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Abstract

Research conducted over the past several decades has revolutionized our
understanding of the role of the immune system in neural and psycholog-
ical development and function across the life span. Our goal in this review
is to introduce this dynamic area of research to a psychological audience
and highlight its relevance for clinical psychology.We begin by introducing
the basic physiology of immune-to-brain signaling and the neuroimmune
network, focusing on inflammation. Drawing from preclinical and clinical
research,we then examine effects of immune activation on key psychological
domains, including positive and negative valence systems, social processes,
cognition, and arousal (fatigue, sleep), as well as links with psychological
disorders (depression, posttraumatic stress disorder, anxiety, schizophrenia).
We also consider psychosocial stress as a critical modulator of neuroimmune
activity and focus on early life adversity. Finally, we highlight psychosocial
and mind–body interventions that influence the immune system and may
promote neuroimmune resilience.
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Inflammation:
immune response to
infection, tissue
damage, or stress,
coordinated by
proinflammatory
cytokines including
interleukin (IL)-6,
IL-1β, and tumor
necrosis factor alpha

Sickness behavior:
constellation of
behavioral changes
induced by
inflammation designed
to protect the host and
promote healing
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1. INTRODUCTION

The field of psychoneuroimmunology (PNI) examines the bidirectional interactions between the
brain, behavior, and immunity and the effect of these interactions on mental and physical health.
Research on neuroimmune interactions developed in the 1970s, and the term PNI was coined
in the 1980s by Robert Ader, who edited the first edition of the classic Psychoneuroimmunology
textbook and helped to establish the legitimacy of this fledgling discipline (Ader 2000). Initially,
research in PNI focused primarily on brain-to-immune signaling, yielding invaluable insights into
neural regulation of immunity (Irwin & Cole 2011) and the effects of stress, social relationships,
and other psychosocial factors on immune status and physical health (Glaser & Kiecolt-Glaser
2005).The relevance of this work has accelerated in recent years with the discovery that inflamma-
tion, a key component of the immune response, plays a prominent role in the onset and progression
of many chronic diseases (Furman et al. 2019).

The last several decades have seen a shift in PNI research with more attention on the bottom-
up effects of the immune system on the brain and psychological processes. In 1998, Steve Maier
and Linda Watkins published an influential paper titled “Cytokines for Psychologists” that pro-
vided an accessible introduction to immune-to-brain communication for a psychological audience
and raised exciting new questions and ideas about the role of the immune system in mental health
and illness (Maier&Watkins 1998).Research in this area initially focused on sickness behavior and
depression and has continued to advance our understanding of the intimate connections between
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Cytokine: type of
protein released by
immune (and
nonimmune) cells that
is responsible for
communication
between cells

Pathogen:
disease-causing
microorganism, such
as a virus or bacterium

Macrophage: type of
immune cell that
responds to infection
or injury by engulfing
pathogens and
coordinating the
inflammatory response

Monocyte: type of
immune cell that
responds to infection
or injury; monocytes
circulate in the blood
and develop into
macrophages when
they move into tissue

Phagocytosis: process
through which
macrophages ingest
large particles (such as
bacteria) or other cells
(such as those that
have sustained
damage)

the central nervous system (CNS) and immune system and their role in a range of psychological
and neurological symptoms and disorders.

We now know that the immune system plays a central role in how we think, feel, and behave,
both in sickness and in health. The goal of this review is to provide an overview of this area of
research with a focus on implications for clinical psychologists.We begin with an introduction to
the immune system and immune-to-brain signaling pathways that is intended for readers who are
new to this area of work. We then consider the following questions, which are motivated in part
by our own programs of research:

1. What is the impact of immune activity on key dimensions of psychological functioning, and
is this relevant for psychological disorders?

2. What is the effect of psychological stress on the neuroimmune network, and are there risk
factors that moderate these effects?

3. How does early life adversity (ELA) become embedded in the immune system, and what
are the implications for long-term health?

4. Can psychosocial interventions be used to influence immune activity, and what are the
mechanisms through which this occurs?

In reviewing this literature,we hope to convey the excitement of this dynamic field and its potential
for understanding and improving health and well-being.

2. INTRODUCTION TO THE IMMUNE SYSTEM

The immune system is designed to detect and protect the body from infection, injury, and damage.
It is a complex,multifaceted system encompassing a range of cells, organs, and signaling molecules
called cytokines that work together to maintain bodily integrity. For the purposes of this review,
we focus on cells and cytokines that are most relevant for immune-to-brain communication.

2.1. Innate and Adaptive Immunity

The immune system can be broadly divided into two arms: innate and adaptive. The innate im-
mune system responds quickly to a wide range of pathogens and danger signals (such as those
released by dying or damaged cells). One of the key cell types of the innate immune system is
the macrophage, which is found in most tissues in the body. Macrophages are derived in part
from monocytes, which are found in the blood. When these cells encounter evidence of infec-
tion or damage, they initiate an inflammatory response by releasing specialized proinflammatory
cytokines. These cytokines act locally (i.e., in the area where the pathogen or injury is encoun-
tered) to facilitate themovement of other immune cells into the infected area and systemically (i.e.,
throughout the rest of the body) to cause fever and other physiological and behavioral changes (see
Section 3).Together, these effects are designed to neutralize and eradicate the threat.Macrophages
also help to clear pathogens and damaged cells through phagocytosis.

The adaptive immune system provides a second line of defense for pathogens that cannot be
eradicated by the innate immune system alone. This system is more targeted and takes time (i.e.,
days) to develop and mobilize the cells that are specific to a particular pathogen.The key cell types
of the adaptive immune system are T and B cells. There are several types of T cells, each with
different functions: CD4 (helper) T cells help coordinate the adaptive immune response, CD8
(cytotoxic) T cells identify and kill infected cells, and CD17 (regulatory) T cells help regulate
immune function. B cells are responsible for making antibodies and are essential fighters against
pathogens that circulate outside of the cell. One of the distinguishing features of the adaptive
immune system is memory; after infection with a particular pathogen, memory cells remain in the
body and can respond more rapidly to a second exposure.
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Endotoxin: toxin
found on the outer
membrane of
gram-negative bacteria
that activates an
inflammatory
response; also
referred to as
lipopolysaccharide
(LPS)

Microglia: type of
immune cell in the
brain that plays a
critical role in its
normal development
and function

Blood–brain barrier
(BBB): term
describing the unique
properties of blood
vessels in the brain
that tightly regulate
movement of ions,
molecules, and cells

Peripheral immunity:
immune processes
occurring outside of
the central nervous
system

2.2. Cytokines

Cytokines are small proteins released by immune and nonimmune cells that are responsible for
communication between cells. Typically, cytokines are produced briefly and locally in a self-
limiting manner. However, in the context of illness, infection, or other immune challenge, levels
can increase dramatically (i.e., 100-fold increase in certain cytokines after administration of endo-
toxin) and may remain elevated at subclinical levels in certain contexts (e.g., persistent infection,
chronic stress). The cytokine network is extremely complex; cytokines are pleiotropic and can act
on multiple cell types with different effects depending on the nature of the stimulus and the host.
That said, one useful distinction is between cytokines that promote inflammation (proinflam-
matory cytokines) and those that reduce inflammation (anti-inflammatory cytokines). Canonical
proinflammatory cytokines include tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6
(although IL-6 also has anti-inflammatory effects in certain contexts). Anti-inflammatory cy-
tokines include IL-4 and IL-10. Importantly, cytokines and other biomarkers are produced by
both immune and nonimmune cells in response to a variety of stimuli. Thus, it can be challenging
to interpret the origin and function of circulating concentrations of these markers. For example,
adipocytes (fat cells) can produce cytokines, which may have little to do with infection. For this
reason, it is common to account for participant BMI or central adiposity in analyses involving
circulating inflammatory proteins (O’Connor et al. 2009).

2.3. Immune Cells in the Brain

The primary immune cells in the brain are the microglia, which are the macrophages of the CNS.
Historically, glial cells (including microglia, astrocytes, and oligodendrocytes) have received little
attention from neuroscientists despite constituting half of the cells in the CNS (Azevedo et al.
2009). However, major developments in this field have generated new insight into the critical
role of microglia and other immune cells in the adaptive functioning of the brain. Microglia, like
other macrophages, survey their environment for threat and respond to infection and injury by
eliciting an inflammatory response when necessary. Microglia are also critically important for the
normal development and functioning of the brain across the life span (Dziabis & Bilbo 2022,
Yirmiya & Goshen 2011). Indeed, alterations in microglia activation have been implicated in neu-
rodevelopmental, psychiatric, and neurodegenerative disorders. In addition to microglia, various
nonneuronal cells in the brain are relevant for psychological processes, including other glial cells
as well as T cells and other cells of the innate and adaptive immune systems (Cathomas et al. 2022,
Korin et al. 2017).

2.4. Blood–Brain Barrier and Brain Borders

The brain has historically been considered immune privileged; that is, cells and molecules of the
immune system cannot easily access the brain.This protection comes from the blood–brain barrier
(BBB), which is made up of specialized endothelial cells (on the blood side), pericytes, and astro-
cytes (on the brain side). However, this idea has evolved over time, and the BBB is increasingly
understood as a dynamic interface that serves not only to protect the brain but also to regulate
the effect of peripheral immune activity on the CNS. The interface functions of the BBB are
achieved through transport systems that carry molecules across the BBB, production and secre-
tion of molecules by cells of the BBB that act on the brain, and BBB response to stimuli arising
outside and within the brain (Erickson & Banks 2018). The state of the BBB is influenced by both
pathological (e.g., traumatic brain injury) and physiological (e.g., inflammation) states.

There are also immune cells in the meninges, the triple-layered membrane that surrounds
the brain. Macrophages appear to be the major cell type in this compartment, but various other
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C-reactive protein
(CRP): protein
produced by the liver
in response to IL-6
stimulation; used as a
measure of systemic
inflammation

Maternal immune
activation (MIA):
experimental model
that involves activating
the immune system of
a pregnant dam and
evaluating effects on
her offspring

immune cell types have been identified, including T cells (Korin et al. 2017). Meningeal immune
cells are well positioned to influence the CNS; indeed, meningeal T cells have been shown to
affect social behavior, cognitive function, and anxiety through release of specific cytokines (Alves
de Lima et al. 2020).The role of immune cells in these border regions of the brain is just beginning
to be defined and represents an exciting new frontier in PNI research as major discoveries reshape
our understanding of immunity and the brain.

2.5. Immune Measurement

The primary method for measuring the immune system in humans is through blood collection.
Blood samples can be used to assess different types of immune cells, cytokines, and other markers
of inflammation [e.g., C-reactive protein (CRP)] and immune activity (e.g., antibodies) as well as
genes being expressed by circulating immune cells. Blood is typically collected through venipunc-
ture; however, new techniques allow blood sampling without specialized personnel or equipment,
facilitating research in larger and more diverse samples. Other components of the neuroimmune
network are more difficult to assess in living humans. In particular, techniques for in vivo imaging
of microglia structure and function are currently quite limited, as are approaches to measuring the
BBB. The development of new techniques to more directly access immune processes in the brain
and brain borders in healthy and clinical populations is critical for advancing our understanding
of neuroimmune interactions.

2.6. Neuroimmune Interactions During Development

There is increasing evidence that immune cells, specifically microglia, shape neural development
(Reemst et al. 2016). Microglia are long-lived cells that travel to the brain early in fetal devel-
opment and reside there throughout the life span. One of the primary purposes of microglia is
phagocytosis. Throughout human development, the brain undergoes rapid periods of neuronal
and synaptic pruning to clear away cells and debris that are decreasing the organism’s efficiency or
are no longer functioning properly.Microglia and other immune cells are the executors of this crit-
ical neurodevelopmental process. Thus, it is hypothesized that immune activation during phases
of rapid neurodevelopment can distract microglia from this important activity, with detrimental
and long-term effects on the brain and behavior (Dziabis & Bilbo 2022, Reemst et al. 2016).

The periods of human development when immune activation can derail the microglia from
their phagocytic responsibilities are the first trimester of human pregnancy, when microglia are
first entering what will become the CNS; the first year of human life, when experience-dependent
pruning first occurs; and adolescence, when cortical and subcortical neuronal circuits are be-
ing pruned, myelinated, and refined for adulthood (Dziabis & Bilbo 2022). One of the earliest
phagocytic activities is pruning the neural precursor cell population. Preclinical models have
demonstrated that activation of microglia in the developing fetal brain using maternal immune
activation (MIA) leads to too few neural precursor cells, whereas pharmacologically blocking mi-
croglia activity leads to too many (Cunningham et al. 2013). Importantly, MIA-induced microglia
alterations have been linked with development of schizophrenia- and autism-like behaviors (see
Section 3.5).

Infection in the early postnatal period is also associated with behavioral changes, particularly
in the context of a later immune challenge. In particular, early infection leads to a sensitization or
priming of the microglia that manifests as changes in mood, cognition, and neural function fol-
lowing exposure to infection or psychosocial stress in later life (Bilbo & Schwarz 2012, Giovanoli
et al. 2013). In addition, immune activation during adolescence appears to have profound effects
on cognition and behavior, though research in this area is more limited and primarily focused
on substance use. For example, morphine activates microglia in the adolescent rat nucleus
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accumbens, leading to the secretion of proinflammatory cytokines and morphine-induced condi-
tioned place preference in adulthood (Schwarz & Bilbo 2013). Further, a single episode of binge
alcohol exposure during adolescence can activate microglia in the hippocampus well into early
adulthood (McClain et al. 2011).

3. IMMUNE EFFECTS ON THE BRAIN AND BEHAVIOR

3.1. Signaling Pathways from the Periphery to the Brain

How does the brain learn about immune events occurring in the body? To date, three major path-
ways have been identified: neural, humoral, and cellular. In the neural pathway, immune cells in
the periphery release proinflammatory cytokines that are detected by afferent sensory nerves, in-
cluding the vagus nerve. The vagus transmits these signals to the brain stem and then to higher
brain regions, allowing coordination of an overall sickness response (see Section 3.2). In the hu-
moral pathway, cytokines in the blood transmit signals to the brain through more porous regions
of the BBB or through active transport mechanisms. Transport of different cytokines varies by
brain region, and this variance has implications for effects of specific cytokines on neural activity
and behavior. In the cellular pathway, which is the most recently identified, activated microglia
recruit monocytes from the peripheral blood into the brain parenchyma. Of note, monocytes ap-
pear to traffic to specific regions of the brain, including regions relevant to mood and anxiety (i.e.,
basal ganglia, amygdala, prefrontal cortex, hippocampus), at least in preclinical models of chronic
stress (Reader et al. 2015).

3.2. Effects of Peripheral Immune Activation on the Brain and Behavior

After detection of infection or tissue injury, immune cells produce proinflammatory cytokines
that signal the brain to help coordinate a whole-body response (Dantzer & Kelley 2007). This
inflammatory signal propagates in the brain, activating microglia and eliciting a range of effects
on neurotransmitters and neural processes. These include effects on the availability and activity
of monoamines (serotonin, dopamine, noradrenaline) and glutamate as well as effects on neu-
ral circuits and regions relevant for mood and cognition (basal ganglia, ventromedial prefrontal
cortex, subgenual and dorsal anterior cingulate cortex, amygdala, hippocampus, insula) (Miller &
Raison 2016). Inflammatory signaling also influences neurogenesis and neuroendocrine function
(Haroon et al. 2012).

What follows from these neuroimmune changes is sickness behavior, a complex syndrome that
includes reduced motor activity, social withdrawal, reduced food and water intake, and increased
slow wave sleep (Dantzer & Kelley 2007). The parallels between sickness behavior and depressive
symptoms were quickly noted (Yirmiya 1997), and subsequent studies have shown that sick ani-
mals also exhibit depressive-like behaviors, including increased immobility in forced swim and tail
suspension tests and anhedonia-like behaviors such as reduced preference for saccharin solutions
and reduced incentive motivation (Lasselin et al. 2021). Importantly, these changes are not sim-
ply due to depletion of energy resources; rather, they represent goal-directed behaviors designed
to maximize recovery and protect the host. In particular, the lethargy, social avoidance, and an-
hedonia induced by inflammation help to conserve energy that can be directed toward fighting
infection and promoting wound healing (Miller & Raison 2016). These behaviors may also reduce
the likelihood of future attack and help reduce the spread of infection.

3.3. Methodological Approaches to Probing Neuroimmune Interactions

The overlap between symptoms and neural correlates of sickness and those of depression and
other psychiatric disorders led to the groundbreaking hypothesis that repeated immune activation
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Interferon alpha
(IFN-α) therapy:
antiviral cytokine
administered
therapeutically for
treatment of hepatitis
C and certain types of
cancer; used to model
chronic inflammation

or chronic inflammation could play a role in the development of these disorders and in milder
alterations in emotion, cognition, and behavior. Below we review the models that have been used
to test this hypothesis using immune stimulation in humans, as well as findings from the many
studies that have used these models to examine links with neural and behavioral changes in healthy
and clinical populations.

3.3.1. Interferon alpha therapy. Some of the earliest work on inflammation and psychiatric
disorders began with the observation that many patients treated with interferon alpha (IFN-α)
therapy report depressed mood and other depressive symptoms, which develop into clinically
significant depression in up to 40% of patients (Loftis & Hauser 2004). IFN-α elicits a strong
inflammatory response and, when administered repeatedly, provides an excellent model for the
effects of chronic inflammation on mood, neural function, and behavior.

Studies using IFN-α therapy have clearly demonstrated that cytokines can cause clinically
meaningful depressive symptoms and episodes and that inflammation-induced sickness behav-
ior and idiopathic depression share pathophysiological pathways. Indeed, prophylactic treatment
of patients undergoing IFN-α therapy with selective serotonin reuptake inhibitors (SSRIs) can
prevent increases in depressive symptoms and the occurrence of depressive episodes (Sarkar &
Schaefer 2014). Further, studies have demonstrated that specific depressive symptoms emerge in
response to IFN-α along different timelines. Fatigue, altered sleep, loss of appetite, and other
neurovegetative symptoms emerge within the first 2 weeks of treatment, followed weeks later by
mood and cognitive symptoms—a time course that has elucidated distinct neurobiological under-
pinnings for these symptom dimensions as well as differential responses to treatment (Capuron
et al. 2002). This distinction between symptom dimensions is also seen in more recent work on
inflammatory correlates of symptoms in depressed patients (see Sections 3.4 and 3.5). Given the
chronic nature of immune activation in the IFN-αmodel, these studies may have the most ecolog-
ical validity for populations that are exposed to chronic inflammation (e.g., those under chronic
stress). However, this model is no longer widely used now that targeted treatments for hepatitis
and other disorders are available.

3.3.2. Experimental studies with endotoxin in healthy individuals. Increasing interest in
the role of inflammation across a wide range of psychological factors has inspired creative use of
experimental immune activation in the laboratory. Common approaches include administering
lipopolysaccharide (LPS; also called endotoxin), which elicits a rapid, robust inflammatory re-
sponse (up to 100-fold increase in circulating concentrations of some cytokines) that peaks at 2 h
postinjection and resolves within 5 h (Bahador & Cross 2007). Experimental trials with endotoxin
have clearly demonstrated a causal role of inflammatory activation on psychological processes
in healthy individuals without the confound of preexisting illness (an issue in IFN-α studies).
Additionally, the transient nature of immune activation following experimental endotoxin admin-
istration affords a high level of experimental control and an opportunity to observe the effects
of acute immune activation, and even specific cytokines, at multiple levels of analysis including
self-report, experimenter observations, objective behavioral tasks, and neural reactivity. Of note,
endotoxin is also commonly used in preclinical models, maximizing translation of findings across
species.

While we continue to learn a great deal from endotoxin administration, results from these
studies may have limited generalizability to those most at risk for inflammation-related effects on
the brain. Endotoxin studies are typically conducted in healthy adults, and findings may not be
applicable to individuals at different stages of the life span (e.g., children, adolescents) or those
at risk for chronic disease. Further, the magnitude of immune activation following endotoxin is

www.annualreviews.org • Psychoneuroimmunology 337



Research Domain
Criteria (RDoC):
framework designed
by the National
Institute of Mental
Health to facilitate
research on the
common,
transdiagnostic
elements of psychiatric
disorders

large and time-limited and may not capture the level and duration of inflammation most relevant
for psychological disorders. Indeed, psychological stress, a potent risk factor for depression, elicits
a much smaller inflammatory response (Marsland et al. 2017), and depressed individuals typi-
cally evidence much lower levels of inflammation than those triggered by endotoxin (Osimo et al.
2020).

3.3.3. Immune response to vaccination. Vaccines developed for protection against various
pathogens have been used by PNI researchers to examine the effect of low-grade inflammatory re-
sponses onmood, neural function, and behavior.The typhoid vaccine elicits a mild (approximately
twofold) increase in circulating proinflammatory cytokines that peaks within 6–8 h and returns to
basal levels at 24 h postvaccination (Paine et al. 2013). This model has been used very productively
in healthy adults but has limited use across populations who are unwilling to get an unnecessary
vaccine. The annual influenza vaccine is more widely used and has emerged as a promising new
model for probing inflammatory effects on psychological processes. The inflammatory response
to influenza vaccine is small, peaks approximately 24 h after vaccine administration, and resolves
within 3 days (Radin et al. 2021).

Experimental models using vaccines maintain the internal validity needed to demonstrate the
causal role of immune activation in different psychological phenomena while also (in the case of
influenza vaccine) being feasible for use in vulnerable populations including children, older adults,
and pregnant women. In addition, these models provide an opportunity to examine the impact
of mild increases in inflammatory cytokines that are more comparable to those observed in the
context of psychological disorders or elicited by psychological stress. Further, the time course
of the inflammatory response to vaccination differs from that of an endotoxin-induced response;
there is a slower peak and longer recovery, which allows examination of effects on daily mood
and experience outside of the laboratory (Kuhlman et al. 2018). Of note, some individuals do
not demonstrate an inflammatory or psychological response to these vaccines; thus, investigators
often examine within-subject associations between changes in particular inflammatory markers
and changes in neural and psychological function in vaccine studies.

3.4. Links with Research Domain Criteria Dimensions

The transdiagnostic nature of links between inflammatory activity and psychiatric symptoms lends
itself readily to the units-of-analysis approach to understanding underlying psychobiological di-
mensions of clinical disorders proposed in the Research Domain Criteria (RDoC) framework.
Table 1 summarizes the primary findings from immune challenge studies according to the RDoC
matrix and illustrates the transdiagnostic nature of immune activation particularly for positive va-
lence, social, and arousal systems. Figure 1 provides an overview of immune-to-brain signaling
pathways and effects on psychological systems.

3.4.1. Negative valence systems. There has been a great deal of interest in the role of inflam-
mation on negative valence systems. Activation of inflammatory pathways by IFN-α, endotoxin,
or vaccination leads to increases in negative mood states, including depressed mood (Eisenberger
et al. 2009, Kuhlman et al. 2018) and state anxiety (Lasselin et al. 2016). A scoping review of
the literature showed that acute activation of the immune system was linked to increases in the
negative affective reactivity endophenotype associated with depression, including greater negative
affect in response to stress and increases in attention to negative-mood-congruent stimuli (Dooley
et al. 2018). As one compelling example, administration of a single dose of IFN-α led to an acute
increase in right amygdala responses to sad (compared with neutral) faces, while a single dose
of anti-TNF (a therapeutic antagonist of TNF activity) decreased right amygdala reactivity to
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Table 1 Associations between inflammatory activation and Research Domain Criteria (RDoC) systems

Level of analysis

RDoC system

Negative valence Positive valence Cognitive Social processes
Arousal and
regulatory

Self-report � ↑ depressed mood
(females are more
susceptible)

� ↑ state anxiety
� ↑ suicidal ideation
� ↑ anhedonia

� ↓ appetite
� ↓ positive mood

� ↑ cognitive
disturbances

� ↓ in perceived social
status (males)

� ↑ feelings of social
disconnection
(females)

� ↑ sleepiness and
fatigue

Behavioral � ↓ reaction time to
mood-congruent
stimuli (specifically
sad)

� � reward-motivated
behavior

� ↑ psychomotor
slowing

� ↓ processing speed
� � verbal and

nonverbal memory
(inconsistent across
models)

� ↑ stranger
avoidance,
approaching close
others

� ↓ accuracy in
identifying
strangers’ emotions

� ↓ total sleep time
and sleep
efficiency

Neural � ↑ ventral striatum
and anterior insula
reactivity to
punishment

� ↓ connectivity
between the
subgenual anterior
cingulate cortex and
other regions within
the limbic system
when viewing
emotional faces

� ↓ ventral striatum
and anterior insula
reactivity to rewards

� ↓ ventral striatum
reactivity when
anticipating rewards
(females)

� ↓ substantia nigra
reactivity to novelty

� ↓ connectivity in
default mode
network and dorsal
attention network
(in older adults)

� ↑ subgenual anterior
cingulate cortex
reactivity when
viewing emotional
faces

� ↑ amygdala
reactivity to social
threat

� ↑ neural sensitivity
to both positive and
negative social
feedback

� ↑ ventral striatum
reactivity to social
rewards

� � microstructure
of insular cortex

Molecular � ↓ serotonin � ↓ dopamine � ↓ decreased glucose
metabolism in the
medial temporal
lobe

Symbols used in table: ↑, increase; ↓, decrease; �, change.

emotional faces (Davies et al. 2021). Observational studies have also demonstrated links between
systemic inflammation, depressed mood, and negative attentional bias (Boyle et al. 2017).

These changes in mood and negative affective reactivity may be mediated by the effects of
inflammation on neurotransmission, such as a decrease in serotonin and dopamine, as well as an
increase in neural sensitivity to threat, punishments, and negative social feedback predominantly
within limbic structures and the highly dopaminergic, mesolimbic neural circuit (Kraynak et al.
2018).The common organizing framework for these effects is that acute increases in inflammation
are perceived by the brain as danger signals and therefore engage the neural and psychological re-
sources capable of processing and responding to threats. A closer look at the experimental results,
however, suggests that the effects of inflammation on negative valence domains are either specific
to or more robust using social stimuli (e.g., faces) (Inagaki et al. 2012).

3.4.2. Positive valence systems. Inflammation leads to nuanced changes in positive valence
system activity at the self-report, neural, and behavioral levels of analysis. Randomized controlled
trials (RCTs) of endotoxin and typhoid vaccination have documented decreases in positive mood
(Reichenberg et al. 2001), decreases in ventral striatum activity during monetary reward anticipa-
tion (Eisenberger et al. 2010a), and attenuation of substantia nigra reactivity to novelty (Harrison
et al. 2015), suggesting a dampening effect of inflammation on reward processes. However, en-
dotoxin also increases ventral striatum activity to social support figures (versus strangers) and
increases desire to approach those figures (Inagaki et al. 2015). Effects at the behavioral level are

www.annualreviews.org • Psychoneuroimmunology 339



Negative
valence

Positive
valence

Social
processes

Arousal and
regulatory

Cognitive

Cellular
routeHumoral

route

Neural
route

Peripheral immune signals

Psychological systems

INFL AMMATIONINFL AMMATION

Vagus
nerve

Monocyte

MicrogliaMicroglia

IL-1β

TNF-α IL-6

Figure 1

Overview of immune-to-brain signaling pathways and effects on psychological systems.

also complex. For example, there is evidence of both increased (Lasselin et al. 2017) and decreased
motivation for monetary rewards (Boyle et al. 2020a, Draper et al. 2018) following endotoxin
administration. In one of the few studies of inflammation and reward learning, mild increases
in inflammation following vaccination were associated with increases in implicit reward learning
(Boyle et al. 2019b). Overall, it seems clear that inflammation leads to changes in reward-related
processes, though the nature of that change may depend on the magnitude of the immune chal-
lenge, the characteristics of the sample, and the specific reward domain being isolated by the task
used in the experiment (e.g., social versus nonsocial, motivation versus sensitivity).

The sickness behavior model provides insight into some of these observations and posits that
acute inflammatory activity increases an individual’s awareness of the effort involved in the pursuit
of rewards such that the individual can calibrate their effort expenditure appropriately (Vichaya &
Dantzer 2018).For example,LPS-treated lactating femalemice will expend effort to build nests for
their pups when exposed to a cold temperature but not in a warm temperature where it is not nec-
essary (Aubert et al. 1997). Similarly, endotoxin administration increases individuals’ willingness
to engage in high-effort tasks only for high-value rewards (Lasselin et al. 2017). These observa-
tions are consistent with findings that inflammatory activity increases interoceptive awareness of
the effort involved in a task (Harrison et al. 2009b).

Together, evidence at multiple levels of analysis supports a robust role of inflammatory activity
in the modulation of motivation within the positive valence domain. These effects, if chronic, may
contribute to anhedonia. Indeed, observational studies with depressed individuals have confirmed
that systemic inflammation is associated with decreased activation of and reduced functional con-
nectivity within reward circuits involving the ventral striatum and ventromedial prefrontal cortex
in association with anhedonia (Bekhbat et al. 2022). These findings can inform the targeted use of

340 Bower • Kuhlman



anti-inflammatory therapies in specific psychiatric populations. For example, in an RCT of inflix-
imab (an anti-TNF agent) for individuals with treatment-resistant depression, the largest clinical
effects were observed for symptoms of amotivation (Raison et al. 2013).

3.4.3. Social processes. Some of the most intriguing discoveries in the past decade have per-
tained to the role of inflammation in social processes (Eisenberger et al. 2017). There is consistent
evidence across neural, behavioral, and self-report levels of analysis that immune activation in-
creases sensitivity to social threat. For example, endotoxin increases amygdala reactivity to images
involving social, but not nonsocial, threat (Inagaki et al. 2012) and increases neural sensitivity to
both positive and negative social feedback (Muscatell et al. 2016). These findings have implica-
tions for feelings of social integration and accuracy in interpreting the emotions of others. Indeed,
endotoxin induces feelings of social disconnection (Eisenberger et al. 2010b), and individuals who
show larger increases in IL-6 following the flu vaccine show implicit tendencies to avoid strangers
and approach close others ( Jolink et al. 2022). It has been posited that many of the field’s findings
in positive and negative valence domains may be better accounted for by social processes, such
that inflammatory activity increases sensitivity to social, but not necessarily nonsocial, rewards
and punishments (Eisenberger et al. 2017).

The role of the immune system in social processes may also go beyond the individual.The faces
of individuals who have received endotoxin are rated by strangers as more disgusted, more sad,
less happy, and less surprised than those of individuals who received placebo injections (Sarolidou
et al. 2019).This observation suggests that emotional expressions differ in perceptible ways among
individuals who are or are not experiencing systemic immune activation and that elevated sys-
temic inflammation may contribute in underappreciated ways to the widespread stigmatization of
individuals with psychiatric disorders.

3.4.4. Arousal and regulatory systems. Compelling evidence across preclinical, experimen-
tal, and clinical studies has demonstrated a role for inflammatory processes in what the RDoC
system terms arousal states, including fatigue and sleep (Dooley et al. 2018). Fatigue is one of
the first symptoms to emerge after IFN-α therapy (Capuron et al. 2002), and both endotoxin
and typhoid vaccination lead to acute increases in fatigue (Harrison et al. 2009a, Lasselin et al.
2020), whereas administration of targeted cytokine antagonists reduces fatigue (Kappelmann et al.
2018). In observational studies, inflammation has been associated with symptoms of fatigue in
healthy and clinical populations (Bower 2019). Alterations in the frontostriatal network are hy-
pothesized to underlie inflammation-related fatigue and specifically the motivational component
of this symptom, whereas activation of the anterior insula is thought to contribute to the subjec-
tive experience of fatigue (Dantzer et al. 2014). Indeed, alterations in the striatal microstructure
predict the emergence of fatigue (but not depressed mood) in the context of IFN-α treatment
(Dowell et al. 2016).

Inflammation is also closely linked with sleep. Endotoxin increases subjective ratings of sleepi-
ness (Lasselin et al. 2020), and the inflammatory response to typhoid vaccination decreases sleep
time and sleep efficiency (Sharpley et al. 2016). These effects are bidirectional, as sleep distur-
bances also promote and prolong activation of the immune system. For example, experimental
sleep deprivation increases inflammatory activity as indicated by increases in the proinflam-
matory transcription factor NF-κB (Irwin et al. 2008). Further, individuals with clinical sleep
disturbance have higher levels of CRP and IL-6, and sleep disturbance predicts increases in
inflammation in longitudinal research (Irwin 2019). Thus, behavioral interventions targeting
sleep may be a powerful approach to mitigating chronic inflammatory dysregulation (Irwin et al.
2015).
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3.4.5. Cognitive systems. Both preclinical and clinical studies have shown reliable effects of
acute inflammation on cognitive processes, particularly psychomotor slowing and memory im-
pairment (Felger & Treadway 2017, Goshen & Yirmiya 2007). Indeed, typhoid and influenza
vaccination lead to acute increases in subjective cognitive complaints (Harrison et al. 2009b,
Kuhlman et al. 2018). However, the evidence that exogenous immune activation consistently im-
pairs cognitive processes measured using clinically validated neuropsychological tasks is weak
(Dooley et al. 2018). For example, while an early trial found that endotoxin led to decreases in
verbal and nonverbal memory (Reichenberg et al. 2001), this effect has not been replicated in sub-
sequent studies (Handke et al. 2020). The effects of inflammation on cognitive function are likely
more nuanced than previously hypothesized and may require tasks that are more sensitive or that
tap different domains of cognitive function. For example, using a virtual reality spatial memory
task revealed deficits in spatial memory, but not procedural memory, after typhoid vaccination
(Harrison et al. 2014).

As we interpret the mixed results from experimental studies of acute inflammation, it is im-
portant to contextualize them within the larger literature on chronic inflammation and cognition.
Here, there is more compelling evidence that elevated markers of systemic inflammation (e.g.,
CRP) predict cognitive decline using validated neuropsychological tests, particularly in older
adults (Walker et al. 2019). Inflammatory markers are also associated with altered connectivity
in large-scale functional brain networks relevant for cognition (and other RDoC dimensions), in-
cluding the default mode network and the dorsal attention network in older adults (Walker et al.
2020). Of note, different patterns have been observed in younger adults; in this population, sys-
temic inflammation was associated with alterations in emotion-related networks, which may be
more susceptible at that stage of development (Nusslock et al. 2019).

3.5. Relevance for Clinical Disorders: Immune Alterations
in Individuals with Depression, Posttraumatic Stress Disorder
and Anxiety, and Schizophrenia

The inflammatory response and associated changes in mood, cognition, and behavior are be-
lieved to be a normal, adaptive response to injury or infection that are time-limited and resolve
when the pathogen is eliminated. However, if inflammation is prolonged—for example, in the
context of a chronic inflammatory condition, following administration of IFN-α or another in-
flammatory agent, or with repeated psychosocial stress—these symptoms may endure and develop
into a clinically significant syndrome. A large body of observational research, reviewed below, has
examined alterations in inflammatory processes among individuals with depression and other psy-
chiatric conditions. Although this work lacks the experimental control of the models described
in Section 3.3, it provides converging evidence that inflammation is a likely contributor to
psychiatric disorders in a subgroup of patients.

3.5.1. Depression. Meta-analyses of cross-sectional studies comparing individuals with de-
pression and nondepressed controls have documented elevations in peripheral markers of
inflammation in depressed patients, including higher levels of IL-6,TNF-α, andCRP (Haapakoski
et al. 2015, Osimo et al. 2020). Further, evidence of activated microglia has been observed in post-
mortem brain samples from suicide victims with depression and in the brains of patients with
major depressive disorder (Miller & Raison 2016). The causal role of inflammation in depression
is supported by large, longitudinal cohort studies showing that elevated levels of IL-6 and CRP
precede the development of depressive symptoms and clinical depression (Khandaker et al. 2014).

Importantly, not all patients with depression show evidence of elevated inflammation. A recent
meta-analysis estimated that approximately 30% of patients with depression demonstrate elevated
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inflammation (defined as CRP > 3 ng/L; Osimo et al. 2019). This estimate is consistent with re-
sults from an RCT of a targeted anti-TNF agent (infliximab) for treatment-resistant depression,
which observed beneficial effects only among the subgroup of patients with elevated inflamma-
tion (Raison et al. 2013). Characteristics of those with inflammation-associated depression have
not been determined, although inflammation appears to be more strongly associated with some
symptoms of depression than others. In particular, inflammation is associated with somatic symp-
toms of depression, including fatigue and sleep disturbance (Frank et al. 2021, Jokela et al. 2016),
as also suggested by the literature on experimental immune activation (Section 3.4). In addition,
inflammation is associated with symptoms of anhedonia in depressed individuals and associated
changes in neural circuitry (Bekhbat et al. 2022).

3.5.2. Posttraumatic stress disorder and anxiety disorders. Meta-analyses of cross-sectional
studies have documented elevated concentrations of IL-6, TNF-α, and CRP among individu-
als with posttraumatic stress disorder (PTSD) relative to healthy controls (Peruzzolo et al. 2022,
Renna et al. 2018). Importantly, these elevations were evident in subgroup analyses of patients
without comorbid depression (Peruzzolo et al. 2022). However, longitudinal studies examining
pretrauma inflammation as a predictor of PTSD have yielded mixed results (Sumner et al. 2020),
making it difficult to draw conclusions about the direction of effects. Evidence for links with other
anxiety disorders is decidedly mixed. One meta-analysis found no evidence of elevated inflamma-
tion in individuals withOCD,panic disorder, social anxiety, or generalized anxiety disorder (GAD)
relative to healthy controls (Renna et al. 2018), while another focusing specifically on GAD found
elevations in CRP but not in other inflammatory markers (Costello et al. 2019). This is still a
developing literature with relatively few studies (particularly outside of PTSD) and variability in
the types of inflammatory markers and samples assessed. Of note, surprisingly few studies have
examined effects of inflammation on behavioral measures of fear or anxiety in humans, although
these are widely used in preclinical and experimental psychopathology research (e.g., fear condi-
tioning). Given links between inflammation and threat-related neural processes in both rodents
and humans (Sections 3.4.1 and 4.2.1), this area is ripe for future exploration.

3.5.3. Schizophrenia. Growing evidence supports a role for inflammation in the development
of schizophrenia (Khandaker et al. 2015). Consistent with our understanding of schizophrenia
as a neurodevelopmental disorder, research in this area is based largely on studies of prenatal
exposure to inflammation and its later effects on the brain and behavior. These include ecological
and birth cohort studies, which have documented links between maternal infection and increased
risk for schizophrenia among offspring (Brown & Derkits 2010). Further, elevated inflammatory
markers in childhood predict increased risk for psychosis in young adulthood, supporting a causal
role for inflammation (Khandaker et al. 2014). Meta-analyses of cross-sectional studies have also
documented elevated levels of CRP and IL-6 among individuals with schizophrenia (Goldsmith
et al. 2016, B.J. Miller et al. 2014).

There is a strong mechanistic basis for the link between inflammation and schizophrenia from
preclinical studies of MIA. In rodents, activation of the maternal immune system during embry-
onic development leads to perturbations in neural and behavioral function in the offspring that
are consistent with schizophrenia (and other neurodevelopmental disorders) (Meyer et al. 2009).
These include, for instance, impairments in attention, learning, and memory; deficits in senso-
rimotor gating; and altered social exploration (Meyer 2014). Of note, effects of MIA on later
behavior may manifest primarily in the context of genetic predisposition or environmental ex-
posures that occur later in life, including immune challenges, exposure to stress, and substance
use (Meyer 2014). Microglia have been implicated as key players in this pathway via both early
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effects on synaptic pruning and later effects on neural activity. Importantly, the neurodevelopmen-
tal effects of early immune activation may not be intractable as evidenced by preclinical studies
showing that minocycline, an antibiotic medication that reduces microglia activation, can prevent
the development of schizophrenia-like behaviors following an adolescent stressor (Giovanoli et al.
2016).

4. STRESS AS A MODULATOR OF IMMUNITY
AND NEUROIMMUNE INTERACTIONS

We have focused thus far on how activation of peripheral inflammatory processes by infection,
injury, or illness can influence the brain and behavior. However, infection and injury are not the
only stimuli that can activate the immune system; psychological stress also has potent effects on
immunity and inflammation.Of course, stress is also a risk factor for depression, anxiety, and other
psychological disorders (Hammen 2005). Although the immune system has typically not been seen
as a critical player in this process, growing evidence suggests that stress-induced changes in pe-
ripheral immunity and the neuroimmune networkmay have an important role in the psychological
and behavioral effects of stress exposure. Indeed, stress-induced activation of peripheral inflamma-
tion can lead to changes in neural systems, mood, and behavior that are similar to those observed
following direct immune stimulation (e.g., with endotoxin). In addition, stress can influence mi-
croglia and the BBB in ways that magnify immune-to-brain signaling and help to instantiate the
effects of stress in the brain. The next section reviews the effects of stress on the immune sys-
tem and other elements of the neuroimmune network and examines moderators of neuroimmune
signaling.

4.1. Stress Activates the Peripheral Immune Response

Decades of research in PNI has generated overwhelming evidence that psychological stress can in-
fluence immune function (Glaser & Kiecolt-Glaser 2005, Segerstrom&Miller 2004). The nature
of these effects depends on the type and timing of the stressor. Acute stressors (lasting minutes
to hours) typically lead to increases in measures of innate immunity and inflammation, includ-
ing increases in circulating concentrations of proinflammatory cytokines (Marsland et al. 2017)
and expression of proinflammatory genes that are driven by activation of the sympathetic nervous
system (MacCormack et al. 2021). This is considered to be an adaptive response to the phys-
ical threats that were prevalent in the ancestral environment, allowing the immune system to
proactively prepare for potential infection and tissue damage that might occur following attack.

Chronic stressors also influence the immune system, though the effects here are more nuanced
and complex. In general, chronic stress is associated with increases in inflammation and decreases
in antiviral and adaptive immunity (Glaser & Kiecolt-Glaser 2005, Segerstrom & Miller 2004).
At the genomic level, this profile has been described as the conserved transcriptional response to
adversity (CTRA) given its appearance across species and types of stress (e.g., poverty, ELA, social
isolation) (Cole 2019). The CTRA is hypothesized to represent a shift in the organism from a
predominantly antiviral immune orientation to a more proinflammatory orientation designed to
protect against bacterial infection and tissue damage.

4.2. Stress-Induced Inflammation Influences the Brain and Behavior

Research on stress and the immune system has primarily focused on relevance for physical health
(Glaser & Kiecolt-Glaser 2005). However, with advances in our understanding of immune reg-
ulation of the brain, there is growing interest in how stress-induced inflammation may influence
the brain and behavior.
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4.2.1. Preclinical models. One of the major preclinical models that have informed this line of
research is the repeated social defeat (RSD) paradigm (Reader et al. 2015). In one version of this
paradigm, a large, aggressive rodent is placed into a cage of other rodents with an established social
hierarchy for 2-h sessions each day. The intruder rodent attacks the residents, which typically
develop anxiety-like behavior after several days. Of note, RSD-induced changes in neural activity
and behavior may persist for weeks after termination of the stressor and can be reactivated by later
stress exposure (Wohleb et al. 2014).

RSD has a number of effects on immune cells in the brain and periphery that are central to
these behavioral changes (Weber et al. 2017). In the brain,RSD activates microglia,which enhance
neuroinflammation and influence endothelial cells of the BBB to facilitate the recruitment and
transport of peripheral monocytes into stress-sensitive neural regions. In the periphery, RSD leads
to release of proinflammatory monocytes into the blood that are primed to traffic to the brain in
response to microglia signaling; indeed, blocking the transport of these monocytes into the brain
abrogates RSD-induced behavioral changes (Reader et al. 2015).

Effects of chronic stress at each level of the neuroimmune network—the brain, the periphery,
and the BBB—have also been demonstrated in other preclinical models. Another version of the
RSD model led to increases in BBB permeability in the nucleus accumbens, allowing the passage
of proinflammatory cytokines into the CNS,which mediated increases in depressive-like behavior
(Menard et al. 2017). Of note, these effects were observed only in male animals, demonstrating
stark sex differences in stress effects on the neuroimmune network (discussed in Section 4.3.2).
In a model of chronic unpredictable stress involving random intermittent stressors over 14 days,
microglial activation led to neuronal remodeling in the medial PFC that contributed to synaptic
deficits and development of anxiety and depressive-like behavior; again, these effects were more
notable in male animals (Wohleb et al. 2018).

4.2.2. Clinical models. The RSD and other chronic stress models nicely illustrate the some-
what surprising role of central and peripheral immune cells in the neural and behavioral effects of
stress. Similar models have been proposed to explain the links between stress and the development
of psychological disorders in humans. One prominent model is the social signal transduction the-
ory of depression, which proposes that stress-induced increases in peripheral inflammation signal
the brain to induce depressed mood and other symptoms of depression (Slavich & Irwin 2014).
Also relevant are neuroimmune models of ELA, which posit that the well-documented associa-
tion between ELA and the development of depression and other psychiatric disorders is driven in
part by increased inflammatory reactivity in peripheral immune cells and enhanced neuroimmune
signaling (Miller et al. 2011, Nusslock & Miller 2016).

Although these influential models have highlighted the role of stress as a driver of immune
effects on the brain and behavior, surprisingly few experimental studies have directly tested these
pathways in humans. One recent study used the Trier Social Stress Task (TSST) to examine how
stress-induced changes in inflammation influenced dimensions of reward (Boyle et al. 2020b).
Healthy young women were exposed to the TSST or a placebo task and completed behavioral
measures of reward 90 min after task completion (when IL-6 concentrations tend to peak post-
stress). The TSST led to significant increases in IL-6, which were associated with increased
response bias during reward learning and increased motivation when probability of receiving a
reward was low. Given the importance of stress as a potential driver of immune activation and
subsequent effects on the brain, it is critical to test these hypotheses in humans.

4.3. Moderators of Neuroimmune Signaling

A given stressor, or even a given pathogen, can evoke different inflammatory responses depending
on characteristics of the host. Further, the same level of peripheral inflammation can have different
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neural and behavioral effects in different individuals.These individual differences in inflammatory
reactivity and sensitivity to inflammatory signaling have important implications for understanding
risk and resilience in the context of immune activation.The next sections review psychological and
other individual difference factors that moderate responses to immune signaling.

4.3.1. Psychological factors. Studies using the endotoxin, IFN-α, and vaccine models have
typically focused on the main effect of peripheral inflammatory reactivity on the brain and be-
havior. However, there is compelling evidence of individual variability in the inflammatory and
psychological response to these standardized stimuli. For example, individuals who are more sen-
sitive to social isolation or disconnection evidence a larger inflammatory response to endotoxin
(Moieni et al. 2015a). In addition, higher perceived stress, trait sensitivity to social disconnection,
and more severe depressive or anxiety symptoms increase risk for endotoxin-induced depressed
mood, whereas ELA, social status, social support, neuroticism, and sleep disturbance do not (Irwin
et al. 2019). Similarly, individuals with higher levels of depressive symptoms before initiation of
IFN-α therapy are at increased risk for developing more severe depressive symptoms during treat-
ment; this is particularly true for symptoms of sadness, pessimistic thoughts, and sleep disturbance
(Capuron et al. 2004).

Observational studies have begun to extend these observations into real-life settings. In two
longitudinal samples of women with breast cancer, perceived stress was shown to moderate the
association between inflammation and depressive symptoms, such that peripheral inflammatory
markers were associated with elevated depressive symptoms only among women who reported
higher levels of stress (Manigault et al. 2021a,b). Similar results were observed for anxiety and
sleep disturbance, though not for ELA. Of course, ELA increases risk for later-life stress, anxiety,
and depression, which may then influence neuroimmune signaling in the context of psychological
or immune challenges in adulthood.

4.3.2. Biological sex. One of the most marked and important moderators of neuroimmune
signaling is biological sex. Research in preclinical models has demonstrated sex differences in mi-
croglia and the BBB that manifest in neuroimmune responses to inflammatory and psychological
stressors (Bordt et al. 2020, Cathomas et al. 2022). Indeed, as mentioned in Section 4.2, effects of
chronic stress on neuroimmune communication and resulting changes in behavior are noted pri-
marily in male animals. These effects are observed early in development and may help to account
for sex differences in prevalence of neurodevelopmental and psychiatric disorders (Hanamsagar &
Bilbo 2016). For example, prenatal exposure to maternal stress and air pollution led to persistent
changes in the function of microglia and the development of autism-like behaviors in male but
not female offspring (Bilbo et al. 2018). In contrast, neonatal treatment with LPS led to changes
in social behavior in adult female, but not male, mice (Smith et al. 2020).

In research with humans, males and females also differ in their susceptibility to the psycholog-
ical effects of endotoxin and the nature of those effects. For example, while both male and female
participants show increases in IL-6 and TNF-α following endotoxin, females are more suscepti-
ble to increases in depressed mood and feelings of social disconnection (Moieni et al. 2015b) and
reduced neural sensitivity to anticipation of monetary reward (Moieni et al. 2019b). In contrast,
for males, endotoxin leads to a decrease in perceived social status (Moieni et al. 2019a).

4.3.3. Aging. The immune system develops and changes over the life span and generally be-
comes more proinflammatory as one ages. This is evident in the periphery and also in the brain,
where microglia shift toward a more proinflammatory phenotype with age. These sensitized
microglia are primed to mount a more robust and prolonged neuroimmune response after stimu-
lation; this occurs across a range of stimuli, including bacterial and viral infections, surgery, brain
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injury, high-fat diet, and psychological stress (Muscat & Barrientos 2021). The BBB also becomes
more permeable with age (Erdő et al. 2017).Together, these changes in the neuroimmune network
may account for the exaggerated neuroimmune responses and associated declines in cognitive
function observed in aged rodents following immune challenge.

Although there is ample evidence for elevated peripheral inflammation in older adults, whether
aging modulates sensitivity to the effects of inflammatory signaling on the brain and behavior in
humans has received little attention. In one study conducted in a community sample, older adults
(i.e., those over age 50) were more susceptible to inflammation-associated depressive symptoms,
particularly somatic symptoms (Straka et al. 2021). However, in some circumstances younger in-
dividuals may be at elevated risk. In research with breast cancer survivors, we found that younger
women (i.e., those aged 50 or younger) showed increased susceptibility to inflammation-related
depressive symptoms (Kuhlman et al. 2022b, Manigault et al. 2021a). This finding highlights the
importance of context. Women diagnosed with breast cancer are under significant stress, par-
ticularly if they receive this diagnosis at a younger age, which could potentially increase neural
sensitivity to inflammation (see Section 4.3.1).

4.4. Early Life Adversity as an Elicitor and Moderator of Inflammation

The importance of ELA in long-term mental and physical health is well established. ELA reli-
ably predicts increased risk for a variety of psychological disorders in adulthood; for example, a
global study conducted in 21 countries found that ELA accounted for almost 30% of DSM-IV
disorders, and family dysfunction emerged as the strongest predictor (Kessler et al. 2010). The
immune system is hypothesized to be a key mediator of these effects as early adversity can shape
the inflammatory phenotype and homeostatic regulation of immune cells throughout the life span.
For example, being reared under adverse social conditions leads to upregulation of inflammatory
gene transcripts and signaling in nonhuman primates (Cole et al. 2012), children (Marie-Mitchell
& Cole 2022), and adults (Bower et al. 2020,Miller et al. 2008). In addition, experiences of adver-
sity andmaltreatment during childhood are associated with circulatingmarkers of inflammation in
both pediatric (Kuhlman et al. 2020a) and adult populations (Baumeister et al. 2016). Further, fol-
lowing acute stress, individuals exposed to more childhood adversity demonstrate larger increases
in inflammatory gene expression (Kuhlman et al. 2022a, Schwaiger et al. 2016) and circulating
IL-6 (Carpenter et al. 2010) than their less exposed peers.

Though less often the focus, ELA can also moderate the communication between the CNS and
the immune system as posited by the neuroimmune network hypothesis (Nusslock&Miller 2016).
Indeed, young adults with exposure to more ELA demonstrated larger increases in depressed
mood and cognitive difficulties following the flu vaccine than their low-exposure peers (Kuhlman
et al. 2020b). Further, among adolescents, inflammation and depressive symptoms correlated most
strongly within individuals over time if they had a history of early social adversity (Miller & Cole
2012). Of note, studies with adult populations have not always found moderating effects of ELA
(Irwin et al. 2019, Manigault et al. 2021b) (see Section 4.3.1). More research on this hypothesis
that considers the role of type and timing of adversity as well as the age of participants would help
to clarify the potential neuroimmunemechanisms involved in life-span health disparities observed
among individuals with this background.

Importantly, the long-term effects of ELAmay not be intractable. In preclinical research, some
of the effects of ELA on dopaminergic circuits can be rescued by minocycline (Catale et al. 2022).
Further, susceptibility to morphine-induced conditioned place preference during adolescence can
be mitigated by enriched maternal care during early development in a rodent model (Schwarz
et al. 2011). Similar findings have emerged in studies with humans. For example,maternal warmth
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buffered the impact of low childhood socioeconomic status (SES) on proinflammatory signaling in
healthy adults (Chen et al. 2011), and a family-focused intervention for low-SES African American
youth led to lower inflammation in early adulthood (G.E. Miller et al. 2014). Thus, the family
environment can serve as both a risk and a resilience factor for neuroimmune development and
function throughout the life course.

5. INTERVENTIONS TO ENHANCE NEUROIMMUNE RESILIENCE

Given the detrimental effects of exaggerated or prolonged inflammation on mental health, in-
terventions that reduce inflammation in the periphery and the brain and that facilitate adaptive
communication between these compartments are clearly needed. The field of immunopsychiatry
is exploring pharmacologic approaches that target inflammation and associated changes in neural
function that contribute to depression and othermental disorders. In this section,we consider how
psychologists can use the techniques of psychological science to reduce inflammation and enhance
neuroimmune resilience.We focus on peripheral inflammation as those markers are most readily
and reliably accessible in living humans.However, we also describe preclinical studies that suggest
effects of behavioral interventions on immune cells in the brain and the BBB.

Various psychological and mind–body interventions have been examined in relation to the im-
mune system in humans. A systematic review and meta-analysis of 56 psychosocial interventions
found an overall beneficial effect on immune function, including reductions in peripheral markers
of inflammation (Shields et al. 2020). The majority of trials included in this review used cognitive
behavioral therapy (CBT), which led to significant reductions in proinflammatory cytokines and
other markers of inflammation.Mind–body therapies have also shown beneficial effects on immu-
nity and inflammation (Bower & Irwin 2016,Morgan et al. 2014). In particular,mindfulness-based
interventions have been shown to decrease inflammatory activity, particularly at the level of gene
expression (Bower et al. 2015).

CBT and mind–body interventions are multifaceted and typically have effects on a range of
psychological outcomes.Which of these effects might be driving changes in the immune system?
Mindfulness andCBTapproaches have been shown to reduce negative psychological states includ-
ing stress, anxiety, and depression (Butler et al. 2006, Goyal et al. 2014), which are closely linked
with inflammatory processes (Antoni et al. 2012). Mindfulness interventions also decrease loneli-
ness, a potent driver of inflammation (Creswell et al. 2012). Thus, it is plausible that reductions
in these negative states may be one pathway for intervention effects on inflammation.

However, another plausible mechanism for intervention effects on immunity is through effects
on well-being. There is growing evidence that aspects of well-being, including positive affect and
eudaimonic well-being, are associated with immunity and inflammation (Bower et al. 2019). For
example, positive affect is associated with lower levels of proinflammatory cytokines and circulat-
ing markers of inflammation, lower stimulated production of inflammatory cytokines by immune
cells (a measure of inflammatory potential), and reduced inflammatory reactivity to psychoso-
cial stress (Pressman et al. 2019). Eudaimonic well-being, which encompasses a sense of meaning
and purpose in life, social connection, and the opportunity for personal growth, has also been
linked to lower levels of inflammation (Cole et al. 2015; Fredrickson et al. 2013, 2015). Of note,
both mindfulness-based and CBT approaches lead to positive changes in well-being, including
eudaimonic well-being (Antoni et al. 2001, Garland et al. 2015).

We conducted a single-arm trial of mindfulness for breast cancer survivors designed to probe
the psychological and neural mechanisms of intervention effects on inflammation. Results showed
that a 6-week mindfulness intervention led to decreases in stress and depression, increases in well-
being, and decreases in inflammatory gene expression (Boyle et al. 2019a). However, only changes
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in eudaimonic well-being were significantly associated with the changes in gene expression. We
also examined neural activity in threat- and reward-related neural regions and links with inflam-
mation (Dutcher et al. 2021). Participants showed significant reductions in amygdala activity in
response to threatening images and significant increases in ventral striatum activity in response to
rewarding images from pre- to postintervention. Consistent with results for subjective well-being,
only the changes in ventral striatum activity were correlated with changes in circulating inflam-
matory markers. Of note, preclinical work has demonstrated that direct activation of the ventral
striatum has beneficial effects on antibacterial and antitumor immune responses (Ben-Shaanan
et al. 2016, 2018).

These findings, although preliminary, highlight the importance of positive psychological pro-
cesses as drivers of inflammatory biology. Other positive psychological approaches have also
demonstrated beneficial effects on peripheral inflammation, particularly prosocial interventions.
For example, in an intergenerational helping intervention, older adults who acted as volunteers in
school classrooms (grades K–3) showed decreases in CTRA gene expression that were correlated
with increases in eudaimonic well-being (Seeman et al. 2020). Further, doing kind acts for others
decreased CTRA gene expression in healthy adults (Nelson-Coffey et al. 2017), and a volun-
teering intervention decreased circulating markers of inflammation in adolescents (Schreier et al.
2013).The focus of these interventions on enhancing positive psychological processes is consistent
with recent neuroscience-informed interventions for depression and anxiety that have targeted in-
creases in positive affect using positive psychological techniques and found robust effects on both
positive and negative affective outcomes (Craske et al. 2019).

Interventions that reduce neuroinflammation and BBB permeability should also have beneficial
effects on mental health. Preclinical studies suggest promising behavioral approaches for target-
ing these aspects of the neuroimmune network. In particular, physical exercise, dietary strategies
(i.e., caloric restriction, intermittent fasting, and dietary composition), and environmental enrich-
ment (i.e., conditions that promote increased social, cognitive, and physical engagement) lead to
reductions in neuroinflammation and associated improvements in cognition in preclinical models
(Bower et al. 2019,Muscat & Barrientos 2020). These interventions also have beneficial effects on
the BBB in preclinical studies, particularly in the context of illness or injury (Bower et al. 2019).
Of note, similar interventions have demonstrated beneficial effects on peripheral inflammation
and measures of mood and cognitive function in humans (Kvam et al. 2016, Muscat & Barrientos
2020).

6. CONCLUSIONS AND FUTURE DIRECTIONS

The field of PNI has grown dramatically over the past 50 years along with our understanding
of the critical role of the immune system and inflammation in the body and brain. Research in
this area has elucidated previously unrecognized pathways through which the immune system
can influence psychological function and has identified new targets for intervention. In closing,
we consider several exciting challenges that face the field with direct relevance for advances in
clinical psychology.

The present review has considered three approaches to experimentally activating the immune
system in humans: IFN-α, endotoxin, and vaccines. Each of these models has led to advances in the
field in its own right and has also provided converging evidence for a causal role of inflammatory
signaling in clinically meaningful symptoms. The relevance of these models can be extended by
including sophisticated, theory-based tasks and measures that provide deeper insight into under-
lying psychological processes. This approach has been used creatively to elucidate the nuanced
effects of inflammation on reward and social function (e.g., Eisenberger et al. 2017) and can be
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further developed to interrogate these and other psychological domains. In addition, continuing
to develop behavioral assays and tasks that translate the wealth of preclinical findings to clinically
meaningful outcomes is essential.

Experimental immune activation informs our understanding of what the immune system can
do to the brain and psychological processes. However, we also need PNI models that get closer
to real-world exposures relevant for psychopathology. Acute stress, which has been highly stan-
dardized with the TSST and other tasks, reliably activates the innate immune system but has
seldom been used to model the effects of inflammation on psychological phenomena in humans
(Boyle et al. 2020b). Outside of the laboratory, longitudinal research with individuals undergoing
chronic stress will provide critical insight into neuroimmune pathways relevant for stress-related
psychopathology. Also important are studies that model environmental stressors linked to poor
health. A compelling example is a preclinical model in which pregnant rodents are exposed to re-
stricted nesting material (a model of resource deprivation) and diesel exhaust particles (a common
and toxic type of air pollution), both of which have been linked with autism spectrum disorders
(Bilbo et al. 2018). Bringing a PNI lens to research on social determinants of health can shed new
light on pathways and identify targets for intervention (Robles et al. 2022).

For many PNI researchers, improving the quality of life, well-being, and longevity of patients
is a primary motivation. Despite all of the inflammatory mechanisms involved in the onset and
maintenance of psychological symptoms, targeting inflammation with pharmacological interven-
tions has not (yet) yielded transformative effects on mental health. Yet, there is a great deal of
promise in the role of immune processes in precision medicine. For example, anti-inflammatory
agents do appear to be effective in treating depression in subgroups of patients (Raison et al.
2013), and proinflammatory cytokines have been shown to predict treatment response and non-
response to existing pharmacological treatments (e.g., SSRIs, serotonin–norepinephrine reuptake
inhibitors) (Roman & Irwin 2020). Integrating immune measures into studies of psychosocial, be-
havioral, and mind–body interventions may identify novel mediators or moderators of effects that
can potentially be targeted with more precision treatments.

Another important question is whether immune-modulating therapies have the potential to
prevent the onset of psychological symptoms in domains associated with inflammation. In older
adults, treating sleep disturbance with CBT-I (CBT for insomnia) decreases inflammation (Irwin
et al. 2014) and prevents incident and recurrent major depression (Irwin et al. 2022). These
findings support the provocative hypothesis that psychological interventions could potentially
work through inflammatory pathways to decrease risk for psychological disorders. This preven-
tive approach might be particularly effective in younger populations who are at greatest risk for
development of psychopathology.To date, there has been minimal examination of intervention ef-
fects on immunity in children and adolescents (Shields et al. 2020), although family interventions
have shown preliminary efficacy as long-term modulators of inflammatory activity in low-SES
African American youth (G.E.Miller et al. 2014).Whether interventions targeting neuroimmune
pathways can mitigate the long-term effects of ELA and improve developmental trajectories in
high-risk children and adolescents is an important question for future research.

The field of PNI continues to reveal new facets of the close relationship between the CNS and
the immune system. The immune system was described by early PNI researchers as a “seventh
sense,” a concept that has been further developed by a new generation of scientists (Kipnis 2018).
The large and growing body of research on immune regulation of neural activity and behavior
reviewed here suggests that the immune system could also be considered to “subjugate the brain,”
at least in certain circumstances (Dantzer et al. 2008). From either perspective, research in this
exciting area continues to push disciplinary boundaries and provide vital insight into mental and
physical health across the life span.
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SUMMARY POINTS

1. The immune system,which comprises immune cells in the body and brain, plays a critical
role in the development and functioning of the central nervous system with profound
effects on emotion, cognition, and behavior across the life span.

2. Activation of immune cells by infection or injury leads to release of proinflammatory
cytokines, which signal the brain and induce changes in mood, energy, and behav-
ior. At a systems level, inflammation is associated with changes in negative valence,
positive valence, and arousal/regulatory systems as well as social processes; effects on
cognitive systems are more mixed. In addition, clinical disorders including depres-
sion, schizophrenia, and posttraumatic stress disorder are associated with alterations in
immune function.

3. Psychological stress also activates inflammatory activity and can influence immune-to-
brain signaling in ways that magnify stress effects on mood and behavior. These changes
help to instantiate the effects of stress in the body and brain, particularly when stress
occurs early in development.

4. Psychological interventions can regulate immune activity and may also influence
immune-to-brain signaling, promoting neuroimmune resilience.
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Lasselin J, Karshikoff B, Axelsson J, Åkerstedt T, Benson S, et al. 2020. Fatigue and sleepiness responses to
experimental inflammation and exploratory analysis of the effect of baseline inflammation in healthy
humans. Brain Behav. Immun. 83:309–14

Lasselin J,LekanderM,Benson S,SchedlowskiM,EnglerH.2021. Sick for science: experimental endotoxemia
as a translational tool to develop and test new therapies for inflammation-associated depression. Mol.
Psychiatry 26:3672–83

Lasselin J, Treadway MT, Lacourt TE, Soop A, Olsson MJ, et al. 2017. Lipopolysaccharide alters motivated
behavior in a monetary reward task: a randomized trial.Neuropsychopharmacology 42:801–10

Loftis JM, Hauser P. 2004. The phenomenology and treatment of interferon-induced depression. J. Affect.
Disord. 82:175–90

MacCormack JK, Gaudier-Diaz MM, Armstrong-Carter EL, Arevalo JMG, Meltzer-Brody S, et al. 2021.
Beta-adrenergic blockade blunts inflammatory and antiviral/antibody gene expression responses to acute
psychosocial stress.Neuropsychopharmacology 46:756–62

Maier SF, Watkins LR. 1998. Cytokines for psychologists: implications of bidirectional immune-to-brain
communication for understanding behavior, mood, and cognition. Psychol. Rev. 105:83–107

Manigault AW,Ganz PA, Irwin MR, Cole SW,Kuhlman KR, Bower JE. 2021a.Moderators of inflammation-
related depression: a prospective study of breast cancer survivors. Transl. Psychiatry 11:615

Manigault AW, Kuhlman KR, Irwin MR, Cole SW, Ganz PA, et al. 2021b. Vulnerability to inflammation-
related depressive symptoms: moderation by stress in women with breast cancer. Brain Behav. Immun.
94:71–78

Marie-Mitchell A, Cole SW. 2022. Adverse childhood experiences and transcriptional response in school-age
children.Dev. Psychopathol. 34:875–81

Marsland AL, Walsh C, Lockwood K, John-Henderson NA. 2017. The effects of acute psychological stress
on circulating and stimulated inflammatory markers: a systematic review and meta-analysis. Brain Behav.
Immun. 64:208–19

McClain JA, Morris SA, Deeny MA, Marshall SA, Hayes DM, et al. 2011. Adolescent binge alcohol exposure
induces long-lasting partial activation of microglia. Brain Behav. Immun. 25:S120–28

Menard C, PfauML,Hodes GE,Kana V,Wang VX, et al. 2017. Social stress induces neurovascular pathology
promoting depression.Nat. Neurosci. 20:1752–60

Meyer U. 2014. Prenatal poly(I:C) exposure and other developmental immune activation models in rodent
systems. Biol. Psychiatry 75:307–15

Meyer U, Feldon J, Fatemi SH. 2009. In-vivo rodent models for the experimental investigation of prenatal
immune activation effects in neurodevelopmental brain disorders.Neurosci. Biobehav. Rev. 33:1061–79

Miller AH,Raison CL. 2016.The role of inflammation in depression: from evolutionary imperative tomodern
treatment target.Nat. Rev. Immunol. 16:22–34

Miller BJ, Culpepper N, Rapaport MH. 2014. C-reactive protein levels in schizophrenia: a review and meta-
analysis. Clin. Schizophr. Relat. Psychos. 7:223–30

Miller GE,BrodyGH,YuT,Chen E. 2014.A family-oriented psychosocial intervention reduces inflammation
in low-SES African American youth. PNAS 111:11287–92

Miller GE, Chen E, Parker KJ. 2011. Psychological stress in childhood and susceptibility to the chronic
diseases of aging: moving toward a model of behavioral and biological mechanisms. Psychol Bull.
137:959–97

Miller GE,Chen E, Sze J,Marin T, Arevalo JM, et al. 2008. A functional genomic fingerprint of chronic stress
in humans: blunted glucocorticoid and increased NF-kappaB signaling. Biol. Psychiatry 64:266–72

Miller GE, Cole SW. 2012. Clustering of depression and inflammation in adolescents previously exposed to
childhood adversity. Biol. Psychiatry 72:34–40

356 Bower • Kuhlman



MoieniM, IrwinMR, Jevtic I,BreenEC,ChoHJ, et al. 2015a.Trait sensitivity to social disconnection enhances
pro-inflammatory responses to a randomized controlled trial of endotoxin. Psychoneuroendocrinology
62:336–42

MoieniM, IrwinMR, Jevtic I,OlmsteadR,BreenEC,EisenbergerNI. 2015b.Sex differences in depressive and
socioemotional responses to an inflammatory challenge: implications for sex differences in depression.
Neuropsychopharmacology 40:1709–16

Moieni M, Muscatell KA, Jevtic I, Breen EC, Irwin MR, Eisenberger NI. 2019a. Sex differences in the effect
of inflammation on subjective social status: a randomized controlled trial of endotoxin in healthy young
adults. Front. Psychol. 10. https://doi.org/10.3389/fpsyg.2019.02167

Moieni M, Tan KM, Inagaki TK, Muscatell KA, Dutcher JM, et al. 2019b. Sex differences in the relationship
between inflammation and reward sensitivity: a randomized controlled trial of endotoxin. Biol. Psychiatry
Cogn. Neurosci. Neuroimaging 4:619–26

Morgan N, Irwin MR, Chung M,Wang C. 2014. The effects of mind-body therapies on the immune system:
meta-analysis. PLOS ONE 9:e100903

Muscat SM, Barrientos RM. 2020. Lifestyle modifications with anti-neuroinflammatory benefits in the aging
population. Exp. Gerontol. 142:111144

Muscat SM, Barrientos RM. 2021. The perfect cytokine storm: how peripheral immune challenges impact
brain plasticity & memory function in aging. Brain Plast. 7:47–60

Muscatell KA,MoieniM, Inagaki TK,Dutcher JM, Jevtic I, et al. 2016.Exposure to an inflammatory challenge
enhances neural sensitivity to negative and positive social feedback. Brain Behav. Immun. 57:21–29

Nelson-Coffey SK,FritzMM,Lyubomirsky S,Cole SW.2017.Kindness in the blood: a randomized controlled
trial of the gene regulatory impact of prosocial behavior. Psychoneuroendocrinology 81:8–13

Nusslock R, Brody GH, Armstrong CC, Carroll AL, Sweet LH, et al. 2019. Higher peripheral inflammatory
signaling associated with lower resting-state functional brain connectivity in emotion regulation and
central executive networks. Biol. Psychiatry 86:153–62

Nusslock R, Miller GE. 2016. Early-life adversity and physical and emotional health across the lifespan: a
neuroimmune network hypothesis. Biol. Psychiatry 80:23–32

O’Connor M-F, Bower JE, Cho HJ, Creswell JD, Dimitrov S, et al. 2009. To assess, to control, to exclude:
effects of biobehavioral factors on circulating inflammatory markers. Brain Behav. Immun. 23:887–97

Osimo EF, Baxter LJ, Lewis G, Jones PB, Khandaker GM. 2019. Prevalence of low-grade inflammation in
depression: a systematic review and meta-analysis of CRP levels. Psychol. Med. 49:1958–70

Osimo EF, Pillinger T, Rodriguez IM, Khandaker GM, Pariante CM,Howes OD. 2020. Inflammatory mark-
ers in depression: a meta-analysis of mean differences and variability in 5,166 patients and 5,083 controls.
Brain Behav. Immun. 87:901–9

Paine NJ, Ring C, Bosch JA, Drayson MT, Veldhuijzen van Zanten JJCS. 2013. The time course of the
inflammatory response to the Salmonella typhi vaccination. Brain Behav. Immun. 30:73–79

Peruzzolo TL, Pinto JV, Roza TH, Shintani AO, Anzolin AP, et al. 2022. Inflammatory and oxidative stress
markers in post-traumatic stress disorder: a systematic review andmeta-analysis.Mol. Psychiatry 27:3150–
63

Pressman SD, Jenkins BN,Moskowitz JT. 2019. Positive affect and health: What do we know and where next
should we go? Annu. Rev. Psychol. 70:627–50

Radin AS, Kuhlman KR, Boyle CC, Haydon MD, Bower JE. 2021. Using the influenza vaccine as a
mild, exogenous inflammatory challenge: When does inflammation peak? Brain Behav. Immun. Health
13:100239

Raison CL, Rutherford RE, Woolwine BJ, Shuo C, Schettler P, et al. 2013. A randomized controlled trial of
the tumor necrosis factor-alpha antagonist infliximab in treatment resistant depression: role of baseline
inflammatory biomarkers. JAMA Psychiatry 70:31–41

Reader BF, Jarrett BL, McKim DB, Wohleb ES, Godbout JP, Sheridan JF. 2015. Peripheral and central ef-
fects of repeated social defeat stress: monocyte trafficking, microglial activation, and anxiety.Neuroscience
289:429–42

Reemst K,Noctor SC,Lucassen PJ,Hol EM. 2016.The indispensable roles of microglia and astrocytes during
brain development. Front. Hum. Neurosci. 10. https://doi.org/10.3389/fnhum.2016.00566

www.annualreviews.org • Psychoneuroimmunology 357

https://doi.org/10.3389/fpsyg.2019.02167
https://doi.org/10.3389/fnhum.2016.00566


Reichenberg A, Yirmiya R, Schuld A, Kraus T, Haack M, et al. 2001. Cytokine-associated emotional and
cognitive disturbances in humans. Arch. Gen. Psychiatry 58:445–52

Renna ME, O’Toole MS, Spaeth PE, Lekander M, Mennin DS. 2018. The association between anxiety, trau-
matic stress, and obsessive-compulsive disorders and chronic inflammation: a systematic review and
meta-analysis.Depress. Anxiety 35:1081–94

Robles TF, Bai S, Meng YY. 2022. Ozone pollution, perceived support at home, and asthma symptom sever-
ity in the adolescent sample of the California Health Interview Survey. Int. J. Behav. Med. https://doi.
org/10.1007/s12529-022-10103-8

Roman M, Irwin MR. 2020. Novel neuroimmunologic therapeutics in depression: a clinical perspective on
what we know so far. Brain Behav. Immun. 83:7–21

Sarkar S, Schaefer M. 2014. Antidepressant pretreatment for the prevention of interferon alfa-associated
depression: a systematic review and meta-analysis. Psychosomatics 55:221–34

Sarolidou G, Axelsson J, Sundelin T, Lasselin J, Regenbogen C, et al. 2019. Emotional expressions of the sick
face. Brain Behav. Immun. 80:286–91

Schreier HM, Schonert-Reichl KA, Chen E. 2013. Effect of volunteering on risk factors for cardiovascular
disease in adolescents: a randomized controlled trial. JAMA Pediatr. 167:327–32

Schwaiger M,GrinbergM,Moser D, Zang JCS,Heinrichs M, et al. 2016. Altered stress-induced regulation of
genes in monocytes in adults with a history of childhood adversity.Neuropsychopharmacology 41:2530–40

Schwarz JM, Bilbo SD. 2013. Adolescent morphine exposure affects long-term microglial function and later-
life relapse liability in a model of addiction. J. Neurosci. 33:961–71

Schwarz JM,Hutchinson MR, Bilbo SD. 2011. Early-life experience decreases drug-induced reinstatement of
morphine CPP in adulthood via microglial-specific epigenetic programming of anti-inflammatory IL-10
expression. J. Neurosci. 31:17835–47

Seeman T, Merkin SS, Goldwater D, Cole SW. 2020. Intergenerational mentoring, eudaimonic well-being
and gene regulation in older adults: a pilot study. Psychoneuroendocrinology 111:104468

Segerstrom SC, Miller GE. 2004. Psychological stress and the human immune system: a meta-analytic study
of 30 years of inquiry. Psychol. Bull. 130:601–30

Sharpley AL, Cooper CM, Williams C, Godlewska BR, Cowen PJ. 2016. Effects of typhoid vaccine on
inflammation and sleep in healthy participants: a double-blind, placebo-controlled, crossover study.
Psychopharmacology 233:3429–35

Shields GS, Spahr CM, Slavich GM. 2020. Psychosocial interventions and immune system function: a
systematic review and meta-analysis of randomized clinical trials. JAMA Psychiatry 77:1031–43

Slavich GM, Irwin MR. 2014. From stress to inflammation and major depressive disorder: a social signal
transduction theory of depression. Psychol. Bull. 140:774–815

Smith CJ, Kingsbury MA, Dziabis JE, Hanamsagar R, Malacon KE, et al. 2020. Neonatal immune challenge
induces female-specific changes in social behavior and somatostatin cell number. Brain Behav. Immun.
90:332–45

Straka K, Tran M-L, Millwood S, Swanson J, Kuhlman KR. 2021. Aging as a context for the role of
inflammation in depressive symptoms. Front. Psychiatry 11:605347

Sumner JA, Nishimi KM, Koenen KC, Roberts AL, Kubzansky LD. 2020. Posttraumatic stress disorder and
inflammation: untangling issues of bidirectionality. Biol. Psychiatry 87:885–97

Vichaya EG, Dantzer R. 2018. Inflammation-induced motivational changes: perspective gained by evaluating
positive and negative valence systems. Curr. Opin. Behav. Sci. 22:90–95

Walker KA,Gottesman RF,WuA,KnopmanDS,Gross AL, et al. 2019. Systemic inflammation duringmidlife
and cognitive change over 20 years: the ARIC study.Neurology 92:e1256–67

Walker KA, Gross AL,Moghekar AR, Soldan A, Pettigrew C, et al. 2020. Association of peripheral inflamma-
tory markers with connectivity in large-scale functional brain networks of non-demented older adults.
Brain Behav. Immun. 87:388–96

Weber MD, Godbout JP, Sheridan JF. 2017. Repeated social defeat, neuroinflammation, and behavior:
monocytes carry the signal.Neuropsychopharmacology 42:46–61

Wohleb ES, McKim DB, Shea DT, Powell ND, Tarr AJ, et al. 2014. Re-establishment of anxiety in stress-
sensitized mice is caused by monocyte trafficking from the spleen to the brain. Biol. Psychiatry 75:970–81

358 Bower • Kuhlman

https://doi.org/10.1007/s12529-022-10103-8


Wohleb ES, Terwilliger R, Duman CH, Duman RS. 2018. Stress-induced neuronal colony stimulating factor
1 provokes microglia-mediated neuronal remodeling and depressive-like behavior.Biol. Psychiatry 83:38–
49

Yirmiya R. 1997. Behavioral and psychological effects of immune activation: implications for ‘depression due
to a general medical condition’. Curr. Opin. Psychiatry 10:470–76

Yirmiya R,Goshen I. 2011. Immunemodulation of learning,memory, neural plasticity and neurogenesis.Brain
Behav. Immun. 25:181–213

www.annualreviews.org • Psychoneuroimmunology 359


