokines and chemokines activate the immune cells in the brain, which in turn
affect neuronal function to initiate generalized “sickness behaviors” (fever, malaise,
decreased appetite, and cognitive dysfunction). This behavioral response to immune
activation is conserved across many species and is the mechanism by which our bodies
coordinate our brain and our behavior during sickness, allowing us to rest and recover from
infection. Thus, neurons exhibit a marked sensitivity to the inflammatory signals produced
in the periphery and the brain; and if left unchecked, these molecules can induce serious
neuronal dysfunction, cognitive dysfunction, and even neuronal cell death.

Peripheral immune responses can be divided into two types: either adaptive immune
responses or innate immune responses, both of which can have the ability to impact neural
function. Adaptive immune responses are acquired, specific responses that are the result
from exposure to specific components of bacteria or virus and require days to develop, but
confer an immunological memory for a lifetime. As a result of an adaptive immune
response, a second exposure to the same bacteria or virus (or antigen) results in a very
specific and immediate immune response (Berczi, 1998). Adaptive immune responses are
largely orchestrated by white blood cells called lymphocytes, which mature in the thymus or
bone marrow. After they mature, T (thymus-derived) and B (bone-derived) cells circulate
through the blood and lymph where they respond to the foreign antigen via antibody
production (B-cells) and other T-cell specific functions including assisting other
lymphocytes, eliminating infected host cells, and expressing unique subsets of cytokines and
chemokines. After infection, these cells survey for re-exposure to the previously detected
pathogens. As their name and function implies, and important for this particular review,
adaptive immune responses develop throughout the lifespan, dependent upon exposure to

Neurosci Biobehav Rev. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brenhouse and Schwarz Page 3

specific signals. Thus, even into adolescence and beyond, our adaptive immune system
continues to develop specific immunity to environmental factors that can subsequently
impact the function of the brain and associated behaviors.

In contrast, innate immune responses refer to nonspecific resistance to pathogens that we all
possess even prior to birth. This type of immunity occurs via the recognition of pathogens
(and other environmental factors) via highly conserved receptors and adapter proteins
expressed on the surface of immune cells (including most famously the Toll-like receptors,
TLRs). These innate immune receptors respond to a specific molecular pattern expressed by
a pathogen and allow an individual to mount a rapid, robust immune response to the invasion
without dependence on prior exposure during the individual’s lifetime (Berczi, 1998,
Brodsky and Medzhitov, 2009). Though we are all born with the capacity to mount an innate
immune response, there is evidence that the innate immune response matures and changes
throughout the lifespan, potentially even into adolescence, thereby differentially impacting
the brain and behavior (Ellis et al., 2005, Levy, 2007, Ortega et al., 2010). Innate immune
responses are largely carried out by a number of cells including macrophages, monocytes,
neutrophils, and other phagocytic proteins, as well as microglia in the brain. Exposure to any
insult that activates innate immune cells will result in the induction of innate immune
molecules such as cytokines and chemokines, a process known as the “inflammatory
response”.

There are many different cytokines, chemokines and related immune molecules that have
been identified. These molecules are typically classified as either pro-inflammatory,
meaning that they help to stimulate an immune response (e.g. Interleukin (I1L)-1p, IL-6 or
TNFa), or anti-inflammatory, meaning that they can control or attenuate an immune
response (e.g. IL-10). Both the pro- and anti-inflammatory responses are necessary for
proper immune function, because if left unchecked, inflammation can cause significant
tissue damage and cell death, particularly within the brain. Cytokines are often redundant in
their function and yet rarely work alone, as they orchestrate a set of physiological changes
throughout the entire body, including the brain and central nervous system (CNS) (Dantzer
et al., 1998a, Dantzer et al., 1998b), which is the focus of this review.

The central nervous system also has its own immune cells called microglia that are capable
of responding not only to insult or injury via the expression of innate immune receptors, but
also to peripheral immune activation via their communication with circulating immune
molecules. Astrocytes in the brain also produce cytokines and chemokines (McKimmie and
Graham, 2010) that—in conjunction with the immune molecules produced by microglia—
are important for immune function, but also can influence neuronal function and behavior
[see (Rivest, 2009) for review]. This neural immune response is often referred to as
“neuroinflammation”, and while this term is used in the interest of simplicity to refer to
immune signaling in the CNS (Liu et al., 2014), inflammation classically refers to injurious
infiltration of immune cells to an affected area. Thus the use of the term
“neuroinflammation” is better targeted towards immune responses associated with
neurodegeneration, traumatic brain injury, or other types of progressive CNS damage.
Therefore, in this review, we will simply refer to immune signaling and cytokine production
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in the brain as “neuro-immune signaling” or “neuro-immune activation” as an effort to
encourage further precision and less confusion in the neuroscience literature.

3. Defining adolescence

Adolescence is generally defined as the period between 10-19 years in humans, between
three-five years in rhesus monkeys, and between 35-60 days of age in rodents (Brenhouse
and Andersen, 2011a; McCutcheon and Marinelli, 2009; Schwandt et al., 2010). Mammals
spanning from rodents to humans all experience a tumultuous transitional period where
navigation through puberty and decreased parental influence is coupled with increased peer
influence, sexual competition, and new decision-making challenges (reviewed by (Spear,
2000a) and in this issue). Importantly, these needs differentially manifest at different stages
of adolescence, making an important distinction between puberty (early adolescence), late
adolescence, and emerging adulthood (Figure 1; (McCutcheon and Marinelli, 2009)). These
developmental milestones and transitions can also differ between sexes; for example,
females typically display full puberty earlier than males across several species (Figure 1).
Age distinctions are thus also important in regards to immune development; however the
ages reported in studies of adolescent immune development often span from pre-adolescent
ages through emerging adulthood ages. Thus it will be important in future studies to follow
the trajectory of immune development throughout these distinct phases of adolescence rather
than analyzing it as one time-point.

4. Missing “links”: The blood-brain interface

4.1. Peripheral immune function during adolescence and the effect of puberty

There are a number of “missing links” in our understanding that, if uncovered, would have
the potential to shed important light on the role of immune function in the ontogeny of
adolescent neural circuits and associated behaviors. Most notably, we understand very little
about how peripheral immune function may be different in adolescence relative to earlier
stages of development or adulthood; thus we understand perhaps even less about how
peripheral immune function may impact central immune and neural immune function at
these ages. There is evidence that peripheral immunity changes during adolescence in
animals and humans, particularly with the onset of puberty, but there also evidence that
early-life events can precipitate changes in immune function specifically during adolescence.
Both ideas are discussed below.

Preclinical studies investigating immune influences on neuronal function have largely
focused on cytokines and glial function within the brain; however, clinical studies often rely
on circulating immune molecules as biomarkers of immune activation in the brain (e.g.,
(Hodes et al., 2014; Miller and Cole, 2012). Closer investigation of these circulating
biomarkers has begun to reveal that not all, but rather only a subset of patients with
psychiatric illness display a pro-inflammatory phenotype or altered cytokine expression in
the periphery (Dennison et al., 2012; Fillman et al., 2015). Therefore, peripheral immune
dysregulation likely plays a role in the pathogenesis of certain psychiatric illnesses that are
also dependent on other lifetime environmental experiences, biological variables or risk
factors. For example, we recently observed that postnatal stress in rats caused by maternal
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separation from postnatal day (P) 2-20 yields a decrease in circulating levels of the anti-
inflammatory cytokine IL-10 at P35, but not P25 nor P55 (Figure 2). This transient decrease
occurred in adolescent males, but not females (Grassi-Oliveira et al., in press). In support of
the idea that adolescent changes in circulating cytokines can predict altered behavioral
outcomes, we found that lower levels of circulating peripheral I1L-10 at P35 predicted poor
performance in the win-shift cognitive behavioral task two weeks later, only in maternally
separated male rats (Grassi-Oliveira et al., in press). Adolescence may therefore be a period
during which early-life stressors or events that “derail” development can manifest in immune
dysfunction, with consequences for the brain and long-term behavioral outcomes.
Interestingly, female rats did not exhibit the same profile of circulating IL-10 in adolescence
following previous early-life stress, which may suggest that either females are not as
sensitive to this particular early-life stressor or that, only in females, adolescent peripheral
biomarkers may not predict the risk of negative cognitive outcomes that have yet to be
identified. Importantly, these findings also highlight how little we understand regarding
whether and how circulating peripheral cytokines may directly impact brain development in
adolescence.

Adolescence is also characterized by pubertal increases in circulating gonadal hormones
(Sisk and Foster, 2004). As a result, puberty is a sensitive period for both organizational and
activational actions of sex steroid hormones (Schulz et al., 2009), including estrogens and
androgens, both of which have well-known modulatory effects on the peripheral immune
system and brain during this time. Sex hormones affect the function of lymphocytes and
macrophages either directly by binding to surface hormone receptors or indirectly via their
effects on other hormone-responsive target tissues such as the hypothalamic pituitary axis
that in turn influence immune responses [reviewed by (Shames, 2002)]. As a result, puberty
is a time during which changes in immune function confer a risk (often sex-specific risk) to
a number of immune related disorders including autoimmune diseases such as lupus or
multiple sclerosis, and allergies and asthma (Ahn et al., 2015, Canguven and Albayrak,
2011, Shah, 2012), as well as a sex-specific risk to many infections (Guerra-Silveira and
Abad-Franch, 2013). Oftentimes, these immune-related disorders are more prevalent or
robust in females following the onset of puberty. In fact, testosterone can increase the
production of IL-10 by T-lymphocytes—an effect that may be driven directly by androgen
receptors that are expressed on the lymphocytes themselves (Liva and Voskuhl, 2001) or
indirectly by receptor expression on innate immune cells such as macrophages. In doing so,
testosterone can have an anti-inflammatory effect on peripheral immune function, and this
may be one way by which males are less susceptible to immune-related disorders following
the onset of puberty. In our model of early-life maternal separation stress, decreases in
peripheral 1L-10 observed in adolescent male rats were also associated with significantly
lower testosterone levels compared to controls (Grassi-Oliveira et al., in press). Therefore,
the early-life events linked to achieving important pubertal milestones may also involve and
modulate the orchestrated maturation of the immune system during adolescence (in this
example, the induction of IL-10 in the periphery that occurs specifically at this time).
Conversely, it has also been postulated that early life adversity can produce long-term
changes in responses to circulating sex hormones via their impact on the immune system
(Blaustein and Ismail, 2013, Blaustein et al., 2015). While it is clear that sex steroid
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hormones have a significant effect on peripheral immune function, it remains to be
determined exactly how these pubertal hormones influence the full maturation of the
peripheral and central immune systems, and how this may impact both physiological and
behavioral outcomes during the period of adolescence.

4.2. The blood-brain barrier

The peripheral immune system is largely devoted to defending the host from invasion by
pathogens and responding to injury. Given the exquisite sensitivity of neurons to immune
molecules, the passive leakage of immune cells or immune molecules (such as cytokines,
chemokines, and growth factors) into the brain is typically thought to occur onlyin severe
pathogenic states (Muller and Ackenheil, 1998, Yarlagadda et al., 2009). However, our
immune system is also designed to regulate allostasis and respond to threats in our
environment with orchestrated changes in behaviors, including feeding, sleep, cognition and
social interaction (Farrar et al., 1987, Kubota et al., 2000, Vitkovic et al., 20003, Vitkovic et
al., 2000b). To that end, there are several pathways of active communication that allow
controlled immune signaling between the periphery and the brain. Peripheral immune
mediators can thereby influence behavioral and neuroendocrine responses to environmental
stimuli during both normal and abnormal development. Brain responses to peripheral
immune activity occur either via vagal afferents, directly at the blood brain barrier (BBB), or
at circumventricular organs (Blatteis, 1992, Vitkovic et al., 2000b). This review will focus
on the BBB, since vagal afferents also play a large role in the gut-brain axis, of which
development has been discussed elsewhere (Borre et al., 2014) and in this issue.

The BBB is a dynamic system that controls the access of a number of factors, including
blood-borne immune mediators, into the brain parenchyma. Most of our understanding of
BBB changes and peripheral cytokine influences on the brain is in the context of systemic
inflammatory responses leading to a febrile response, rather than in a healthy, non-
inflammatory state [e.g., (Galic et al., 2012)]. However, regulated transport of cytokines and
chemokines across the BBB is necessary for healthy brain function (Banks, 2015; Banks and
Kastin, 1991; Sui et al., 2014). Under typical physiologic conditions, the BBB adapts to the
changing needs of the brain that occur throughout development, during aging, and following
other life events (Banks, 2015). While this idea is generally accepted, the mechanisms that
underpin healthy-state BBB dynamics throughout development are not clear. Recent work
supports the idea that circulating immune molecules play critical roles in adolescent brain
function (do Prado et al., 2015; Wieck et al., 2013), therefore one might hypothesize that the
BBB has evolved to allow differential access to specific immune actors throughout
adolescence to influence proper neural development at this time.

One example of the importance of BBB transport for adolescent brain function is seen in the
developmental expression of Insulin Growth Factor (IGF)-1, which is a growth hormone
mediator in the periphery that has well-known neuroprotective activity in the brain.
Circulating IGF1 is relatively low during childhood, but increases to high levels in
adolescence, and then progressively decreases with age (Smith et al., 1989). Importantly,
declining circulating levels of IGF1 during adulthood are implicated in cognitive
impairments in mice (Svensson et al., 2006), which suggests that proper blood-to-brain
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transport of IGF1 is necessary for proper brain function. Yan and colleagues (Yan et al.,
2011) determined in rats that the rise of circulating IGF1 during adolescence is necessary for
the increase in IGF1 levels measured in the brain at this time. Furthermore, increases in
circulating IGF1 were necessary for the induction of genes involved in brain development
and regulation of synaptic plasticity (Yan et al., 2011). To date, we have no knowledge of
whether BBB transport mechanisms behave differently during adolescent development.
However, active transport of IGF1, cytokines, and other regulatory proteins is largely driven
by glutamate-dependent neuronal activity (Nishijima et al., 2010); and therefore adolescent-
specific neuronal activity could have a bi-directional control of BBB permeability to
circulating immune mediators during this time.

BBB function is maintained and regulated by the neurovascular unit, which is comprised of
neuronal synapses, astrocytes, and the vascular endothelial cells (Abbott et al., 2006). The
release of neurotransmitters, in particular glutamate, leads to fluctuations in intracellular
calcium within astrocytes, which in turn results in the subsequent release of diffusible
mediators such as nitric oxide (NO) and arachidonic acid derivatives like cyclooxygenase
(COX)-2 that modulate BBB permeability (Nishijima et al., 2010). The synaptic refinement
of glutamatergic synapses that occurs during adolescence is a major part of the neural
network pruning necessary to navigate through the sensitive period of puberty that also
coincides with decreased parental influence [reviewed by (Spear, 2000b) and (Brenhouse
and Andersen, 2011a)]. Thus, the active pruning of glutamatergic synapses that is so
prevalent in the adolescent brain may be one potential mechanism by which BBB
permeability could be changed during this time; thereby altering the passage of important
immune and other signaling molecules into the adolescent brain.

Therefore while there is virtually no knowledge of differential BBB dynamics during
adolescence, there is evidence to support it, including peripheral changes in circulating
immune modulators, changes in the neuronal activity that control BBB permeability, as well
as differential necessity for the entry of these circulating modulators into the brain. It is also
surprising just how little is known about BBB function during adolescence given that the
BBB also controls access of drugs to the brain and given the increasing prevalence of
pharmacological treatments for mental and medical illness in pediatric and adolescent
populations (Vitiello, 2008).

5. Adolescent development and glia

While relatively ignored for years by the neuroscience community, the growing amount of
literature on glia now indicates they can no longer be ignored and that they are important
mediators of neuronal function and behavior. Microglia are the primary immune cells of the
brain, existing under non-pathological conditions in the adult brain in a resting, ramified
state, expressing low or undetectable levels of activation markers (e.g. CD11b and MHCII)
on the cell surface and producing low or undetectable levels of immune molecules. In
response to a pathogen, insult or injury, microglia become active, at which point they can
up-regulate a number of cell surface receptors and increase the production of cytokines and
chemokines, resulting in neuro-immune activation.
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Microglial cells are of mesodermal lineage (similar to other immune cells) and they first
colonize the developing rodent brain around embryonic day (E) 9-10 via the infiltration of
primitive macrophage precursors from the yolk sac of the embryo (Chan et al., 2007,
Ginhoux et al., 2010). Microglia within the developing brain have a larger, round
morphology, consistent with their role as macrophages (Male and Rezaie, 2001; Rezaie et
al., 1999); however, they change their morphology and their function quite rapidly as they
mature within the context of the brain, to a more mature shape characterized by a smaller
cell body with thinner, longer processes (Schwarz et al., 2011). Despite that, microglia
within certain regions of the adolescent brain continue to show what appears to be a more
“activated” or immature morphology, with thick variegated branches, suggesting that certain
brain regions, and the neurons and glia within them are continuing to undergo maturational
changes long after the postnatal period (Schwarz et al., 2011), which could significantly
impact the function of these cells following immune activation (Figure 3).

Because microglia colonize the brain early in development and represent a relatively
permanent population with very little turnover (Male and Rezaie, 2001), events that impact
the function of microglia during development (including adolescence) can have long-term
consequences for their function (Bilbo and Schwarz, 2009). Microglial cells have the
capacity to “remember” events or become “primed” (Town et al., 2005), similar to peripheral
immune cells. While microglial priming has not been fully defined or characterized, it is
understood that the pro-inflammatory response produced by primed microglia to a
subsequent challenge is significantly exaggerated when compared to other, unprimed glia
(Perry et al., 2003). Via priming, microglia are forever bound to and influenced by the events
that occur during perinatal and adolescent development, with significant consequences for
later-life neural function and behavior.

Though they are often lumped together as “glia”, microglia and astrocytes are actually quite
distinct. Astrocytes are derived from specific populations of neural progenitor cells within
the rodent brain later in embryonic development (Zhang and Barres, 2010). Astrocytes
continue to proliferate in select niches of the adolescent and adult rodent brain, though the
proliferation potential of astrocytes is dependent upon their function and location within the
brain (Kriegstein and Alvarez-Buylla, 2009). Astrocytes develop long primary processes
relatively rapidly during the course of early brain development. During juvenile
development, astrocytes display multiple primary processes, with all processes being rather
thin and ramified (Bushong et al., 2004). Astrocytes have established distinct boundaries
from neighboring astrocytes by this age, though each astrocyte can interact with and impact
the function of nearly 2 million synapses (Freeman, 2010). To date, it is unclear whether and
in what manner astrocytes may continue to change throughout adolescent development or,
perhaps more importantly, how these changes in morphology can impact astrocyte and
neuronal function during this time.

6. Immune regulation of adolescent brain development

As microglia and astrocytes mature, they function in distinct ways to influence and
encourage the on-going development of the brain (Bilbo and Schwarz, 2009, Clarke and
Barres, 2013, Stipursky et al., 2011). The adolescent brain in particular is a complex milieu
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of synaptic pruning in some brain regions (Selemon, 2013), emerging connections in others
(e.g., (Cunningham et al., 2002), and receptor repurposing in still others (Tseng and
O'Donnell, 2007) [reviewed by (Brenhouse and Andersen, 2011a), and in this issue]. These
processes of substantial neural remodeling occur predominantly in brain areas involved in
emotion and learning including the prefrontal cortex, hippocampus, amygdala, and nucleus
accumbens. As a result, provoking pro-inflammatory activity during adolescence can have
robust effects on brain development and behavior that do not occur if the same immune
challenge were to be experienced earlier or later in development (Schwarz and Bilbo, 2013).
These observations have begun to inform us about mechanisms that are in-place for immune
regulation of typical brain development (Figure 4).

Many researchers believe that the developmental trajectory and function of glial cells is
dependent upon the on-going processes of neural development described above. For
example, the migration and proliferation of microglia has been closely tied to the naturally
occurring apoptosis of cells in the developing brain (Ashwell, 1990; Ashwell, 1991; Perry et
al., 1985). Developing glia also produce elevated levels of diffusible immune factors, such as
cytokines, chemokines, and growth factors, all of which have a demonstrated role in many
neurodevelopmental processes (Arnoux and Audinat, 2015, Clarke and Barres, 2013,
Michell-Robinson et al., 2015, Squarzoni et al., 2015, Wu et al., 2015). For example, live
imaging of healthy rodent cortex has revealed intricate bi-directional signaling between
microglia and neurons that can modify dendrite morphology during development and into
adolescence (Tremblay et al., 2010) [reviewed by (Eyo and Wu, 2013)]. Glia can influence
these processes via the identification of other immune molecules produced by neurons
(Boulanger, 2009; Deverman and Patterson, 2009).

Importantly, age-specific effects of immune activation have also revealed how immune
mechanisms may confer adolescent vulnerabilities to environmental insults such as stress,
drugs of abuse, and traumatic injury (Crews et al., 2007, Crews and Vetreno, 2011). Real and
perceived threats (i.e., stress), drugs of abuse, physical injury, and pathogenic infection all
result in secretion of molecular signals that activate innate immune receptors such as TLRs.
These signals include pathogen-associated molecular patterns (PAMPs) and danger-
associated molecular patterns (DAMPSs). DAMPs—also called alarmins—are released
endogenously from damaged, dying, or dead cells and can trigger innate immune signaling
by activating the TLR pathway (Gadani et al., 2015). TLRs have been found to play
important roles in adolescent brain development, which is a likely mechanism through which
neuronal remodeling is tailored to the environmental demands of each individual. While
much of what is known about TLR effects in adolescence is from models of insult or injury
as described in the next section, it is of upmost importance to acknowledge the role that
TLRs and DAMPs have in typical brain development, neurogenesis, and neuroplasticity
(Barak et al., 2014). Taken together, additional research is necessary to further our
understanding of how glial cells and immune molecules mediate these on-going and
necessary processes associated with adolescent neural development. Only then can we
understand the full extent of cell-to-cell communication in the context of immune function
and behavior during this time.
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Affective and psychotic disorders such as major depressive disorder, schizophrenia, and drug
addiction have a strikingly disproportionate rise in presentation and diagnosis during
adolescence and early adulthood compared to other life stages. Each of these disorders has
also been associated with atypical immune activation, and some have been associated with
an earlier immune challenge as a risk factor. Here we will discuss each disorder with regard
to the possibility of adolescence as a window of differential neuro-immune regulation.

7.1 Drug Addiction

Studies in humans and experimental animals have demonstrated the particular vulnerability
of the adolescent brain to the actions of drugs of abuse, the long-term consequences of drug
taking, and the risk for addiction [e.g., (McClory and Spear, 2014); reviewed by (Andersen
and Teicher, 2009; Stanis and Andersen, 2014)]. Vulnerability during adolescence can be
partially attributed to transient developmental processes such as the maturation of
connectivity, receptor overproduction, and pruning in corticolimbic regions including the
nucleus accumbens and prefrontal cortex (e.g., (Brenhouse et al., 2008; Smith et al., 2015)).
Additionally, drugs of abuse such as ethanol (Fernandez-Lizarbe et al., 2013), opioids
(Hutchinson et al., 2007), and psychostimulants (Northcutt et al., 2015) activate pro-
inflammatory gene transcription as well as receptors for DAMPs and PAMPs in these same
brain regions. It is likely that neuro-immune activation by drugs of abuse during adolescence
interferes with typical brain development, because pro-inflammatory signaling mediates
neural activity. For example, TLR activation by cocaine has been shown to directly
contribute to cocaine-induced dopamine release in the nucleus accumbens; blocking TLR
during cocaine exposure prevented dopamine release as well as cocaine conditioned place
preference in adult rodents (Northcutt et al., 2015). Taken together, the emerging concept
that rewarding, and possibly addictive, effects of abused drugs requires stimulation of both
neuronal and glial cell functioning (Northcutt et al., 2015) incites two paths of investigation:
First, it is possible that typical neuro-immune events during adolescent development
instigate risk-taking, novelty-seeking, and other behaviors that lead to drug-taking. Second,
exogenous activation of neuro-immune processes during adolescence may make the
adolescent brain more vulnerable to the immediate and enduring effects of abused drugs,
thus increasing the risk of addiction long-term. We discuss here data that directly or
indirectly speak to these lines of research.

Woefully little is known about neuro-immune changes that are distinct to the adolescent
period. However, recent findings suggest that developmental events during adolescence
share a bi-directional relationship with immune mechanisms. For example, the pro-
inflammatory cytokine IL-2 has been shown to modulate dopamine levels and dopamine-
mediated behaviors in developing and adult rodents (Karrenbauer et al., 2011; Lapchak,
1992). This impact of 1L-2 on dopamine signaling is of particular clinical importance
because IL-2 is a current cancer treatment that is complicated by marked neurobehavioral
side-effects involving anhedonia and depression (Capuron et al., 2000). Interestingly, 1L-2
administration during adolescence potentiates later displays of addiction-like behaviors, such
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as novelty-induced stereotypy and motor responsiveness to dopamine agonists like
GBR12909 (Rankin et al., 2013). However, a single adolescent exposure to I1L-2 was found
to prevent stereotypy in response to IL-2 in adulthood. One could hypothesize that IL-2 in
adolescence interferes with typical developmental changes in dopamine receptor circuitry,
illustrating one way in which the adolescent brain is poised for neuro-immune interactions
that affect later behavior and could have important medical consequences.

Compared to our understanding of typical adolescent neuro-immune development, much
more work has been dedicated to the impact of inflammatory damage to the adolescent
brain. The relative immaturity of microglia during adolescence together with their ability to
be “primed” for extended lengths of time (Town, Nikolic, & Tan, 2005) make microglia an
important substrate for enduring effects on addictive-like behaviors. In one example,
exposing rats to morphine during adolescence (but not adulthood) was shown to cause an
increased risk of relapse to drug-seeking behavior in adulthood, along with increased
expression of the toll-like receptor TLR4 specifically on microglia within the nucleus
accumbens (Schwarz and Bilbo, 2013). While the activation of TLR4 by bacteria typically
results in the synthesis of many cytokines and chemokines, TLR4 binding by morphine
induces a robust increase in the synthesis of a select group of cytokines and chemokines
within the nucleus accumbens that is necessary for the relapse to drug-seeking behaviors
(Schwarz et al., 2011). Therefore, it appears that microglia within the adolescent brain are
more plastic relative to microglia within the adult brain, such that their activation in
adolescence can influence cell function acutely and subsequently have a long-term impact
on TLR4 signaling and microglia function.

Further evidence that a “plastic” phenotype of adolescent microglia may contribute to
addiction vulnerability comes from work with rodent models of alcohol binge drinking.
Using a model of intermittent ethanol administration, Crews and colleagues reported that
binge-like exposure induced expression of the DAMP high-mobility group box 1 (HMGB1)
in prefrontal cortex neurons that endured into adulthood and correlated with deficits in
reversal learning (Vetreno and Crews, 2012). The toll-like-receptors TLR4 and TLR3, which
bind HMGB1, were also increased as a result of adolescent ethanol exposure. HMGB1 plays
different roles depending on its localization in the nucleus—where it plays an architectural
role and regulates neurite outgrowth and migration during development, or in the
extracellular matrix—where it plays a pro-inflammatory role via activation of TLR (Fang et
al., 2012). The authors hypothesized that ethanol activates adolescent microglia to secrete
cytokines that promote HMGBL release from neuronal nuclei; extracellular HMGB1 takes
on a pro-inflammatory role to further activate microglia, leading to an enduring neuro-
immune loop that endures through adulthood. A recent report reproduced and expanded
these findings, demonstrating that TLR4 knock-out mice were protected from effects of
adolescent intermittent ethanol on enduring pro-inflammatory activity and cognitive deficits
(Montesinos et al., 2015). Notably, these studies did not compare the effects of adolescent
and adult binge drinking and therefore does not directly illustrate a distinct vulnerability to
induction of this immunological cascade during adolescence. However, this likelihood is
illustrated in the reports that neuro-immune signaling can drive developmental trajectories
and that other TLR-activating drugs have effects specifically in adolescence. Furthermore,
recent clinical data from Silveri and colleagues (personal communication, submitted ms)
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illustrate that male early adolescent, but not adult, binge-drinkers have elevated levels of
prefrontal glutathione—an indirect measure of oxidative stress and pro-inflammatory
activity (reviewed in (Leza et al., 2015); providing even more support for adolescence as a
specific period of enhanced neuro-immune function and vulnerability that significantly
impacts behavior.

7.2 Schizophrenia

Schizophrenia is a disorder with adolescent or young-adult onset that has been directly
associated with altered immune responsivity at the onset of psychosis (Muller et al., 2015).
For example, increased microglial activation and increased inflammatory cytokine mRNA
expression are detected in the dorsolateral prefrontal cortex of 40% patients with
schizophrenia, an effect that was greatest in patients who had been most recently diagnosed
(Fillman et al., 2013). Furthermore, anti-inflammatory treatments for schizophrenia
reportedly have their highest effectiveness during the earliest stages of the disease (Miller et
al., 2010) and typical anti-psychotic treatments in turn lower peripheral cytokine levels in
first-episode psychosis patients (Noto et al., 2015). Therefore, it appears that immune
mechanisms may play a particular role in the onset of schizophrenia during adolescence,
provoking the question: What is special about the adolescent neuro-immune environment?
While strong evidence for immune signaling in the pathophysiology of schizophrenia is
presented elsewhere (e.g., (Leza et al., 2015; Mdller et al., 2015)), here we will examine the
growing data supporting adolescence as a vulnerable window for these neuro-immune
mechanisms.

Two leading and related theories on the pathogenesis of schizophrenia are the
neurodevelopmental and 2-hit models. The neurodevelopmental model of schizophrenia is
based on reports of an excess of adverse events such as immune activation (Knuesel et al.,
2014) or stress (Bale, 2014; Selemon and Zecevic, 2015) occurring during the pre- and
perinatal periods which lead to the presence of cognitive and behavioral prodromes in
childhood, followed by symptoms of psychosis in adolescence and early adulthood (Tarbox
et al., 2013). The 2-hit model expands this theory to acknowledge a strong interactive
influence of early insults with subsequent insults occurring during adolescence (Keshavan,
1999). Taken together, it appears that early insults such as stress or immune activation have
delayed effects that manifest in adolescent behavioral dysfunction or at least increased
vulnerability to a second insult. To this end, animal studies have shed some light on whether
delayed inflammatory effects lead to adolescent dysfunction.

Rodent models of early postnatal stress (Brenhouse and Andersen, 2011b) or neonatal
ventral hippocampal lesions (Cabungcal et al., 2014) reportedly lead to a decrease in
prefrontal cortex fast-spiking parvalbumin-positive interneurons, which resembles a
phenomenon observed in schizophrenia and also correlates with schizophrenia-like
behavioral impairments. This parvalbumin loss is seen in adolescence, and can be prevented
with anti-inflammatory treatments that are administered during early adolescence
(Brenhouse and Andersen, 2011b; Cabungcal et al., 2014). Further evidence for adolescent-
specific immune activity indicates that parvalbumin interneurons in rats with neonatal
ventral hippocampal lesions exhibit oxidative stress prior to symptom onset in adolescence
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(Cabungcal et al., 2014). Once again, we highlight the lack of knowledge as to the existence
of an adolescent-specific immunological environment that may contribute to increased
vulnerability. At present, we can refer to neurocircuitry development that is better
understood; prefrontal fast-spiking interneurons do not mature until late adolescence (Tseng
and O'Donnell, 2007), therefore the deleterious effects of immune insults to cortical function
may not become evident until the transition through adolescence. Additionally, recent data
have illustrated that prenatal immune activation alters the expression of genes for
neurotrophic and neurodevelopmental regulators within the prefrontal cortex, but these
expression changes were not seen prior to adolescence (Hemmerle et al., 2015). These
findings further suggest that the effects of neuro-immune events leading to schizophrenia
might manifest during a period of rapid and critical development of the prefrontal cortex.

7.3 Depression

Similar to schizophrenia, major depressive disorder typically first manifests during
adolescence or early adulthood (reviewed in (Hagan et al., 2015; Sonuga-Barke et al.,
2015)). Depression has long been associated with immune system dysregulation, a concept
that originated partially due to the similarities between depressive symptoms and sickness
behavior (Herbert and Cohen, 1993; Maes, 1995). Likely due to the long-studied
immunological pathogenesis of depression as well as its well-characterized adolescent
presentation, a valuable review of the albeit limited literature on inflammation in adolescent
depression is already available (Mills et al., 2013). Therefore, here we will limit our
discussion to potential mechanistic underpinnings of adolescence as a discrete period of
vulnerability. Specifically, we recently showed that early life stress exposure in rats led to
adolescent increases in circulating levels of the pro-inflammatory cytokine IL-6 (do Prado et
al., 2015), which has been reported in depressed patients (Miller and Cole, 2012).
Importantly, this increase in IL-6 is positively correlated with prefrontal cortex parvalbumin-
positive interneuron loss as well as NMDA receptor subunit changes (do Prado et al., 2015).
Central administration of the anti-inflammatory cytokine IL-10 during early adolescence
prevented the NMDA changes and prevented parvalbumin loss (Wieck et al., 2013),
suggesting that central inflammatory activity was a consequence of peripheral pro-
inflammatory activity. However, our lack of understanding BBB mechanisms during
adolescence mires our ability to speculate on how peripheral cytokines may produce neural
effects. Taken together, it appears that early insults may sensitize inflammatory activity, as
proposed previously (Bilbo and Schwarz, 2009). During adolescence, heightened immune
activation may alter neural signaling during a critical developmental period and result in
behavioral dysfunction such as that seen in depressive illness.

8. Suggestions for future research

Moving forward, we will need to further unveil the critical role that the adolescent immune
system has in maturing neural circuits during this time, and expand our preliminary
understanding of how typical and atypical immune development interacts with adolescent
vulnerability to increase the risk of many neuropsychiatric disorders. We suggest setting the
following goals in order to develop these concepts in a cohesive way.
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8.1 Investigate the adolescent blood-brain interface

This review highlighted a paucity of research on how, or whether, peripheral immune
function is unique during adolescence. Future research should seek to examine how the
immaturity of certain brain structures may influence the function of the immune system or
vice versa. We propose here that as the adolescent brain continues to develop, differences in
neurotransmitter function may affect the function of the blood brain barrier dynamics (thus
affecting the passage of immune molecules into the brain) or the function of glial cells in the
brain. While an intriguing hypothesis, this has yet to be confirmed or examined. Thus future
experiments may seek to use in vitro methods for examining this question and thereby
determine the bi-directional influence of neural development on immune function and
development.

8.2 Use age as a biological variable

An important priority for future research in this area should be to examine changes in
peripheral immune function that occur specifically during adolescence. In the human
literature, data from adolescents are often lumped together with data from children when
examining disease risk or peripheral immune responses. In the rodent literature, peripheral
immunity during adolescence has rarely been examined at all. Thus, preclinical and clinical
researchers should pay close attention to age in order to interpret potential differences within
the time of adolescence. This is particularly important given that there are a number of
different developmental events described here (e.g. social maturation, pubertal maturation,
etc.) that occur throughout this time in adolescent development, and many of these do not
always occur at the same time in every species, or in every individual; nor do these events
occur at the same age in both males and females (see Figure 1). In order to fully understand
how adolescence is distinct from other ages of development, future basic research should
take care to manipulate and test immune activation or behavioral endpoints in adolescence
and also at other ages. In doing so, we can better understand whether adolescent immune
and neural function is distinct or similar from other ages; we can also determine whether
adolescence is a period of vulnerability or sensitivity relative to other ages.

8.3 Design studies with consideration of adolescence as a heterogeneous phase

As illustrated in Figure 1, adolescence includes several stages within itself; these stages are
characterized (albeit incompletely) by behavioral, hormonal, neural, and immune changes.
Therefore, investigation of adolescent neuroimmune development will benefit from more
studies comparing measurements and manipulations between these phases. As suggested in
the fields of child neuropsychology (Karmiloff-Smith and Thomas, 2008) and brain
development (Andersen, 2003), understanding the trajectory of changes throughout
adolescence provides rich information about neuroimmune development; it becomes
possible to provide more in-depth descriptors in terms of delayed onsets, atypical rates, or
normal changes with consistent differences between groups. At the minimum, findings
should be reported in the context of a particular phase of adolescence (i.e., puberty, post-
puberty, late adolescence) whenever possible, to facilitate comparisons between studies.
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9. Conclusions

Evidence is growing in support of the idea that the immune system can significantly
influence the brain, both in times of health and in times of disease. As a result, the immune
system has an integral role in shaping neural development and subsequently altering neural
function and behavior. Given the research presented here, we submit that adolescence is its
own unique period of immune system function, with significant implications for the brain.
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Highlights

. Maturation of the immune system continues through adolescence

. Neuro-immune signaling controls neural development

. We review evidence that adolescence is a unique stage of immune
development

. Neuro-immune development contributes to adolescent vulnerability to mental
illness

. We propose a need for understanding adolescence a period of neuro-immune
signaling
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Figure 1. Ages of adolescent maturation across species, and reported age-related immune

changes

Ages of adolescence in rats (top), monkeys (middle), and humans (bottom) are shown. Bars
represent male and female puberty. Arrows depict reported changes in immune mediators
over adolescence, in the species they were measured. Superscripts indicate citations:
1(Tollerud et al., 1990)*; 2(Grassi-Oliveira et al., in press); 3(Riis et al., 2014); 4(Schwarz
and Bilbo, 2011). *Note: The Tollerud et al. study found female CD4 T-cells to increase
during adolescence, however a study by Bartlett et al. (Bartlett et al., 1998) measured
inducers of CD4 T-cells (CD29), and did not find the same sex differences.
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Figure 2. Age, Group, and Sex effects on cytokine expression in rats
Means + SEM expression levels of IL-1R (top), IL-4 (middle) and IL-10 (bottom) across

development. P: postnatal day. *p<0.05 difference between MS and CON. Different letters
(a,b,c) designate p<0.05 difference between ages within the same sex (no effect of group).
#p<0.05 difference between males and females, collapsed across groups. n=15-20/group/sex/
time-point. (Grassi-Oliveira et al., in press)
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Figure 3. Microglia in the adolescent brain have a unique morphology compared to microglia in
the adult brain

Microglia stained with an antibody for the lonized calcium binding adaptor molecule (Iba) 1
exhibit a very full and seemingly “activated” morphology within the adolescent (P30) medial
prefrontal cortex, nucleus accumbens, and hippocampus, 4 hours post injection with a low
dose of lipopolysaccharide (LPS, 25 pg/kg intraperitoneal). In contrast, microglia in the
adult brain appear fewer and exhibit a very different, more ramified appearance even 4 hours
post injection with the same dose of immunogenic compound, LPS. Data are representative
of a work in progress.
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Figure 4. A schematic representation of potential interactions between adolescent neural
development, immune development, and immune activation at this time

Adolescence is a complex period of development that includes important
neurodevelopmental processes such as synapse formation (synaptogenesis) and the pruning
of other exuberant synapses. Similarly, neurotransmitter receptor sensitivity and expression
change throughout adolescent brain development, while important inhibitory interneurons
finalize their rhythm and functionality. Simultaneously and likely in response to changes
mentioned above, the immune system is undergoing its own maturational changes including
alterations in blood brain barrier (BBB) permeability, astrocyte and microglial development,
and peripheral immune changes that are likely dependent upon their interaction with
pubertal sex hormones at this time. Activation of the immune system and immune cells in
the brain (microglia and astrocytes) via either infection, stress, or drugs of abuse can result
in the release of immune molecules (cytokines and chemokines) that in turn impact both
neural and immune function during this unique period of adolescent immune function and
neuro-behavioral vulnerability.
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