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Abstract Stress has been identified as a key risk factor
for a multitude of human pathologies. However, stress by
itself is often not sufficient to induce a disease, as a large
contribution comes from an individual’s genetic back-
ground. Therefore, many stress models have been created
to investigate this so-called gene–environment interaction
for different diseases. Recently, evidence has been accu-
mulating to indicate that not only the exposure to stress,
but also the vulnerability to such an exposure can have a
significant impact on the development of disease. Herein
we review recent animal models of stress vulnerability
and resilience, with special attention devoted to the read-
out parameters and the potential for translatability of the
results.
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Introduction

Stress can be defined as the subjective state an individ-
ual experiences when being exposed to an actual or poten-
tial adverse situation. Stress therefore always involves a
stimulus—the stressor—that is recognized by the brain as
a threat to homeostasis and thereby elicits specific response
mechanisms. These response mechanisms involve several
physiologic systems, most prominently the sympathetic-
adrenal-medullary system and the hypothalamic-pituitary-
adrenal axis, which collectively mediate the stress response.
An adequate response of these systems enables the individual
to adapt to the changes in the external or internal environment
that were perceived as stressors, and provides the resources to
deal with the situation appropriately [1•].

The experience of stress is different for everyone.
Every individual will rate stressful situations differently,
and the perceived level of stress will vary greatly. This is
why stressors are often categorized by their nature and
not by their severity. Many authors distinguish between
physical stressors (also called reactive, interoceptive, or
systemic stressors) (eg, an immune challenge or cold
conditions) and neurogenic stressors (also called predic-
tive, exteroceptive, anticipatory, psychogenic, or proces-
sive stressors) [2, 3]. Although physical and neurogenic
stressors activate different brain circuits, they share one
essential feature—the adaptive value of the stress response
is especially high for moderate and temporally confined
stress exposures but becomes uncertain if stressors are very
severe or chronic. In addition, unpredictable stressors seem
to be more disease relevant than predictable stressors [4].
Especially in the case of a chronic stress exposure, contin-
uous activation of stress response systems can lead to a
maladaptive state of the bodily equilibrium called allostasis
[5, 6].
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The long-term physiologic consequences of chronic
stress are predominantly viewed as maladaptive, as chronic
stress has been repeatedly shown to be a major risk factor
for the development of pathologies. Chronic stress exposure
can, for example, increase the risk of cardiovascular dis-
eases [7], metabolic disturbances [8], as well as affective
disorders [9, 10]. Interestingly, not all stressed individuals
develop a disease. The reports of inheritance of disease risks
for stress-associated disorders [11] as well as the identifica-
tion of specific genetic risk factors [12] point to the impor-
tance of gene–environment interactions. For example,
studies investigating single nucleotide polymorphisms in
the context of affective disorders could identify various
single genetic risk loci [13–16] or even susceptible haplo-
types [17, 18•].

Another recent field of interest focuses on the impact of
multiple stress exposures throughout life. Indeed, the labo-
ratory situation of only a single (chronic) stress episode is in
real life the exception rather than the rule. Most individuals
are exposed to several stress periods at different develop-
mental time windows as well as in adulthood or senescence.
Two major hypotheses have been proposed to explain the
impact of these stress exposures: the cumulative stress hy-
pothesis (CSH) and the match/mismatch hypothesis (MMH)
[19]. The CSH states that stress exposures early in life
predispose an individual to be more vulnerable to additional
stress exposures later in life. This hypothesis is based on the
notion of allostatic load—the wear and tear of the stress
response systems over time [6]. Multiple stress exposures
therefore would increase the allostatic load and the individ-
ual’s vulnerability to stress-related disorders. In contrast, the
MMH proposes that exposure to adverse situations during
developmental periods of high programming sensitivity
results in a phenotypic adaptation that is beneficial if the
environment remains adverse. This implies that individuals
exposed to early-life stress would benefit from a matched
environment as adults (a stressful environment) but would
be maladapted in a mismatched environment [20]. Intrigu-
ingly, there is clear experimental evidence for both hypoth-
eses (eg, [21, 22] for CSH and [23, 24] for MMH), and it
was therefore suggested that both hypotheses could apply
under specific conditions, mainly dependent on the level of
individual programming sensitivity [19]. Regardless of
which of these theories turns out to be more valid, they
agree on the fact that the interaction of early-life environ-
ment, adult environment, and genetic predisposition deter-
mines the vulnerability or resilience of an individual to
stress-related disorders.

One burgeoning field in stress research is the investiga-
tion of stress vulnerability. This combines many of the
previously addressed aspects but mainly the fact that indi-
viduals show different degrees of adaption. Data from stress
vulnerability and resilience studies showed that often, only

individuals who are vulnerable to the stressful experience
show the characteristic “stressed” phenotype, while resilient
individuals remain on par with controls, providing indirect
evidence that mostly the vulnerable phenotypes show the
molecular alterations important for disease-relevant inves-
tigations [25, 26]. This is of special importance for the
investigation of stress-related disorders such as depression,
in which effect sizes tend to be small and the experimental
groups need to be strictly defined to detect effects with a low
effect-to-noise ratio. In addition, the focus on the affected
subpopulation increases the etiological relevance of such
paradigms for translational research. The difficulties involved
in modeling phenotypes of stress-related disorders such as
depression in rodents are discussed in detail in the next
section, but the use of animal models can be of great help.
Nevertheless, due to ethical as well as technical reasons,
extensive studies on genetic effects, especially regarding
the central nervous system, can only be conducted in
animals. However, in many studies in the field of stress
research, animal models are very simplistic and largely
neglect the interplay of genes and environments neces-
sary to explain stress-related disorders. Therefore, the
present review focuses on recent animal models specifi-
cally designed to distinguish between vulnerable and
resilient phenotypes, and the correct use and interpretation of
these models.

Tests and Readouts

Before considering the different concepts and models
used to investigate individual vulnerability and resil-
ience, it is necessary to reflect briefly on how the phe-
notypes in these models are measured and quantified.
Any model system can only be as good as the readouts
and measurements allow, and the perfect disease model
will not be very useful if the readouts do not reflect the
symptoms of the disease. Therefore, what is needed is a
high degree of face validity of the applied tests to make
them translatable to the clinical situation [27].

In contrast to other diseases, such as cancer, in which the
readouts are rather clear, good behavioral phenotypes in
animal models for stress-related psychiatric diseases are
sparse. First of all, some aspects of psychiatric diseases are
virtually impossible to model in most animals, such as the
case of depression, feelings of guilt, or suicidal inclinations.
Thus, tests for depression-like behavior are focusing on
other parameters, such as loss of enjoyment (anhedonia),
loss of motivation, sleep disturbances, anxiety, or cognitive
deficits. However, the translatability of some of the applied
tests is highly questionable.

A prime example of this is the forced swim test (FST),
first developed by Porsolt and colleagues [28], which
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measures active (struggling or swimming) and passive
(floating) behavior of rats or mice in a beaker filled with
water. This test was and still is very popular in depression
research because it is relatively easy to perform and has the
possibility for high-throughput testing [29]. As an acute
dose of most of the currently available antidepressants
decreases the time animals spend floating, this passive
behavior was interpreted as depression-like behavior.
From an anthropomorphic point of view, this is easily
conceivable, as a floating rat or mouse gives the impres-
sion of “giving up,” but how valid and translatable is this
test really? While the effects of antidepressants in the
FST are observable within minutes after treatment, anti-
depressant effects in humans with the same drugs take a
few weeks of treatment to manifest. It is also well-known
that warm water conditions or repeated testing increase
the floating time in the FST [30], but few people would
argue that, for example, warm water exposure increases
depression-like behavior. Floating behavior in an inescapable
situation is actually a valid and potentially successful strategy
for the animals, as it saves energy resources and can increase
the chance of survival. The increased floating time of animals
after repeated or prolonged exposure to the FST therefore was
interpreted as effects of learning and memory a long time ago
[31], and it is astonishing and alarming that even today, some
researchers claim that a few minutes of FST exposure could
elicit depression in animals [32]. Thus, although the FST is
undoubtedly a valid behavioral test whose results can be quite
informative, its relation to depression is not as straightforward
as interpreted by many authors.

Other often-used tests include the saccharin preference
test for anhedonic behavior, sociability tests for antisocial
behavior, the elevated plus maze test for anxiety-related
behavior, and the Morris water maze for cognition. High-
throughput tests are usually less informative and translat-
able, while tests with a high validity require a lot of time and
can only be performed with a limited number of animals. In
the often-used saccharin preference test, for example, it
must be considered that the choice of two drinking bottles
in the home cage does not involve any effort for the animals
(but the readout can easily be confounded by differences in
anxiety toward novel stimuli or differences in cognitive
abilities). A combination of the preference for rewarding
stimuli with a specific effort to obtain the reward (eg, a nose
poke or lever press in an operant conditioning chamber)
would be more informative with regard to depression-like
behavior but also a lot more time consuming.

When analyzing the phenotype of animal models, it is
therefore crucial to obtain as many different phenotypic
readouts as possible, including behavioral, physiologic, neu-
roendocrine, or molecular parameters. Only in cases in
which the observed phenotype of a model is broad and can
be detected using different readouts can the model be

regarded to have a high validity for a specific disorder and
allow for a high degree of translatability (Fig. 1).

Concepts

When modelling gene–environment interaction, different
approaches are feasible. One possibility is to modify the
genome of animals, resulting in knockout (KO) or transgen-
ic (knock-in) animals specific for selected candidate genes.
For this approach, murine models are favored in comparison
to other species due to technical advantages. Another pos-
sibility is the selection of subpopulations within the whole
cohort of animals based on molecular or behavioral param-
eters, which would also reflect genetically or epigenetically
defined populations. Finally, subpopulation selection can be
used as a differentiating factor for selective breeding to
putatively enhance the differences in the subgroups and
isolate the genetic component transferred over the germ line.
The following sections provide an overview of the different
approaches, including examples of recent studies focusing
on stress vulnerability. Therefore, it does not provide and
should not be seen as a complete overview of all available
models, but rather as an illustration of the concepts, also

Fig. 1 Strategy for research models with high translational value.
Genetic and environmental components are strongly intertwined and
the choice and interaction of both components define the resulting
phenotype. Good translatability of the results can then be reached by
careful investigation of the phenotype. Assessing the phenotype not by
a single or few, but by multiple meaningful readout parameters allows
the identification of models that strongly fit the human pathologies and
in turn greatly increases the chance that the results are translatable back
to the human situation. KO, knockout
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considering that many widespread models have been
reviewed in detail elsewhere (eg, differences in the seroto-
nergic system [33]).

Transgenic Models

With the refinement of techniques for directed genetic
mutations or gene targeting, transgenic animal models
have become more and more useful for the broad scien-
tific community. In addition, as many transgenic lines are
commercially available, research is no longer limited to
institutions with specific transgenic facilities. In recent
years, various genetic animal lines have been published,
highlighting the influence of single genes on stress vul-
nerability or resilience. Recent studies range from genes
known to be involved in the stress response to novel
candidate genes. For example, studies from our group
with a pituitary-specific KO of the glucocorticoid receptor
showed that KO animals were protected from stress-
induced elevated basal levels of corticosterone (CORT),
but not from a stronger response to acute stress. In addi-
tion, stress exposure increased anxiety-like behavior in
wild-type (WT), but not in KO animals [34]. Interesting
findings were also revealed by studying Fkbp5, a co-
chaperone of the glucocorticoid receptor. Here, animals
that underwent chronic social defeat showed elevated bas-
al levels of CORT and a stronger response to acute stress,
all of which was blocked by a conventional Fkbp5 KO. In
addition, KO animals also showed a blunted response to
the combined dexamethasone/corticotropin-releasing hor-
mone response test. No gene–environment interaction
was found for anxiety-like behavior, but stressed KO
animals showed stronger active coping strategies in the
FST [35, 36]. Other interesting examples are models with
a modulated glutamate transmission, which also has been
implicated in depression [37]. VGLUT1 (vesicular gluta-
mate transporter 1) KO mice, for example, show under
stress a stronger anhedonic phenotype in the sucrose prefer-
ence test, more immobility in the FST, and higher ambulation
than their WT littermates. Interestingly, anxiety-like behavior
as well as object recognition memory were modulated via
stress in a genotype-independent manner. It should be noted
that the heterozygous KO of VGLUT1 caused a (potentially
compensatory) increase in VGLUT2 levels in the frontal
cortex and the hippocampus [38]. Deficiency in neural cell
adhesion molecule has also been proposed as a genetic model
of stress vulnerability. Mice with a forebrain-specific KO of
the neural cell adhesion molecule showed more passive cop-
ing strategies in the tail suspension test and cognitive impair-
ment in the Morris water maze following a mild stress
paradigm that did not produce a phenotype in WT animals.
However, the model is very new, and characterization is still
ongoing [39].

Using transgenic animal models has different advantages
and limitations. These characteristics are mainly dependent
on the type of KO. Conventional KO animals can provide
information about the general function of the investigated
gene, but in most cases, this approach ignores the fact that
genes often have different and potentially even opposite
functions in different tissues or cell types [40•], which can
make interpretation of the results challenging. With the
possibility of conditional KO, transgenic animals can reach
specificity ranging from selective KO of a gene in the
central nervous system or single brain regions to specific
cell types. The same holds true for the time frame during
which gene expression is modulated. The maturation of the
stress system in different stages of development is a vital
influence on stress vulnerability in adult life [41], and a KO
of a specific gene can have completely different results in
different developmental stages. Therefore, the most sophis-
ticated are inducible KO systems that can be activated in a
previously determined period [42]. The optimal approach
obviously is the combination of conditional and inducible
KO; however, the more complex the KO system, the more
time consuming the breeding becomes. Thus, when using
transgenic models, the planning of experiments should in
the best case include consideration of how much specificity,
be it spatial or temporal, is needed for each research ques-
tion. Here it should be noted that improvements in molecu-
lar techniques such as viral vectors and optogenetics open
up the possibility also to modify genes in a precise and time-
specific manner.

Selection of Subpopulations

Another approach is to use the intrinsic heterogeneity of
whole populations. Hereby, one or preferably more charac-
teristics are investigated and the animals are grouped into
subpopulations based on, for example, performance in a
behavioral assay. For example, Bergström and colleagues
[43] used chronic mild stress (CMS, also called chronic
variable stress) to elicit an anhedonic phenotype in rats.
However, not all rats developed this phenotype, so the
cohort was split into CMS-resilient and CMS-susceptible
animals, allowing the identification of molecular changes in
these subphenotypes. One of the main findings was that
brain-derived neurotrophic factor (BDNF) levels were
higher in the hippocampus of resilient rats [43]. This model
was also supplemented with a thorough investigation of
genetic differences [44, 45] as well as noninvasive imaging
techniques [46]. Despite the extensive investigations, only
single potential candidate genes for stress resilience remain,
and the authors themselves state that the resilient phenotype
is most likely caused by a combination of many different
factors. It also has been shown that when animals are
selected based upon their CORT levels after recovery from
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chronic stress, vulnerable animals show decreased levels of
the glutamate receptor 1 (GluR1) and increased levels of
GluR2 in the hippocampus [47•]. Interestingly, the opposite
situation was found for the nucleus accumbens (NAc) in
animals divided by their antisocial behavior following social
defeat stress. Here susceptible animals show higher levels of
GluR1 and decreased levels of GluR2. In addition, it was
shown that GluR2 overexpression was able to reverse the
susceptible phenotype; fluoxetine treatment increased GluR2
levels in the NAc; intra-NAc infusions of an AMPA receptor
antagonist increased vulnerability; and the NAc of postmor-
tem human depressed brain tissue had lower levels of GluR2,
but not GluR1. At least for the NAc, this is probably mediated
via ΔFosb and upstream via serum response factor [48, 49•].
Extensive studies in the same model focused mostly on the
ventral tegmental area, the NAc, and the periaqueductal gray
and showed increased levels of BDNF in the NAc following
stress [50]. In addition, it has been shown that only susceptible
animals develop an anhedonic phenotype (shown in the su-
crose preference test) as well as differences in thermoregula-
tion, while other parameters, such as anxiety-like behavior
(elevated plus maze) or elevated CORT levels, were a general
effect of the stress exposure. No effects were found in both the
FST and the tail suspension test. This study also showed that
the increased levels of BDNF in the NAc were only present in
the susceptible subgroup, concomitant with increased levels
of Akt [51], glycogen synthase kinase-3β, and extracellular
signal–regulated kinase (ERK)1/ERK2 (downstream mole-
cules of BDNF signaling). Infusion of recombinant BDNF
increased susceptibility, while overexpression of ERK
decreased susceptibility [52]. In addition, it has been shown
that firing rates of ventral tegmental area dopamine neurons
are higher specifically in susceptible animals ex vivo [52], as
well as in in vivo studies (can be prevented by chronic anti-
depressant treatment) [53].

Working with subpopulations offers several benefits but is
not without caveats. This approach can lay excellent ground-
work for unbiased approaches such as whole-genome, tran-
scriptome, proteome, epigenome, or metabolome studies. Due
to the selection of a phenotype in contrast to a single gene,
selecting subpopulations can help in identifying novel targets as
well as networks. In addition, this approach is an excellent
choice when the expected effect sizes are low, as in the field
of affective disorders. Therefore, selection of extremes (and
thereby omission of “unaffected” individuals) can help detect
effects that would otherwise not be detectable due to a low
signal-to-noise ratio. Some authors also argue that so-called
population validity should be provided. This states that when a
human pathology only affects a certain percentage of the pop-
ulation, this should be reflected in the animal model [20]. On
the other hand, finding a meaningful parameter of selection can
be a challenging task, as described previously. Furthermore, the
subpopulations are often characterized after the stress exposure,

which prevents clear assertions about the causality of the phe-
notypic variations on stress vulnerability. In any case, selecting
a subpopulation provides a solid basis for gene–environment
studies, as responders and nonresponders show distinct enrich-
ment of specific genetic traits [47•], which in turn can then be
investigated under different environmental conditions.

Selective Breeding

Another viable approach is the selection of a specific pheno-
type followed by selective breeding, aiming at enhancing and
stabilizing the phenotype. After some generations, the pheno-
type of the breeding lines diverges and allows further charac-
terization and investigation of the underlying molecular
principles or the use as a disease model. For example, rats
were bred for high or low levels of exploratory behavior
(termed high responders and low responders). Following
4 weeks of CMS, it was shown that low-responder rats devel-
oped anhedonic symptoms (sucrose preference test) much
faster and more strongly. The same was true for the novelty-
induced suppression of feeding test (anxiety-like behavior), in
which stressed low-responder rats took significantly longer
times to approach as well as consume the palatable snack [26].
Another example would be animals that were bred for low and
high short-term memory. Here it was shown that low short-
term memory animals, with increased levels of GluR2, are
significantly more affected by stress exposure, which was
blocked by treatment with an AMPA receptor potentiator
[47•]. Another quite thoroughly characterized model is the
stress reactivity mouse line [54]. In this model, animals were
bred based on high or low CORT response to an acute stressor.
High-response animals show, among other parameters, dis-
turbances in sleep patterns, cognitive deficits, and decreased
levels of hippocampal BDNF [55–57].

The same advantages as seen with subpopulation selection
apply here as well, with one major addition. As the phenotypic
differences here are present before the stress exposure, careful
study design allows the identification of causal factors. Never-
theless, selective breeding is a costly and time-consuming
approach. In addition, the possibility of a genetic drift—poten-
tially causing a shift in the phenotype—can be minimized but
can never be completely prevented. Using selective breeding
can be an excellent option to study gene–environment interac-
tion and investigate the underlying genetic predisposition of
vulnerability. For example, it has been used successfully to
associate a specific sequence deletion in the promoter region of
the vasopressin gene with extremes in anxiety behavior [58].

Conclusions

Selecting the right model for a specific research question is
not easy. As everyone must deal with limited resources,
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these resources should be spent in the most fruitful way.
Models of stress vulnerability provide various unique bene-
fits for the study of complex, stress-associated disorders,
including 1) high etiologic relevance due to the combination
of genes and environmental factors and 2) detection of small
effect sizes due to “enrichment” of phenotypic differences.

Different models are best suited for different tasks. The
selection of subpopulations or selective breeding studies are
especially useful in hypothesis-neutral approaches. As differ-
ences in behavior are often based on a plethora of genetic
differences, these approaches offer a great opportunity to in-
vestigate multiple potentially interacting pathways. Selective
breeding has the additional advantage that causality can be
more easily investigated. On the other hand, the selected
genotypes may represent extremes as well that are not repre-
sentative of the general population and also might not be easily
modulated by environmental or pharmacologic challenges. In
contrast, studies modulating single genes seem better suited to
explore the effects of a specific gene or pathway.

Independent from the selected model, the phenotype and
the readouts need to be clearly defined and relevant for the
specific research question. When this basis is provided, it
strongly enhances the reproducibility, generalization, and
translational power of the experiment. For example, results
from murine models will be more relevant for human de-
pression if the phenotype shows different aspects also seen
in the human pathology instead of only one characteristic.
Interesting readouts here are also parameters that are found
to be regulated not only in one specific, but in multiple
models. In any case, a combination of genetic and environ-
mental factors will be essential.

All in all, we conclude that stress vulnerability models
provide a powerful tool for translational research. However,
only with comprehensive characterization of the models and
careful selection of meaningful readout parameters is it
possible to benefit from these models and support the in-
vestigation of stress-related disorders and the understanding
of the intricate interplay of the genome and the environment.
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