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Abstract
The hypothalamo-pituitary-adrenocortical (HPA) axis is responsible for initiation of
glucocorticoid stress responses in all vertebrate animals. Activation of the axis is regulated by
diverse afferent input to the hypothalamic paraventricular nucleus (PVN). This review discusses
brain mechanisms subserving generation and inhibition of stress responses focusing on the
contribution of the limbic system and highlighting recent conceptual advances regarding
organization of stress response pathways in the brain. First, control of HPA axis responses to
psychogenic stimuli is exerted by a complex neurocircuitry that involves oligosynaptic networks
between limbic forebrain structures and the PVN. Second, individual stress-modulatory structures
can have a heterogeneous impact on HPA axis responses, based on anatomical microorganization
and/or stimulus properties. Finally, HPA axis hyperactivity pursuant to chronic stress involves a
substantial functional and perhaps anatomical reorganization of central stress-integrative circuits.
Overall, the data suggest that individual brain regions do not merely function as monolithic
activators or inhibitors of the HPA axis and that network approaches need be taken to fully
understand the nature of the neuroendocrine stress response.
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The hypothalamo-pituitary-adrenocortical (HPA) axis is a critical adaptive system that
maximizes survival potential in the face of physical or psychological challenge. The
principal end-products of the HPA axis, glucocorticoid hormones, act on multiple organ
systems, including the brain, to maintain homeostatic balance. While glucocorticoids are
beneficial for short-term survival, prolonged exposure can lead to serious metabolic,
immune and psychological dysfunction,1 requiring that glucocorticoid secretion be a tightly
regulated process. Therefore, termination of the glucocorticoid response is well-controlled
by efficient feedback inhibition mechanisms.

Activation of the HPA axis can occur reflexively in response to physical challenge. These
‘reactive’ responses are driven by ascending brain systems or circumventricular organs,
which send direct projections to the hypothalamic paraventricular nucleus (PVN) (FIG. 1).2
Neurons of the PVN produce corticotrophin releasing hormone (CRH), the primary ACTH
secretagogue, and thereby control ACTH release and subsequent glucocorticoid secretion.
Reactive responses are initiated by stimuli that signal a direct threat to homeostasis or
survival (so-called ‘systemic stressors’). Activation of the HPA axis and glucocorticoid
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secretion may also occur in the absence of frank threat, perhaps serving to prepare the
organism for potential homeostatic challenge. Such ‘anticipatory’ responses are initiated
through comparison of environmental stimuli to either innate programs (e.g., instinctual fear
of predators) or memories (e.g., prior experience with a painful stimulus) (so-called
‘psychogenic stressors’). As would be expected, anticipatory responses rely heavily on
limbic and associational systems capable of integrating the significance of observed external
events and rely on indirect connections with the PVN (FIG. 1).2

Temporal prolongation of stress exposure (‘chronic stress’) causes marked enhancement in
basal HPA tone as well as stress reactivity. These changes occur despite high resting or
cumulative glucocorticoid secretion, suggesting that mechanisms are in place to bypass
negative feedback inhibition of the HPA system.3 The net result is baseline glucocorticoid
hypersecretion, adrenal hypertrophy and/or thymic atrophy;4, 5 an increase in central tone of
the HPA axis (4, 6–9; e.g., enhanced CRH and vasopressin synthesis); down regulation of
glucocorticoid receptors (GR) in key feedback regions;4, 8 facilitation of corticosteroid
responses to novel stressors;3 reduction in glucocorticoid negative feedback efficacy;10 and
depression-like behavioral changes.11 All of these sequelae can be associated with stress-
induced changes in central pathways responsible for HPA axis regulation, prominently
including pathways that mediate anticipatory stress responses. Neurocircuitry responsible
for the transition to the chronic stress state have yet to be clearly established.

The goal of the current review is to summarize work studying limbic mechanisms
responsible for regulation of the HPA axis during acute and chronic stress. This paper
focuses on the hippocampus, amygdala and prefrontal cortex, key central circuits that are 1)
involved in regulation of anticipatory stress responses and 2) implicated in pathologies
associated with chronic stress.

ROLE OF THE HIPPOCAMPUS
The hippocampus exerts a trans-synaptic influence on the PVN that is primarily inhibitory in
nature. Initial observations using loss-of-function approaches demonstrate that hippocampal
lesions elevate basal glucocorticoid levels.12, 13 Ablation of the dorsal hippocampus or
lateral fornix (which carries information from the hippocampus to the hypothalamus) disrupt
the diurnal corticosteroid rhythm and elevates resting corticosteroids.14, 15 Lesions of the
hippocampus proper prolong corticosteroid response to some stressors, like restraint16 and
novelty (open field17), while responses to other stressors, such as ether inhalation,18 are
unaffected. These studies provide evidence that the hippocampus is involved in control of
both the circadian glucocorticoid rhythm and inhibition of HPA axis responses to stress, the
latter of which is specific for stimulus modality.

Both GR and mineralocorticoid receptors are expressed in high abundance in the
hippocampus.19–21 This allows the hippocampus to detect a wide range of circulating
glucocorticoid concentrations and places it in position to modulate negative feedback
inhibition of the axis by stress levels of glucocorticoids. In agreement with this assessment,
cortisol implants in the hippocampus flatten the corticosteroid circadian rhythm.22 In
addition, blocking GR diminishes the inhibitory influence of the hippocampus on the HPA
response to stress.23 Finally, deletion of the hippocampal and cortical GR in mouse
increases AM corticosteroid secretion and causes resistance to dexamethasone negative
feedback inhibition of the HPA axis,24 futher consistent with a role of the hippocampal GR,
alone or in combination with cortical and lateral amygdala GR, in negative feedback
regulation of the axis.

Regulation of HPA axis stress responses are controlled in large part by the ventral
hippocampus/ventral subiculum (vSUB). Stimulation of the ventral hippocampus produces
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inhibition of HPA activity.25 Our group has demonstrated that vSUB lesions enhance PVN
CRH peptide and mRNA expression and enhance HPA axis and PVN fos responses to
restraint stress, but do not affect basal morning or evening corticosterone secretion. Lesions
of the vSUB also prolong HPA axis responses to novelty, but do not affect responses to
ether inhalation and result in a somewhat paradoxical reduction in responsiveness to hypoxia
(see Table 1 for summary of data).17, 26, 27 Overall, the data are consistent with an
inhibitory role of the vSUB on anticipatory stress responses.

The vSUB is a point of outflow for hippocampal information destined for the hypothalamus.
Efferents from the vSUB contact PVN projecting neurons in the bed nucleus of the stria
terminalis (BST), the medial preoptic area, dorsomedial hypothalamus and other
hypothalamic nuclei.2 These relay areas are densely populated with GABAergic neurons,
many of which project directly to the PVN,28 allowing for a putative two-neuron relay
between glutamatergic hippocampal outflow and GABA neurons controlling the HPA
response to stressors (FIG.1).

The prominent role of the vSUB in acute responses to psychogenic stress led us to test its
role in controlling physiological responses to chronic variable stress (CVS), a model of
unpredictable stress used extensively in our laboratory.4 We hypothesized that loss of vSUB
inhibition would exacerbate chronic stress-induced physiological changes. As can be
observed in Table 2, chronic variable stress induced adrenal hypertrophy, thymic atrophy
and reduced weight gain, as previously observed in our laboratory.4 Lesions of the vSUB
did not alter the impact of CVS on any of these measures. Lesions of the vSUB increased
basal CRH mRNA expression in unstressed animals, consistent with previous studies.17, 27
However, CVS exposure did not result in further increases in CRH mRNA levels. Finally,
vSUB lesions did not affect resting corticosterone levels in CVS-exposed animals. Overall,
the data suggest that the integrity of the vSUB is not required for regulation of responses to
chronic stress.

ROLE OF THE AMYGDALA
Electrical stimulation of the amygdala increases corticosteroid secretion in rats,29
monkeys30 and humans.31 When the amygdala is destroyed there is a reduction in the stress
response to olfactory stimuli but not to ether.13, 32 However, there is a marked subregional
localization of stress-integrative functions within the amygdala. The central amygdaloid
nucleus (CeA) is highly responsive to systemic stressors such as inflammatory challenge and
hemorrhage,33, 34 and lesions specific to this region attenuate HPA axis responses to these
types of stimuli, but not to restraint.35–37 In contrast, the medial amygdaloid nucleus
(MeA) is differentially Fos responsive to stimuli such as noise, restraint, and forced swim,
33, 34, 38–40 and lesions of this region reduce responses to restraint but not systemic
interleukin-1β injection.35 Lesions of the MeA blocked the stress-induced decrease in
median eminence stores of CRH and blocked the increase in ACTH and corticosterone to
photic and acoustic stimuli but not to ether inhalation,41 again consistent with a stressor-
specific role of this region.

The CeA and MeA have limited projections to the PVN (mainly to pre-autonomic neurons).
42, 43 Therefore, like the vSUB, the CeA and MeA must affect PVN neurons via indirect
pathways. Both nuclei are composed of primarily GABAergic projection neurons and thus
are likely to function by removing inhibitory inputs to the PVN.2 Like the vSUB, the CeA
and MeA have heavy projections to the BST, albeit to different subdivisions.44 The CeA
and MeA projections to the BST are GABAergic45 and a sizable component of projections
from the BST to the PVN are also GABAergic, suggesting that activation of the HPA axis
may result from a disinhibitory process (see FIG.1). In the case of the MeA, there is a clear
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functional connection with the HPA mediated by the BST, as the corticosterone response to
stimulation of the MeA can be inhibited by lesions of the BST.46 Therefore, the increase in
HPA activity seen in response to activation of the CeA and MeA may be at least partially the
result of the removal of inhibitory inputs from the BST to the PVN.43

The CeA projects prominently to anterior and lateral subdivisions of the BST, whereas MeA
efferents preferentially innervate posterior and medial divisions.44 This differentiation may
have functional consquences. Lesions of the anterolateral BST decrease basal CRH
expresision and reduce HPA axis responses, whereas posteromedial lesions exacerbate CRH
expression and stress response magnitude.47

In addition to the BST, the MeA and CeA also project to other PVN-projecting, stress
regulatory nuclei. The MeA heavily innervates the preoptic area, another highly GABAergic
region implicated in HPA axis inhibition. The CeA projects strongly to the nucleus of the
solitary tract (NTS),2 a brainstem structure involved in activation of reactive stress
responses.

The basolateral amygdala (BLA) shows pronounced Fos activation to psychogenic stressors,
such as restraint, swim and footshock, but not following cytokine stimulation,33 suggesting
a role in regulation of anticipatory stress. However, lesions of the BLA do not affect basal
HPA activity or HPA axis responses to social interaction, novelty, restraint, ether, or cold,41
indicating that the BLA is not necessary for normal elaboration of the acute stress response.

Projections from the BLA primarily, but not exclusively, target other amygdaloid regions.
Thus, a sizable proportion of BLA output is channeled through the CeA and the MeA.2
However, it is important to note that the BLA also projects to the anterodorsal BST and
other PVN projecting nuclei,44 suggesting that this region is positioned to interact with the
PVN independent of other amygdaloid nuclei.

The amygdala has received some attention as a possible mediator of chronic-stress induced
drive of the HPA axis. Numerous studies report enhanced expression of CRH mRNA in the
CeA following high dose steroid treatment48 or exposure to chronic stressors such as
immobilization or neuropathic pain,49 but not CVS.50 These data indicate that CeA CRH
induction is associated with chronic stress in some, but not all models. However, direct tests
of CeA involvement in chronic stress have proven equivocal. For example, damage to the
CeA is not able to inhibit development of physiological symptoms of chronic stress or block
stress-induced increases in CRH mRNA expression in the CVS model.36 Notably, work
from our group has also shown that MeA lesions are not effective in modulating central or
peripheral HPA responses to chronic stress (unpublished observations), casting further doubt
on the role of the primary amygdalar outflow in chronic stress integration.

On the other hand, the BLA, which is not involved in acute stress regulation, appears to have
a role in chronic stress integration. In chronic stress animals, inactivation of the BLA with
muscimol enhanced HPA activation following a novel (but not familiar) stressor,51
suggesting that the BLA serves to dampen responses within the context of chronic stress. In
addition, the BLA receives input from the posterior paraventricular thalamus, which
promotes facilitation of HPA response in animals under chronic stress.52

ROLE OF THE MEDIAL PREFRONTAL CORTEX
The medial prefrontal cortex is clearly involved in processing of stressful information. In
rodent models, all divisions of the medial prefrontal cortex manifest robust c-fos induction
and enhanced glucose utilization following acute exposure to numerous stressors (c.f.,38,
53–55). Lesion studies indicate that bilateral lesions of the prelimbic (PL) component of the
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medial prefrontal cortex enhance ACTH and corticosterone responses increase PVN Fos
activation following stress.56–58 Like the hippocampus, the role of the PL is stimulus-
specific: the HPA axis response to restraint is enhanced by lesions of this area, whereas the
response to ether inhalation (a systemic stressor) is not affected by lesions.57, 58

The role of the infralimbic (IL) cortex is more complex. Electrolytic lesions of the IL cortex
enhance ACTH secretion and PVN Fos activation following interleukin-1β administration,
but not following restraint, suggesting involvement in inhibition of responses to systemic
stressors.59 However, a recent study by Radley et al60 demonstrates that ibotenate lesions
of the IL region reduce restraint-induced Fos activation in PVN CRH neurons, suggesting
that this region of the medial prefrontal coretex may in fact enhance HPA responses to
psychogenic stressors.

The influence of medial prefrontal cortex on stress responsiveness may be lateralized.
Bilateral or right IL cortex lesions suppress corticosterone secretion, whereas unilateral, left-
sided lesions do not.61 Importantly, neither dorsal nor ventral medial prefrontal cortex
lesions affect basal AM or PM ACTH and corticosterone levels,57, 58 indicating that the
medial prefrontal cortex selectively modulates stress-induced HPA axis activity. Thus, the
data suggest a differential involvement of the PL and IL in regulating HPA axis responses to
stressors that follow psychogenic vs. systemic pathways, respectively.

The PL and IL interact with numerous sites that may be responsible for communicating
inhibition of HPA axis activity to psychogenic vs. systemic stressors, respectively. The PL
connects to PVN-projecting regions of preoptic area, which is known to modulate HPA axis
activation, and to the dorsal raphe, which contains serotonin neurons that are implicated in
direct or indirect activation of the HPA axis.2, 62, 63 In addition, the PL has possible
oligosynaptic connections with PVN via the BLA and paraventricular thalamus, and indeed
appears to interconnect with the vSUB.62, 63 The IL has direct projections to the
anteroventral BST, CeA, and NTS, all of which are implicated in HPA axis activation, as
well as the dorsomedial and lateral hypothalamus, areas thought to be involved in HPA axis
inhibition.2, 63, 64

There are numerous instances in which putative PL-PVN or IL-PVN relay sites are
differentially activated during anticipatory vs. systemic stress responses. In general, PVN-
interacting targets of the PL, such as the BLA and posterior BST, show greater Fos
induction during anticipatory responses (e.g., respond to restraint, footshock or predator
exposure but not ether inhalation, hypoxia or interleukin-1β injection).33, 38, 40, 65 Many
targets of the IL are also differentially Fos activated by psychogenic stressors, including the
anteroventral BST, dorsomedial hypothalamus and lateral hypothalamus.33, 38, 40, 65, 66
In the NTS, Fos is expressed during both anticipatory and reflexive responses.33 However,
there is evidence to suggest that different NTS cell populations are activated by psychogenic
vs. systemic stressors,39 raising the possibility that IL inputs to this region may mediate
NTS responses in a modality specific manner, perhaps accounting for inhibitory actions of
the IL on HPA responses to systemic stressors.

The medial prefrontal cortex plays a role in modulation of responses to chronic stress. In
female rats, lesions of the medial prefrontal cortex enhance stress-induced Fos activation of
the PVN and plasma catecholamine release (males not tested), suggesting that the medial
prefrontal cortex affords some degree of protection from the effects of chronic stress.67 In
addition, chronic stress causes retraction of prefrontal cortical dendrites,68 reduces
prefrontal dopamine content69 and sensitizes norepinephrine release,70 indicating that
alterations in medial prefrontal cortex function occur as a consequence of prolonged stress
exposure.
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LIMBIC INTEGRATION OF STRESS RESPONSES: SHIFTING PRIORITIES?
The data summarized above indicate that subregions of the amygdala, hippocampus and
medial prefrontal cortex regulate HPA axis responses to acute stress. The regulatory role of
these structures in stress integration is highly differentiated, dependent on both stressor type
and functional variation among the anatomically defined subdivisions of these structures. In
the case of the hippocampus, it is possible that basal feedback inhibition and psychogenic
stress inhibition are processed by different topographical divisions of the structure (dorsal
vs. ventral hippocampus). In the amygdala, stimulation of responses to psychogenic vs.
systemic stimuli are conferred by different output regions (medial vs. central nuclei).
Finally, in the medial prefrontal cortex, excitatory and inhibitory functions may be
controlled by neighboring cortical subdivisions (infralimbic vs. prelimbic). Thus, regulation
of HPA axis (or other) responses to stressors is a distributed process that needs to be
understood from the perspective of the very specialized roles of individual components of a
limbic regulatory network.

The involvement of a given limbic region in acute stress integration does not necessarily
extend into the realm of chronic stress. There are numerous regions (vSUB, CeA, MeA) that
are necessary for normal responsivity to acute stress but do not affect primary indices of the
chronic stress syndrome, either positively or negatively. Conversely, regions that are not
required for acute stress regulation, such as the BLA, may be essential for processing of
chronic stimulus exposure. Thus, the rules appear to change when stress becomes chronic.
The mechanisms that underlie the ‘chronicity switch’ from acute to chronic time domains
lies at the crux of understanding stress-related pathologies.

The complexities of limbic stress integration have implications for understanding stress
related disease states (e.g., depression and PTSD). Given the data from experimental
animals, it is likely that stress processing deficits in human will involve disruptions in
integrated circuit regulation, rather than a disturbance of function that is localized to a given
region or center. Thus, the challenge for the future will be design of therapies or
pharmaceuticals that can specifically target neural networks responsible for inappropriate
processing or interpretation of stressful information.
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FIGURE 1. Major indirect projections of the limbic system to the medial parvocellular PVN
Some of the direct projections innervated by the limbic system include the bed nucleus of
the stria terminalis (BST), dorsomedial hypothalamus (DMH), preoptic area (POA) and the
nucleus of the solitary tract (NTS). Innervation of direct projections by predominately
glutamatergic inputs (dark circles) from the ventral subiculum (vSUB) and medial prefrontal
cortex (mPFC) and predominately GABAergic inputs (light circles) from the medial
amygdala (MeA) and central amygdala (CeA). Although the basolateral amygdala (BLA)
innervates some PVN projecting neurons its primary outflow is glutamatergic inputs to the
MeA and CeA.
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TABLE 1

Effect of ventral subiculum lesion on acute stress regulation

Measure Change Comments

Basal AM corticosterone nc

Basal PM corticosterone nc

Corticosterone: Restraint ↑ 60 min

Corticosteone: Ether nc

Corticosterone: Novelty ↑ 120 min

Corticosterone: Hypoxia ↓ 30, 60 min

PVN CRH mRNA ↑ Basal: no increase following acute stress

PVN CRH peptide ↑ Basal: no increase following acute stress

PVN AVP mRNA nc

PVN Fos mRNA ↑ 60 min

nc, no change.17, 26, 27
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TABLE 2

Effect of ventral subiculum lesion on physiological responses to chronic variable stress

Handled Stressed

Saline Ibotenate Saline Ibotenate

Body Weight Change (gm) 63.8 ± 10.9 62.5 ± 4.1 16.3 ± 4.4* 19.8 ± 5.5*

Thymus Weight (mg/gm BW × 100) 93.3 ± 5.5 84.1 ± 4.0 66.5 ± 6.6* 62.6 ± 5.0*

Adrenal Weight (mg/gm BW × 100) 11.1 ± 0.4 10.2 ± 0.6 15.4 ± 0.7* 14.8 ± 0.6*

PVN CRH mRNA** (corrected gray level) 73.8 ± 1.4 86.5 ± 3.0 87.6 ± 4.4 78.6 ± 2.6

Chronic variable stress significantly decreased body weight gain and thymus size and increased adrenal size. Ibotenate lesions of the vSUB did not
alter any of the physiological variables in the handled animals nor did ibotenate lesions affect the response to chronic variable stress.

**
There was a significant interaction between ibotenate lesion and chronic variable stress on CRH mRNA levels in the PVN. BW, body weight.

*
P < 0,05 versus corresponding handled control.
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