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Abstract

Resilience to stressful life events has received considerable attention in both clinical and
preclinical studies. A number of neural substrates have been identified as putatively mediating
resilience to stress. However, there remains considerable diversity in how resilience is defined

and studied. This article aims to examine how resilience is defined and conceptualized in social
psychology, public health, and related fields, to better inform the understanding of stress resilience
in the neurobiological context and to differentiate resilience from other patterns of response to
stressful experiences. An understanding of resilience through the lens of clinical and applied
sciences is likely to lead to the identification of more robust and reproducible neural substrates,
though many challenges remain.
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Challenges to current understanding of resilience to stress

How can an individual who experiences stressful life events that are traumatic, enduring
or intense return to a healthy and balanced life? This question remains a foundational

one for the field of stress research. Understanding how such resilience to stressful life
events can be achieved has been a long-standing driver of research into the neurobiology of
stress. The impact of stress on health can be stark, with stressful life events precipitating
onset of symptoms or relapse of symptoms in a range of psychiatric and other disorders,
including posttraumatic stress disorder (PTSD), obesity, inflammatory bowel disease and
relapse to drug seeking [1-8]. Certain mental disorders have exposure to a traumatic or
stressful event listed explicitly as a diagnostic criterion (in the DSM-5 category “Trauma-
and Stressor-Related Disorders™), including PTSD, acute stress disorder, and adjustment
disorder [9]. Additionally, stressful life events are well recognized as precipitants of
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major depressive episodes, and impaired coping with stressful events is important in the
context of alcohol use disorders [9]. However, several factors hamper progress towards
better understanding of resilience. These include the heterogeneity of stressful experiences,
the highly individualized responses to those experiences, and the large number of neural
substrates associated with resilience. Further, there is a lack of agreement about how to
define resilience or even whether it is a useful term, partly because the term is overused
and often used inappropriately. Despite these obstacles, there is a strong clinical need to
understand how some individuals can bounce back from stressful life experiences while
others cannot. Because of this clinical impetus, it is important to more clearly define the
term resilience, so that one can make better sense of the rapid pace of various neural
substrates being associated with resilience. The goal of this article is to examine how
resilience is defined and understood in a number of fields, including social psychology,
public health and related disciplines, and thereby better inform the understanding of stress
resilience in the neurobiological context.

Our understanding of the neural substrates linked to stress resilience has accelerated in the
last 10-15 years. These neural substrates may reflect pre-existing genetic and other factors
that influence an individual’s resilience. Neural substrates linked to resilience have been
identified in multiple stress-related brain regions including limbic areas, the hypothalamus,
and brainstem structures. However, a bigger-picture understanding of these contributions is
still limited: for instance, do these various resilience substrates normally work together, or
independently from one another? Are they stressor-specific? Do different neural substrates
control the initial response compared to the more enduring resilient response? These are
some of the questions that need to be addressed in the next 10-15 years.

Defining Resilience

Resilience is a term long used in the social psychology, clinical psychology, and public
health literatures. This literature, broadly speaking, has defined resilience as positive
adaptation to adversity, requiring that there be both the presence of adversity and positive
adaptation [10-12]. At its core, resilience is the concept that an individual can bend to
threats from the environment but does not break. It is not usually meant to reflect that there
is minimal disruption or a lack of disruption for an individual, rather, a resilient response

is the ability to bounce back from disruption. It is both a process and an outcome [13,

14]. For example, there can be an impact on mental and physiological health soon after a
traumatic experience. With time, there is a return to functioning closer to pre-trauma levels
that is measurable as a resilient outcome (Figure 1) [13]. A resilient outcome may be hard

to differentiate from two alternative scenarios: (i) a lack of an initial and ensuing response to
disruptive events (resistance to stress); and (ii) complete inability to mount a response. These
are very different processes measurable as similar outcomes and can be difficult to parse out,
but are likely to have different biological underpinnings.

In the social psychology and public health literature, the types of resilience being studied
can range from those relating to an individual person to whole communities. Many of the
factors that promote positive adaptation originate outside the individual — in their families,
communities, cultures and societies. Although these levels of focus vary greatly from those
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of neurobiologists, there is much to be learnt from these other perspectives. In the following,
I highlight briefly four central themes that emerge from this body of literature (based on
[12-17]). First is the idea that resilience in one domain may co-exist with dysfunction in
another domain. As a result, an individual who is resilient to the effects of stress in one
domain may be vulnerable to them in another. Despite the dysfunctions in some domains,
there is evidence to argue that resilient individuals tend to sustain an overall high quality

of life [18, 19]. In animal models, a multidimensional approach can identify the impact

of stress in multiple domains, including behavioral and physiological health, in order to
determine the overall impact on the individual. Second is the idea that resilience is a
process that individuals progress through, rather than a fixed trait of those individuals.
Individuals may possess the capacity to engage protective factors (traits), but resilience only
occurs when those factors come together to initiate specific processes to promote resilience.
Thus, resilience is not an absolute characteristic of an individual but influenced by traits
specific to the individual. Such traits may include low anxiety, low novelty-seeking, and
characteristics such as optimism, cognitive flexibility and cognitive reappraisal strategies
that serve to reduce stress responsiveness [20-23]. Third, resilience may be specific to
certain contexts. A behavior in one context may signal positive adaptation of an individual to
a specific disruptive environment. However, in another context, that same behavior may not
confer resilience, and may be even maladaptive. Studies in animals support this concept, as
adaptations to stressful stimuli are influenced by contextual cues [24]. Fourth, there may be
new growth in resilient individuals after stressful experiences, not just a return to some prior
level of homeostasis.

What resilience is not

Resilience is not simply reductions in stress responses compared to those of a control

group. By definition (as noted above), the term resilience implies that there is a response,

a bending, but that there is a return to a pre-stress state or perhaps to a new level of
homeostasis (allostasis). For example, a neural substrate that reduces the hypothalamic-
pituitary-adrenal (HPA) response to stress is not necessarily a substrate of resilience to stress
but may just be a substrate that has inhibitory control over HPA activity. Resilience is best
understood in conditions in which subgroups of divergent response types emerge. That is,
understanding resilience requires a comparison group of individuals in whom the stress
response remains elevated (i.e. a vulnerable or susceptible group). Resilient individuals may
not be better off in all domains impacted by the stress exposure; however, their quality of
life or day-to-day functioning is overall better [61]. Indeed, an individual may not return to
the same baseline that preceded the stress exposure. They may return to a shifted baseline, a
“new normal”, as reflected in the concept of allostasis. Finally, it is widely recognized that
domains in which resilience is manifested can vary between individuals [10-12, 15] further
emphasizing the need for measures across multiple domains.

The trajectory of resilience

The neuroscience literature has typically studied resilience in a cross-sectional manner, at
a single time point after the stress exposure in order to determine whether resilience is
observed compared to a control group or some type of vulnerable group. This can lead
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to potential misinterpretation of findings. For example, a lower response at a later time
after stress could reflect resilience in that individual but it could also reflect a lack of

an initial response to the stressful stimulus, without bending which is the sine qua non

of resilience. That latter individual is better defined as a resistant individual. Thus, both
resistant and resilient individuals can exhibit a similar outcome while their initial response
and their trajectory are different. Examining only the outcome means that there is an
inability to fully differentiate a resistant from a resilient individual. It is possible that there
are few relevant differences between these two types of individuals. However, a lack of
response to an intense stressor is not necessarily adaptive. In fact, the importance of having
a response (neuroendocrine, autonomic, behavioral) to intense and life-threatening stimuli
has been well demonstrated [25, 26]. Further, different neural substrates are likely to be
engaged in an individual that responds to the initial stressor compared to an individual

that does not respond. This suggests that these two individuals ultimately reach the same
physiological or behavioral outcomes through different neural paths. It is important to note
that individuals that are exposed to stress early in life, whether pre-natally, post-natally or
during adolescence, may display a relative lack of stress responses to subsequent stressors at
a different timepoint in life, and this may reflect resilience as well.

As noted earlier, it is common in the neuroscience literature to assess resilience via
outcomes at a single timepoint after stress exposure. A more informative and translationally
relevant approach, consistent with the origins of the term resilience (as discussed above)

is to study the response to stress over time, thinking of it as a trajectory. The clinical
literature, particularly of studies examining PTSD in the military, has identified different
categories of PTSD symptoms reflecting the trajectory of responses to trauma. Although
there are some variations in terminology, the categories generally include acute, chronic,
vulnerable, resilient and resistant groups [13, 27, 28]. The acute category is one in which
posttraumatic stress symptoms subside within a month after the traumatic experience. The
vulnerable trajectory is one in which moderate levels of distress emerge and persist, and may
even increase further over time. The chronic trajectory is characterized by elevated responses
to the trauma and those symptoms remain highly elevated. Resistance is one in which few
symptoms develop either initially or later on. Lastly, the resilient category is one in which
there is some disruption in response to the trauma, and display of symptoms, followed by

a return to close to pre-trauma levels. These trajectories are depicted in Figure 1. Not all of
these are necessarily relevant to preclinical studies, amenable to study in animal models or
necessarily exhibited by rodents. However, evidence supports the idea that stressed rodents
can exhibit resilient, resistant and vulnerable trajectories [29-31].

A temporally cross-sectional approach has been useful for identifying the behavioral

and physiological outcomes in stressed animals segregated into resilient or vulnerable
subgroups. The segregation has been based on different factors, including coping strategies,
social anxiety, anhedonia and urine scent marking [29, 30, 32, 33]. These methods of
segregation have identified several neural substrates that promote resilience. These include
the peptides Neuropeptide Y (NPY) and orexins, the sphingosine-1-phosphate 3 receptor
(S1PR3) and the glucocorticoid receptor [34-37]. However, the cross-sectional approach

is unable to differentiate a resilient individual from one that doesn’t respond to the

stressful stimulus (i.e. a resistant individual). Similarly, it fails to differentiate a pattern
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of vulnerability that develops over time from a pattern of chronic high symptoms patterns

of vulnerability (Figure 1). More simply put, a cross sectional approach fails to distinguish
between different trajectories that culminate in the same outcome. These limitations have
detrimental effects on the ability to develop strategies to promote resilience: identified neural
substrates may not replicate across stress paradigms; and neural substrates may only reflect a
temporary stage but not enduring resilience. These caveats may obscure the identification of
unique substrates underlying the different trajectories in the response to stress.

Resilience is best measured by multi-dimensional or multimodal constructs to provide

the most integrated study of how stress has impacted an individual. The results may
indicate resilience in one domain, but not in another. For example, an animal resilient

to the anxiety-inducing effects of stress may exhibit increased heart rate variability or
elevated blood pressure. Thus, a more accurate way of referring to the potential resilience
or vulnerability of stressed individuals would be to identify the domain in which the
investigators consider the individuals to be resilient or vulnerable, and to note the specific
stressor that was experienced. This narrower approach to labeling individuals as resilient

or vulnerable is better aligned with the original definitions of resilience. It is also more
translationally relevant and may help alleviate concerns about inappropriate use of the term
resilience, which muddies our understanding of the neural substrates that underlie resilience
to stress. In practical terms, assessment of trajectories in rodent models requires assessment
of dependent variables that are amenable to repeated measurement. This could range

from relatively simple measures such as body weight and food intake, to more complex
assessments of hormones and other circulating factors, core temperature and heart rate
variability, EEG, local field potentials, single unit activity in relevant brain structures and
some behavioral assessments. Rodent models are increasingly amenable to the assessment
of trajectories using both new and traditional technologies that allow monitoring at high
resolution and specificity the activity of neuronal and other cell populations, as well as
detailed and semi-automated behavioral assessment.

Beyond neuronal activity: Are neuroinflammatory processes key?

Much of the literature on the substrates of stress resilience or vulnerability has focused

on the activity and function of neurons. However, considerable evidence suggests stress-
related psychiatric diseases are heavily interconnected with inflammatory processes and
that these processes contribute to pathology [38-41]. In the brain, inflammatory processes
are governed by the interaction among neurons, microglia, astrocytes, endothelial cells
lining blood vessels and other cell types that collectively constitute the functional

element known as the ‘neurovascular unit” as well as by neuroinflammatory processes

at other brain barriers [40-44] Elevations in the pro-inflammatory cytokines IL-6, IL-1p
and TNFa are observed in the circulation of individuals with depression [45-51], and
PTSD patients display enhanced cytokine release from mononuclear cells [52, 53]. These
peripheral changes are aligned with microglial activation in the brains of individuals

with atypical depression or with anxiety [54-57]. Antidepressant treatments can improve
cytokine-induced sickness behavior [58]. Conversely, anti-inflammatory medications given
to individuals with depression or cancer patients undergoing chemotherapy improve mood
symptoms [59-61], and pro-inflammatory cytokines (or stimuli that induce them) can
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produce symptoms of depression [58, 62—64]. However, lowering inflammatory responses

in a disorder as heterogeneous as depression is not universally effective in treating
symptoms, likely because inflammatory markers are only elevated in subgroups of patients
[65, 66]. These results underscore the need to better understand the involvement of
neuroinflammatory processes in the response to stress. Neuroinflammatory processes may
be more broadly activated in stressed individuals than previously thought. Studies in rodents
suggest that neuroinflammatory processes are activated in the ventral hippocampus, medial
prefrontal cortex and nucleus accumbens in defeated rodents and in rodents exposed to other
types of psychosocial stressors [36, 67—69]. However, significant gaps in our knowledge
about the role of neuroinflammatory processes remain. These include understanding whether
specific pro- and anti-inflammatory substrates are important for responses to specific types
of stressors, and determining the extent to which neuroinflammatory substrates are activated
by local mechanisms such as activation of microglia or by peripheral cytokines that cross
the blood brain barrier to impact brain substrates. Finally, determining how gut microbiota
or microbial populations in other tissues are influenced by stress and can contribute to
resilience will be important to our understanding of how neuroinflammatory processes
control resilience.

Substrates that promote resilience are not the same as those that reduce

vulnerability.

Resilience and vulnerability to stress likely exist on a continuum and are dependent on
the response domain being studied. Examples of this concept come from rodent studies
employing chronic social defeat paradigms. Dominance rankings and coping strategies
(active vs. passive coping) displayed during such experiments are a key determinant of
resilience or vulnerability to the social anxiety, anhedonia, passive coping and disrupted
neuroendocrine function produced by defeat [36, 37, 68, 70-72]. Active coping strategies
include upright boxing postures and lack of submission to a dominant conspecific animal,
and passive coping is associated with more rapid submission. These coping strategies
exist on a continuum. Do the underlying processes also exist on a continuum? Some
substrates certainly do, but there is evidence that certain substrates are uniquely engaged
in resilient animals whereas others are uniquely engaged in vulnerable animals. For
example, actively coping rats exhibit increased expression of the SZpr3gene in the medial
prefrontal cortex, whereas this expression is similar between passively coping and control
animals [36]. When S1PR3 expression is reduced, characteristics of the passive phenotype
emerge. Does this mean that S1IPR3 reductions induce vulnerability, or alternatively,

that they reduce resilience? We would argue that the latter is the case since, initially,
S1PR3 expression is similar between the passively coping and control rats. Similarly,
whereas changes in neurovascular unit function in the ventral hippocampus of passive
coping rats do occur, actively coping rats are not different from controls in that regard.
Reducing neuroinflammatory processes pushes passively coping rats towards an active
coping phenotype [68] but should this be interpreted as increased resilience or reduced
vulnerability? Again, we would argue the latter, since the actively coping group is not
different from controls, suggesting that this substrate is not important for resilience. Such
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interpretations are complex and must be tested with other stress experiences and in other
behavioral and physiological domains.

Developing a cohesive picture of how resilience can be promoted

The last 10-15 years have identified a plethora of substrates that are thought to underlie
vulnerability to stress or resilience to stress in a variety of stress paradigms, and many
excellent reviews of these substrates are available (including citations described above

and [30, 73]). Making sense of these varied substrates is amongst the biggest challenges
moving forward, especially since the aim is to translate these findings into clinically relevant
treatments. The range of stress paradigms being used seems, at first pass, a disadvantage,
because it is a common occurrence that substrates identified in a specific model are not
tested using other paradigms or replicated by other labs. Substrates common across multiple
paradigms are potentially high value targets for translation because their validity is broad.
But even substrates identified in only one category of paradigm (eg. social or physical stress
[74]) can have notable value. For example, substrates identified only in social stress models
may be valuable because they underlie the effects of a specific type of stress limited to the
social domain. It is possible that resilience substrates differ across types of stressors. Lack
of replication of a resilience substrate in a paradigm different from the one in which the
original finding was made may suggest that the substrate is limited to a specific stress type,
and thereby has value for understanding how stressors originating in specific domains are
regulated.

Putting aside this issue of stress-specific substrates, how can one make sense of the
multitude of resilience substrates that have been identified? It seems likely that there

are multiple substrates that function in parallel, rather than serially, to subserve unique
physiological and behavioral aspects of resilience (Figure 2). Studying each substrate in
isolation can help better understand the specifics of the substrate and identify its functions,
but sheds limited light on the broader relevance of these functions and their interactions
with those of other substrates. The existence of multiple substrates likely does not reflect
redundancy in the brain but rather specificity. Some substrates may emerge because they are
responsive to early life events, some to epigenetic modulation, some to social experiences,
some to interoceptive flux — each substrate providing value to the organism, allowing it

to respond to a rich environment. To the extent that all individuals possess the capacity

for resilience, these multiple substrates may reflect the different pathways and circuits that
can be recruited to achieve resilience. In an intact organism, many substrates are likely to
work simultaneously and in concert, to enable an organism to cope with the challenges of a
complex environment. As an example from our own work, increases in SIPR3 in the mPFC
induced by social defeat reduce expression of the pro-inflammatory cytokine TNFa. These
gene expression changes also promote active coping and prevent the reductions in social
interaction produced by social defeat. At the same time, these resilient rats also exhibit
reduced prepro-orexin (hypocretin) mMRNA in the lateral hypothalamus [37] compared to
passively coping and novel cage control rats. Orexins mediate arousal and wakefulness, and
this reduction in effects of social defeat may underlie the reduced rapid awakenings from
REM sleep exhibited by these actively coping/resilient animals compared to the passively
coping/vulnerable and control rats [75] that we have observed. Thus, reductions in orexin
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mRNA may help protect against the effects of social defeat on sleep disruptions while
increases in S1IPR3 in the mPFC buffer against neuroinflammatory processes which impact
social anxiety.

Sex differences in stress responses are well-established [76—79]. The majority of resilience
substrates identified to date have been studied and identified in male rodents. However,

sex differences in the neural substrates of resilience are apparent, and the sources of

these differences are complex [75, 80]. Some substrates may be similar but work on
different timescales in males compared to females or be influenced to a greater degree

by genetic or epigenetic influences or by gonadal hormones. While the activational effects of
gonadal hormones in females are typically studied when sex differences in stress responses
or resilience substrates are identified, organizational influences of gonadal hormones at
various developmental stages have received much less attention. Examining a specific
neural substrate of resilience in both males and females can reinforce the relevance of

that particular substrate as a shared regulator of resilience in both males and females or
highlight important differences in regulation of that substrate between males and females.
Alternatively, a substrate might be identified as being unique to males or unique to females.
Determining whether a substrate is shared between males and females or is unique to one
sex is critical for directing the development of strategies that promote resilience.

More broadly, rather than seeing the variety of substrates as a problem, one should seek to
identify commonalities in the conditions that recruit these substrates to determine how the
various substrates may work together and interact with one another in a whole organism.
To aid in this, as discussed earlier, longitudinal approaches are likely to be helpful, as is

a consideration of outcomes across multiple domains controlled by the neural substrates.
To address the complexity of multiple domains, inventories or libraries that establish the
aggregate impact of a stress exposure in individuals of different ages, sexes or exposed to
specific types of stressors will become increasingly important and informative.

Concluding remarks and future perspectives

The psychology, public health and psychiatry literatures offer a rich foundation for
understanding stress resilience, including insights based on clinical observations. For
neurobiological studies to focus on translational relevance, our understanding of resilience
needs to be well-aligned with this complementary literature and guided by it. Resilience

is both a process and an outcome, and these two aspects are tightly interconnected: it is
difficult to understand the outcome without a clear picture of the underlying processes that
lead to it. With regards to behavioral outcomes, it is also important to keep in mind that
some aspects of resilience and vulnerability may be best viewed on a continuum, rather than
approaching them as an either/or process.

A principal challenge moving forward is to understand the extent to which the

varied putative neural substrates controlling resilience are integrated or conversely work
independently to regulate features that are unique to each individual (see also Outstanding
Questions). These substrates and their interactions can be influenced by early life events,
genetic or epigenetic processes or distinctive stressful environments and experiences. To
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determine whether a specific substrate is important in resilience, it should be studied under
different stress conditions. For example, if an anti-inflammatory substrate is expressed

in higher concentrations in animals resilient to social stress, is that same substrate also
important in response to predator odor or physical stress? Is that same substrate important
in both sexes? Is that same substrate important for outcomes in multiple response domains?
In addition, future research on resilience should emphasize interactions between neuronal
and non-neuronal cell types and interactions between peripheral and central inflammatory
processes. Ultimately, a common conceptual understanding of resilience, regardless of the
terminology being used, is necessary to drive research in this field forward.
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Outstanding Questions Box

Resilience includes a process of responding to a traumatic stimulus/stressor,
engaging the biological stress response, but then bouncing back from that
experience. What are some of the readily accessible measures from the fields
of biology, physiology, hematology, immunology and related disciplines that
can help characterize resilience and differentiate it from other response
patterns?

In current understanding, resilient and vulnerable individuals are initially
impacted in similar ways by stressful experiences but resilient individuals
bounce back. Are similar substrates engaged in both groups in their initial
response, or do resilient individuals recruit substrates that are inherently
different from those of vulnerable individuals? After the initial response in
resilient individuals, are new substrates recruited to produce resilience?

Peptides, neurotransmitters, receptors and other neuroactive substances have
been identified as potential substrates of resilience. How can researchers
extract a coherent picture from this wealth of information? Are there
substrates of resilience that are specific to different types of stressors, or

to stressors experienced at different phases of life? Are there substrates of
resilience that differ between males and females? Based on these categories
and the potential differences in resilience substrates between them, is it
possible to develop a catalogue of resilience substrates?

Are neuroinflammatory substrates at the core of resilience or vulnerability
to stress? Does stress exposure create an inflammatory milieu that overrides
other substrates? How do neuroinflammatory substrates regulate previously
identified substrates? A greater focus on cell types within the neurovascular
unit is likely to help address these questions
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Highlights

Resilience to stress is characterized by an initial response to a stressful
stimulus but a relative recovery towards baseline. It is, therefore, both a
process that occurs over time and an outcome.

It is important to differentiate resilience from resistance or from other
response patterns because different neural substrates are likely to mediate
these different response patterns.

A focus on the trajectory of an individual’s response to stress is required to
identify neural substrates that can be engaged to promote resilience.

Numerous putative neural substrates underlying resilience to stress have
been identified, reflecting the complexity of the mammalian lifespan and
environment.

To translate preclinical findings into meaningful clinical advances, efforts

should focus on how divergent neural substrates of resilience work together to

drive a trajectory of resilience.
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Figure 1. Hypothetical patterns of responses to an intense or traumatic stressful event.
Multiple possible patterns of responses to stressful and traumatic stimuli exist. The

vulnerable trajectory is one in which moderate levels of stress or distress persist and may
increase further over time. The chronic trajectory is characterized by elevated responses to
the trauma and those symptoms remain highly elevated. Resistance is one in which few
symptoms develop either initially or later on. The resilient category is one in which there

is moderate disruption and symptoms initially, followed by a return towards baseline. Cross-
sectional studies of the response in stressed individuals at periods of time after patterns

have stabilized are unable to differentiate resilient from resistant individuals or chronically
responsive from vulnerable individuals. As a result, neural substrates underlying resilience
may not be reproducibly identified. An approach that examines the trajectory of individuals’
responses improves the ability to identify underlying discrete and stress-specific neural
substrates. Adapted from [13] with permission.
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Modifying factors affecting relative
predominance of stress resilience pathways
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Figure 2. Schematic illustration of some of the neural substrates involved in stress resilience
in the rodent brain, and how their relative predominance may shift depending on modifying
factors.

Multiple substrates and circuits exist in parallel that can promote resilience. Which
substrates or circuits predominate may be determined by modifying factors. These include
experiences in early life; prenatal or postnatal disruptions; stress during adolescence;
epigenetic or genetic influences; prior experience with the ongoing, current stressors; and
the time point being examined during the post-stress trajectory. These modifying factors
can shift the weight of resilience circuits and substrates, so that some circuits/substrates
predominate in promoting resilience. For example, resilience substrates in limbic structures
may predominate to control responses to stress when memories for prior experiences are
relevant, such as when familiar stressors are experienced or when the same stressors are
experienced over time (heavier blue lines on the left). With more metabolic or physiological
types of stressors, resilience substrates in hypothalamic structures may predominate (heavier
green lines on the right). The structures, responses, and modifying factors depicted in the
figure are not intended to be all inclusive.

Abbreviations: mPFC: medial prefrontal cortex, NAc: nucleus accumbens, HC:
hippocampus, HYP: hypothalamus, PVT: paraventricular nucleus of the thalamus, PVN:
paraventricular nucleus of the hypothalamus, LC: locus coeruleus, NTS: nucleus tractus
solitarius.
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