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Review
Maladaptive responses to stress and the associated
hypersecretion of glucocorticoids cause psychopatholo-
gies ranging from hyperemotional states and mood
dysfunction to cognitive impairments. Research in both
humans and animal models has begun to identify mor-
phological correlates of these functional changes. These
include dendritic and synaptic reorganization, glial
remodeling, and altered cell fate in cortical and subcor-
tical structures. The emerging view is that stress induces
a ‘disconnection syndrome’ whereby the transmission
and integration of information that are critical for or-
chestrating appropriate physiological and behavioral
responses are perturbed. High-resolution spatiotempo-
ral mapping of the complete neural circuitry and identi-
fication of the cellular processes impacted by stress will
help to advance discovery of strategies to reduce or
reverse the burden of stress-related neuropsychiatric
disorders.

Introduction
Hans Selye’s so-called general adaptation syndrome embo-
dies the idea that survival depends on an organism’s ability
to sense and make appropriate physiological and behav-
ioral responses to potentially threatening stimuli of inter-
nal and external origin [1]. Whereas glucocorticoids (GCs),
secreted by the adrenal glands, play an important role in
reinstating homeostasis during and after stress (allostasis)
[2], coordination of the adaptive response depends on the
brain [3]. The brain not only perceives (alarm phase) and
assigns value to potential threats, but also plans and
executes cost-effective defense strategies (resistance
phase); the latter includes homeostatic regulation of GC
secretion [3]. By contrast, the brain can fall victim to
stressors that occur in specific contexts or that exceed a
certain intensity and/or duration, leading to exhaustion
[2]. When this happens, physiological and behavioral
homeostasis deteriorates, rendering the individual vulner-
able to the cumulative burden of allostatic load (maladap-
tive responses) that ultimately triggers somatic and
neuropsychiatric disorders [2]. The best examples of the
latter are mild to severe cognitive impairment, anxiety and
mood disturbances, drug and substance abuse, and eating
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disorders [4]. After consideration of the impact of stress on
the fate (proliferation and survival) and structure and
function (synaptic transmission) of neural cells in areas
implicated in some of the aforementioned brain disorders,
we arrive at the conclusion that stress disrupts normal
brain functioning by interrupting connectivity between
different brain regions.

Stress regulates neural cell fate
The suggestion that chronic stress disrupts brain structure
and function by triggering a vicious cycle that results in
unabated secretion of GCs proved to be both stimulating
and provocative [5]. GC hypersecretion was ascribed to a
loss of corticosteroid receptor-bearing hippocampal neu-
rons [6], resulting in a loss of corticosteroid feedback
inhibition. This view was strengthened by subsequent
observations that GCs can directly target hippocampal
neurons for apoptosis [7]. GCs are also known to increase
Ca2+ influx [8], thus rendering neurons more vulnerable to
excitotoxicity [9,10] and oxidative stress [11]. Causal links
between high GC levels and hippocampal degeneration
have also become evident from magnetic resonance imag-
ing (MRI) studies in humans. For example, hippocampal
atrophy accompanies two conditions in which GC hyperse-
cretion is a key pathological factor: Cushing’s syndrome
[12] and recurrent major depression [13]. Notably, cogni-
tive improvements are seen after remedy of the hypercor-
tisolismic state in Cushingoid subjects [14], and two
studies reported trends towards increased hippocampal
volumes in depressed patients who received antidepres-
sants over an extended period [15] and in patients who
showed reduced GC secretion in response to antidepres-
sant therapy [16]. By contrast, reports that hippocampal
cell numbers are not altered after chronic exposure of rats
to elevated GC levels [17] have raised questions regarding
the functional importance of GC-induced hippocampal cell
death.

The discovery that new neurons can be generated
throughout life in some brain regions, including the hip-
pocampal dentate gyrus, introduced a new variable into
the equation concerning regulation of brain structure and
functional integrity by stress. Newly generated neurons
not only integrate into the preexisting hippocampal cir-
cuitry [18,19] but also facilitate the formation of new
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Box 1. Stress-induced changes in spine plasticity

Modern microscopy methods and associated algorithms permit a

comprehensive neuronal morphology analysis, from 3D dendritic

reconstruction to estimation of spine numbers and densities, as well

as categorization of spines based on morphological characteristics.

Distinction between immature (thin and stubby) and mature

(mushroom, wide and ramified) spines is important because they

serve different functions [21]. Thin and stubby spines are most

commonly found during development and are thought to represent

immature plastic structures, whereas wide and ramified mushroom

spines are more stable and represent stronger synapses. Accord-

ingly, shifts in spine morphology are increasingly used to describe

synaptic plasticity induced by stress and other stimuli.

Stress affects spine density and morphology in a brain region-

specific manner. In the PFC and hippocampus [38,39,57–64], chronic

stress triggers dendritic atrophy and reductions in spine numbers

(Figure Ia), with a parallel increase in the relative number of

immature spines. However, in other brain regions (e.g., orbitofrontal

cortex, amygdala and BNST), repeated stress results in increased

dendritic length and spine density (Figure Ib) [90,101,112].

The ability to compile information about changes in spine shape

and function with high spatiotemporal resolution provides greater

insights not only into the dynamic reorganization of postsynaptic

function during stress but also into the disconnection syndrome that

may underlie stress-related diseases of the brain.
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Figure I. Schematic representation of the contrasting effects of chronic stress

on dendritic spine numbers in different brain regions. (a) A decrease in the

number of spines has been reported in pyramidal neurons of the infralimbic

cortex of rats after repeated restraint stress (21 days) [61]. (b) By contrast,

chronic immobilization stress (10 days) triggers an increase in the number of

spines in basolateral amygdala spiny neurons in rats [101]. Adapted, with

permission, from (a) [61] and (b) [101]. Abbreviations: Amy, amygdala; mPFC,

medial prefrontal cortex.
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memories [18–20], presumably by influencing the activity
of other circuits with which the hippocampus shares recip-
rocal connections. This is exemplified by the finding that
hippocampal neurogenesis is essential for manifestation of
the anxiolytic actions of antidepressant drugs in rats
[21,22]; it should be noted that anxiety is regulated by
the bed nucleus of the stria terminalis (BNST), an exten-
sion of the amygdala that receives modulatory inputs from
the hippocampus.

The so-called neurogenic hypothesis of depression
receives support from observations that hippocampal neu-
rogenesis is markedly attenuated in animal models of
depression [21–23]; most of these models recapitulate
the GC hypersecretion seen in a substantial proportion
of depressed patients [24,25]. Given that most antidepres-
sants stimulate neurogenesis [21], it is surprising to note
that two independent studies concluded that neurogenesis
does not appear to be critical for manifestation of the initial
therapeutic response to antidepressants in rodents, as
judged by two surrogate markers of the disease, learned
helplessness and anhedonia [21,22]. Interestingly, howev-
er, hippocampal neurogenesis facilitates restoration of
normal levels of GC secretion after stress in rodents
[26,27], suggesting that neurogenesis might be important
in remission phases of the disease. In addition, evidence
that (i) the modulatory actions of newly generated hippo-
campal cells may prevail over mature hippocampal neu-
rons [18,28,29] and (ii) recently produced neurons facilitate
memory allocation and consolidation and thus improve
memory retention [30] suggests that long-term recovery
from depression may depend on the capacity to regain
neurogenic potential. Within the general framework of this
article, the finding that GCs specifically target neuronal
progenitors for apoptosis [31] deserves mention.

It was recently shown that astroglial cells are sensitive
to the effects of stress. Specifically, chronic stress inhibited
the proliferation of glial progenitor cells in the prefrontal
cortex (PFC) and hippocampus [32,33] and decreased the
number of glial-fibrillary acidic protein (GFAP)-positive
cells and expression of GFAP in the prelimbic cortex
[34] in rodents. Given that a single astrocyte serves thou-
sands of synapses, the ramifications of such alterations for
the optimal function of neuronal networks could be signifi-
cant [35]. Glial cells are crucial members of the glutama-
tergic tripartite synapse, where they serve to maintain
synaptic homeostasis. Changes in glial cell numbers or
astrocytic remodeling may promote glutamate spillover to
extrasynaptic sites [35], resulting in activation of extra-
synaptic glutamate receptors and promotion of excitoxicity
[36]; as previously mentioned, GCs may exacerbate the
latter [10]. Interestingly, post mortem examination of
subjects with stress-related mood disorders has revealed
marked reductions in the number and density of glial cells
in the PFC [37].

Stress as a disconnecting syndrome
Although gains and losses in neuronal and glial numbers
provide a first level of modulation of neuronal networks,
their occurrence is relatively rare except in cataclysmic
events such as stroke. More commonly, functional plastici-
ty in the brain is preceded by structural plasticity, typically
2

in the form of synaptic remodeling of neurons and astro-
glia; this remodeling may include alterations in the num-
ber of dendrites and the type of spines (Box 1). The idea
that GCs may impair brain function by compromising
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neuronal plasticity stems from reports that chronically
high GC levels impair cognitive performance and trigger
dendritic atrophy and synaptic loss in certain subpopula-
tions of hippocampal neurons [38,39]. Importantly, the
latter changes are reversible: when previously stressed
rats are allowed an intervening stress-free period, the
hippocampus displays a recovery of dendritic arbors and
synaptic numbers, accompanied by reversal of the stress-
induced impairments in hippocampus-dependent memory
[39]. These morphological adaptations may explain the
increased hippocampal volumes and cognitive improve-
ments seen after surgical correction of Cushing’s syndrome
in humans [14]. Such transient effects of GCs on the
structure and function of the hippocampus, as well as other
brain regions, tend to support the view that dendritic
atrophy, rather than neuronal elimination, is the key
mechanism through which high GC levels interfere with
connectivity patterns in dynamic neuronal networks.

Until recently, research on the effects of stress has
mostly been concentrated on the hippocampus because
of its abundant expression of corticosteroid receptors
[40,41] but there is now growing interest in generating
systematic maps of stress-responsive circuits in the brain
as a whole [2]. These new efforts include focus on the
classic slow actions triggered by corticosteroids and on
the novel fast actions of corticosteroid receptors and their
Prefrontal cortex
(PFC)

(a) 

Learning
and

memory

Endocrine
and

emo�onal responses

Mo�va�on
and

reward

Decision-making
instrumental behavior

Hippocamp
(HPP)

Dorsal
striatum

(DS)

Nucleus
accumbens

(NA)

Amygdala
(AMY) /
BNST

Hypothalamus
(HYP)

Brain stem nuclei
(BS)

(raphé / locus ceruleus)

(iii)

(ii)
(i)
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intermediate pathways, which contribute to a better un-
derstanding of the events that occur from the perception of
stress to the adaptive neuroendocrine and behavioral
responses [42]. The emerging picture is that stress-respon-
sive areas in the brain are organized into functionally
integrated networks [43–45] whose main components in-
clude the hippocampus, brainstem nuclei (locus coeruleus
and raphé), hypothalamus, extended amygdala, dorsal and
ventral striatum, medial PFC (mPFC), and orbitofrontal
cortex (OFC) (Figure 1). Such interconnections are likely to
explain why the disruptive effects of stress are generally
not restricted to a single function. For example, stress
initially interferes with hippocampus-dependent declara-
tive memory but eventually also impairs frontocortical-
dependent cognitive functions (e.g., working memory, be-
havior flexibility, and decision-making), as well as behav-
ioral domains that are regulated by multiple brain areas
(e.g., mood, anxiety, fear) [46,47], as discussed later.

The PFC, and in particular the mPFC, has attracted
much attention from researchers interested in the neuro-
biology of stress because of its crucial role in the regulation
of executive and cognitive functions [48] and its implication
in stress-related psychiatric disorders [49]. Both the hip-
pocampus and mPFC express corticosteroid receptors
[40,41,50] and thus contribute to coordination of the initial
and terminal phases of the stress response [51–53]. Loss of
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corticosteroid receptors in the hippocampus [5] and mPFC
[54] in response to chronic stress breaks the GC negative
feedback loop, leading to persistently elevated GC secre-
tion.

Both chronic stress and treatment with exogenous GCs
reduce the volume of the superficial layers of the rodent
mPFC [55,56]. These reductions reflect alterations in the
morphology of layer II/III [57–63] and layer V [64] pyra-
midal neurons: stress and GCs cause shrinkage of dendrit-
ic trees, especially in the right prelimbic and infralimbic
[65,66] and left anterior cingulate cortex [65]. These obser-
vations match those found in neuroimaging studies in
rodents [56] and humans [67] in which high GC levels
are associated with reduced size of the left cingulate cortex.
The ramifications of all these observations could be signifi-
cant in the context of laterality and brain function in health
and disease because the left PFC plays a key role in
knowledge-intensive reasoning and decision-making pro-
cesses [68,69], whereas the right PFC is primarily respon-
sible for perceptual reorganization [70] and conflict
detection and resolution [69,71]. It is also interesting to
note that functional neuroimaging has revealed unambig-
uous left–right shifts in the activity of cortical and subcor-
tical structures during depressive episodes and following
their pharmacological alleviation [72,73].
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Figure 2. Schematic representation of stress-induced behavioral and electrophysiolo

Hippocampal-dependent spatial reference memory, as measured by the time needed to f

in the Morris water maze, is impaired after exposure to both acute (3 days; upper pan

multiple stressors delivered in an unpredictable order and time of day. (b) Spatial work

maze, is impaired after chronic stress (28 days; lower panel) but not after exposure

hippocampal–PFC connections. (c) Behavioral flexibility, measured as the percentage 

damaged after prolonged stress (28 days; lower panel) and not after acute stress (3 day

(LFP) coherence in lower-frequency oscillations (<10 Hz) between the hippocampus an

whereas acute stress impairs coherence between the hippocampus (HPC) and dorsal P

also leads to a loss of coherence between the HPC and ventral PFC (vPFC) in the delta fr

in red; responses by animals under control conditions (CON) are shown in black. Asterisk

and (d) [78].
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The importance of recognizing that stress induces
impairments in brain function in a spatiotemporal and
stepwise fashion is well illustrated by considering how
stress independently and co-dependently disrupts beha-
viors that require either an intact hippocampus or PFC, or
both (Figure 2). A previous study demonstrated that
whereas acute stress (3 days) in rats only impairs spatial
reference memory, chronic stress (28 days) produces
impairments in both spatial working memory and behav-
ioral flexibility (Figure 2a–c) [74]. On the basis of knowl-
edge that (i) behavioral flexibility – critical for facilitating
adaptation to fluctuations in environmental conditions –
depends on the integrity of the PFC; (ii) spatial reference
memory is a hippocampus-dependent function; and (iii)
spatial working memory requires intact connections be-
tween the hippocampus and PFC, these findings point to
the greater sensitivity and/or earlier response of the hip-
pocampus in these experimental conditions to the delete-
rious actions of stress. It should be noted, however, that
other studies have revealed that the effects of stress on
spine and dendritic morphology in the apical trees of mPFC
pyramidal neurons – namely in the infralimbic cortex –
may be observed after short exposure to stress [75,76].
Importantly, these structural changes were accompanied
by resistance to fear extinction (Figure 3) [76], although it
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Figure 3. Schematic representation of acute stress-induced structural effects in the infralimbic (IL) cortex of mice and its behavioral correlates in fear extinction. (a)

Computer-assisted reconstructions of representative IL pyramidal neurons in mice exposed to zero (0), one (1�), or three (3�) episodes of stress. (b) Apical dendritic branch

length, but not number, were significantly reduced after one (1�) or three (3�) stress episodes relative to controls (0). (c) Stress significantly increased freezing during

extinction but did not affect fear acquisition or initial recall of the conditioned tone. (d) Three (3�) stress episodes significantly increased the number of trials to extinction

criterion. Asterisks denote statistically significant changes. Adapted, with permission, from [76].
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was not reported whether working memory was affected in
this study. In line with the view that stress may result in
alterations in brain networks in a spatiotemporal pattern,
recent studies in rats showed that stress initiates Alzhei-
mer’s disease-like pathology (i.e., overproduction of amy-
loid b and abnormal hyperphosphorylation of tau protein)
in the hippocampal and parahippocampal regions, from
where it spreads to frontocortical areas [77].

In vivo electrophysiological studies have shown that
stress disrupts hippocampal innervation of the mPFC.
Stress impairs long-term potentiation (LTP) and therefore
synaptic plasticity in the hippocampal–PFC pathway [74].
Furthermore, stress decreases coherence, especially of the
theta band, between the hippocampus and PFC (Figure 2d)
[78]; theta oscillations between these two brain regions are
considered crucial for performance in cognitive tasks such
as spatial working memory and long-term memory [79,80].
More recently, it was shown that stress-induced altera-
tions of neuronal activity in the mPFC interfere with the
retrieval of fear extinction [81]. These changes may thus be
considered to be functional correlates of the aforemen-
tioned dendritic and synaptic rearrangements in afferents
to the mPFC [55,60,74]. Notably, similar observations
were described in the amygdala-to-PFC projection [62],
highlighting the broad but specific effects of stress on
neuronal networks. Resembling the observations in the
hippocampus [39], stress-induced changes in PFC mor-
phology are reversible when (young) animals are allowed
a post-stress period of recovery [64,82,83]. Interestingly,
this spontaneous recovery of plasticity can be augmented
by antidepressant drugs [21], a finding that may be rele-
vant in the context of pharmacological interventions for the
management of stress-induced disorders in which im-
paired neuroplasticity is implicated [84].

As in other forms of plasticity, glutamatergic transmis-
sion is likely to mediate the dendritic and synaptic rear-
rangements that follow exposure to stress (Box 2), as well
the phenomena that underlie the prevention and recovery
from stress [49]. This is supported by recent data demon-
strating the importance of GCs in AMPA receptor
(AMPAR) and NMDA receptor (NMDAR) trafficking
[85,86] and of NMDARs in stress-induced dendritic atro-
phy [87]. Thus, GCs are probably key mediators of allos-
tasis, a process in which their effects are integrated with
the actions of a variety of other signaling molecules (e.g.,
catecholamines, glutamate, corticotrophin-releasing hor-
mone, arginine vasopressin, brain-derived neurotrophic
factor, and cell adhesion molecules) to produce an orches-
trated adaptive response. By contrast, imbalance in any of
these mediators will result in a maladaptive response
(increased allostatic load).

An extended view of stress: from decision-making to
emotions
As already mentioned, the stress response facilitates suc-
cessful adaptation. This necessarily involves recruitment
5



Box 2. Stress and synaptic plasticity

Synaptic activity is modulated by stress in both the short and long-

term. Acute stress leads to increased glutamate release at the

tripartite synapse, comprising a presynaptic axon, astroglial pro-

cesses, and a post-synaptic neuron, increased expression of

postsynaptic ionotropic glutamate receptors, and synaptic potentia-

tion [42]. The cellular and molecular mechanisms that may account

for the initial neural responses to stress, including altered cognitive

functions (e.g., associative learning and working memory) remain

unclear, but integration of GC-elicited signals elicited at the

neuronal membrane with GC-triggered alterations in transcription

(mediated by the nuclear receptors NR3C1 and NR3C2) appears to

be highly likely [42,112–115]. It should be noted that different brain

regions express differing ratios of NR3C1 and NR3C2 [40,41].

As might be expected, conditions of chronic stress involve

recruitment and integration of different adaptive mechanisms. Most

notable are reductions in the expression of NMDARs and AMPARs

at the neuronal surface in association with altered transmission

efficiency and synaptic plasticity [86,87]; the latter has been most

commonly assessed in terms of inducibility of LTP (impaired) and

long-term depression (LTD; facilitated). There is also evidence that

chronic stress influences glial cell morphology, metabolism, and

function, resulting in a decreased ability for glial clearance of

extracellular glutamate and subsequent activation of extrasynaptic

glutamatergic receptors [49]. Together, these morphological, neu-

rochemical, and electrophysiological changes are thought to

translate into impairments in spatial and contextual memory

performance and attentional control.
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of collateral integrative mechanisms to assess and inter-
pret information impinging on multiple sensors, rheostatic
mechanisms, and appropriate neurobehavioral and physi-
ological responses. Investigations that extend beyond the
hippocampal–PFC pathway are beginning to reveal how
stress also impacts on the representation, planning, and
execution of actions. Recent studies revealed the impact of
stress on the corticostriatal network, which comprises the
mPFC and dorsomedial striatum (caudate in humans) and
regulates goal-directed behavior. This associative network
works in tandem with the adjacent sensorimotor network
that links the sensorimotor cortex to the dorsolateral
striatum (putamen in humans) and controls habits [88].
Recent research in rats has identified transfer of activity
from the associative network to the sensorimotor network
as the neural basis of the switching of instrumental beha-
viors from goal-directed actions into habits. This was
deduced from the observation that rats undergoing chronic
stress develop insensitivity to outcome value and bias their
decision-making strategies towards habitual responses.
The neural correlates of this switch in behavioral pattern
include dendritic atrophy within the associative cortico-
striatal network (Figure 4a), increased volume of the dor-
solateral striatum (Figure 4b), and overactivation of the
sensorimotor versus associative circuits with impairments
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Box 3. Outstanding questions

Systematic mapping

� Assuming that stress effects occur in a spatiotemporal pattern in

which sequential responses add up to produce psychopathologi-

cal features, a critical task is to determine the cellular and

molecular basis of the transfer of stress effects (i.e., altered

neuronal activity) between pathways.

� Given that neuronal circuits are not equally impacted by stress, it

will be important to unravel how distinct neuronal networks are

reorganized in response to different stressors.

Cell fate and cellular phenotypes

� What is the impact of stress-induced reductions in neurogenesis

for optimal network activity and ultimately specific brain functions

in health and disease?

� Given the key role of glia in brain functions, it will be important to

investigate the extent to which stress influences the fate and

function of non-neuronal cells in the brain.

Recovery and resilience

� Given that certain stress-induced effects are reversible, identifica-

tion of the molecular correlates of the morphological and

behavioral recovery seen after relief from stress may help in

identifying therapeutic strategies.

� Individuals differ in their susceptibility and resistance to stress;

this raises the question of whether individuals are endowed with

characteristic morphofunctional response patterns that translate

into better adaptive capacity and ability to resist the harmful

effects of stress.

Translatability of morphological findings

� Given that morphological alterations in specific neuronal circuits

and/or networks are more amenable to evaluation in living

subjects than neurochemical changes are, can neuroimaging be

exploited to predict the long-term consequences of stress with

sufficient power to allow effective intervention?
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in outcome devaluation (Figure 4c) [89]. The transferabili-
ty of these findings to humans was recently demonstrated
in studies showing that stressed subjects adopt a habit-like
strategy when challenged with stimuli demanding deci-
sion-based actions [90,91]. A recent study suggested a role
for mineralocorticoid receptors in mediation of the switch
between memory systems [92].

As previously mentioned, the impact of stress on one
behavioral domain can spread to other domains. This is
because of the direct actions of stress on the substrates that
regulate the different domains and the overlapping func-
tions subserved by different anatomical areas, as well as
co-dependency on intact connections between different
areas [46]. First, interconnections between the hippocam-
pal–PFC circuitry and the extended amygdala, which to-
gether regulate fear and anxiety [93], ands between the
hippocampal–PFC circuitry and the mesolimbic system
(i.e., ventral tegmental area and nucleus accumbens),
which regulate motivation and reward [94,95], are well
established. Second, interactions between different behav-
ioral domains are exemplified by the fact that emotional
state, which is accentuated under stressful conditions, is
strongly linked to mood [46,96] and is an important deter-
minant of cognitive function [97]. In addition, motivation,
which is clearly disturbed in depression [98], modulates
cognitive functions such as learning, memory, and deci-
sion-making [99], and cognitive state influences emotional
state [100].

Stress increases anxiety levels in both rodents
[46,47,101] and humans [102]. It is now evident that
hyperanxiousness results from increased activation of
the extended amygdala, most probably because of a de-
crease in the influence of cortical structures; this supports
the view that balanced activity in cortical versus subcorti-
cal regions is essential for eliciting appropriate emotional
responses [103]. Under stressful conditions, the rodent
amygdala [101] and BNST [47] display dendritic hypertro-
phy, with activation of a reciprocal pathway between these
two regions resulting in increased plasticity in excitatory
synapses in the basolateral amygdala (BLA) [104]. It is
thought that these morphological and neurochemical
adjustments facilitate encoding of fear memory [105]. A
role for BLA–PFC interactions in this process is implied by
the finding that LTP in the PFC is subject to inhibition by
high-frequency stimulation of the BLA but, importantly,
only in the presence of stressful stimuli [106]. In this
context, it is worth noting that the ventral hippocampus
also contributes to the regulation of emotional behavior.
Electrophysiological data suggest that the hippocampus
gates information in circuits that involve the PFC and
striatum (including the nucleus accumbens) [107] and acts
as a hub through which information about stressful events
passes before being transmitted to areas governing emo-
tion, cognition, motivation, and the neuroendocrine re-
sponse to stress. Moreover, recent work has shown that
stress exerts different effects on the dorsal and ventral
hippocampus; stress reduces activity of the dorsal region
(implicated in cognition) and increases activity in the
ventral portion (implicated in emotional behavior and
control of GC secretion) [108]. Adding support to the view
that the hippocampus serves to encode context and to elicit
contextually appropriate responses from a number of brain
regions is the recent report that anxiety levels correlate
with theta coherence in the ventral hippocampus–PFC
network [109]. Thus, given that the bidirectional interac-
tions between the extended amygdala and hypothalamus
are responsible for organizing a coordinated endocrine
response to stress [110], the increased activity of the
ventral hippocampus after stress is most likely linked to
overactivation of regions of the brain that determine emo-
tional behavior. Finally, hippocampal neurogenesis is sen-
sitive to stress, so it seems reasonable to postulate that
impaired neurogenesis may be part of the mechanism
underlying the stress-induced disruption of emotional be-
havior [21,26–28].

Concluding remarks and future directions
The neural circuitry activated by stress is likely to be much
more complex than portrayed in this brief overview. Intro-
duction of a systems biology approach to analysis of the
interdependence of the various components of this circuitry
and the underlying cellular mechanisms will not only be
stimulating and challenging, but will also probably help us
to move closer to understanding the biological basis of a
number of psychopathological states (Box 3).

In 1996, Sapolsky asked the provocative question, ‘Why
is stress bad for your brain?’ [111]. Well, is it? Prima facie,
the stress response is supposed to be adaptive. In fact,
7
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stress provides experience that can be called on to guide
future responses and actions, but its benefits are lost when
it persists or an organism’s mechanisms for curtailing its
physiological and behavioral responses are overwhelmed.
When emphasizing the adverse and maladaptive effects of
chronic stress through progressive disruption or discon-
nection of neural circuits, it becomes apparent that where-
as stress inflicts damage on the brain, many of its actions
can be spontaneously reversed by extinction of the stressor
or through learning to cope with stressful challenges (e.g.,
through cognitive behavioral therapy, the neural mecha-
nisms of which remain largely unknown). Current research
trends in the neuroscience of stress are increasingly cen-
tered on determining the genetic and experiential factors
and cognitive resources that may explain individual differ-
ences in vulnerability to the adverse effects of stress;
deciphering the neuroanatomical basis of resilience to
stress represents the next big challenge in this field.
Fulfilling Selye’s legacy requires us to recognize that stress
is neither something we can or should avoid nor something
that can be cured, but rather something we can be ‘taught
to enjoy’.
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