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Corticolimbic regulation of cardiovascular responses to stress
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Abstract

Cardiovascular disease, a leading cause of death worldwide, is frequently initiated or exacerbated
by stress. In fact, chronic stress exposure and heightened reactions to acute psychological stress
are both associated with increased cardiovascular morbidity. This brief review focuses on the
mechanisms by which corticolimbic nuclei, critical for stress appraisal and emotional reactivity,
regulate heart rate and blood pressure responses to psychological stress. Both human and rodent
data are examined with a major emphasis on basic studies investigating prefrontal cortex,
amygdala, and hippocampus. A detailed literature review reveals substantial limitations in our
understanding of this circuitry, as well as significant opportunities for future investigation that may
ultimately reduce the burden of cardiovascular illness.
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1. Introduction

1.1 Stress and cardiovascular health

Cardiovascular disease is the most common cause of death worldwide [1] and cardiovascular
function is profoundly influenced by stress [2]. In particular, both clinical studies and animal
models indicate that chronic stress increases sympathetic drive, promoting tachycardia and
elevated arterial pressure [3-6]. Consequently, chronic stress exposure represents a major
risk factor for pathological conditions including arrhythmias and cardiac hypertrophy [7].
Furthermore, individuals experiencing depressive illness exhibit autonomic imbalance
marked by both sympathetic activation and vagal withdrawal, leading to reduced heart rate
variability (HRV) and altered baroreflex sensitivity [8-10]. These depression-related
autonomic changes generate a predisposition to co-morbid cardiovascular disease including
myocardial ischemia, atherosclerosis, and heart failure [11-13]. Importantly, a case-control
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study examining potential risk factors for heart disease, the INTERHEART study, found that
risk of myocardial infarction more than doubled as a result of psychosocial stress, even after
taking into account conventional risk factors such as diabetes, obesity, and lack of exercise
[14]. These findings indicate that chronic stress exposure significantly impairs long-term
cardiovascular health independent of lifestyle factors that may be associated with stress.
Although the biological mechanisms mediating this relationship are not completely
understood, stress-associated adverse cardiovascular outcomes likely result from prolonged
exposure to neural and endocrine stress responses. In addition to the direct autonomic neural
inputs to the heart and vasculature, stress initiates sympathetic-adrenomedullary
catecholamine release and corticosteroid secretion by the hypothalamic-pituitary-
adrenocortical axis [15]. Collectively, neural and endocrine stress mediators influence many
aspects of cellular physiology, including cytokine expression [16—18] and endothelial
dysfunction [7,19], both of which predict the incidence of hypertension and heart failure
[20].

In addition to chronic stress, exaggerated reactivity to acute stress is also associated with
poor cardiovascular outcomes. For instance, increased rates of acute cardiac events occur in
association with stressful life events such as bereavement and natural disasters [21,22]. In
clinical studies, enhanced heart rate (HR) reactivity to an acute mental stressor predicts
future cardiovascular susceptibility, including hypertension, ventricular hypertrophy, and
atherosclerosis [23]. Furthermore, short-term corticosteroid concentrations predict long-term
cardiovascular mortality relative to all other causes of death and regardless of pre-existing
cardiovascular disease [24]. Thus, enhanced acute autonomic and endocrine stress reactivity
predict future cardiovascular outcomes. Cardiovascular stress reactivity is proposed to arise
at the level of cognitive appraisal, followed by translation to autonomic and endocrine
responses by the hypothalamus and brainstem [25,26]; however, the neurobiological
mechanisms linking cognitive and stress appraisal circuits with autonomic physiology are
incompletely understood. The appraisal of emotion largely occurs in the limbic system, a
loosely-defined network of interconnected structures spanning the forebrain. Within the
telencephalon, the medial prefrontal cortex (mPFC), amygdala, and hippocampus are the
primary limbic cortical structures mediating emotion, memory, and cognition. Consequently,
untangling the descending stress-regulatory circuits of these regions represents an important
opportunity for delineating the complex relationships between stress and cardiovascular
health.

1.2 Central networks mediating cardiovascular risk

Human brain imaging, as well as tract-tracing and electrical stimulation studies in rodents,
has identified a collection of interconnected brain structures forming a central autonomic
network [27,28]. This network includes subregions of the cerebral cortex, amygdala,
hypothalamus, and brainstem [29]. While the major pre-autonomic systems in the
hypothalamus and brainstem have been subject to substantial investigation, the corticolimbic
regions have received considerably less attention. Recently, a comprehensive meta-analysis
was undertaken to determine the human brain regions activated by processing autonomic
functions [30]. Across multiple studies and tasks, the mPFC, insular cortex, and amygdala
were implicated in responding to autonomic activity. Furthermore, studies by Shoemaker
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and colleagues (for reviews see [31,32]) have delineated a network of human forebrain
structures specifically involved in reflexive cardiovascular control. These studies outline a
similar system of cortical structures (e.g. mPFC, amygdala, and insular cortex), as well as
the hippocampus, for cardiovascular responsiveness to reflexive challenges such as exercise.
The current review focuses specifically on the mPFC, amygdala, and hippocampus due to
their essential roles in stress appraisal and reactivity [33—39]. While functional imaging
studies indicate that activity in these corticolimbic regions is associated with autonomic
cardiovascular regulation, it remains unclear what specific neuronal processes mediate
cardiovascular reactivity to acute psychological stress, as well as functional changes
associated with chronic stress exposure.

Interestingly, a story is emerging based on presentation of data at a recent scientific meeting
[40]. This study engaged a large cohort of individuals in prospective neuroimaging and
found that amygdala activity predicted the likelihood of adverse cardiac events. Not only
was amygdala activity linked to overall risk for heart attack and stroke, it also predicted the
timing of these major cardiac events. Specifically, the magnitude of amygdala activation was
positively correlated with immediacy of heart attack and stroke. Although these results
remain in the early stages of dissemination, they offer a potential neural substrate for limbic
control of cardiovascular risk. Another study examining patients with cortical lesions found
that damage specifically within the medial prefrontal region correlated with exaggerated HR
responses to mental stress [41]. Thus, there is evidence for an important biological
relationship between the activity of corticolimbic brain structures and cardiovascular health.

The initial studies of fronto-temporal control of cardiovascular physiology occurred over 60
years ago [42,43]; however, this is an area of neurobiology that has been somewhat
orphaned. While the neurochemical mediators of cardiovascular function in the brainstem
and hypothalamus have been studied extensively in animals [44-49], much less is known
about the role of telencephalic regions in cardiovascular autonomic control. Much of this
work has focused on electric stimulation in anesthetized animals or structural mapping and
connectivity, without measuring functional cardiovascular outcomes. However, a number of
studies have directly manipulated corticolimbic regions and examined cardiovascular
reactivity to acute stress. The areas targeted in these studies, the mPFC, amygdala, and
hippocampus, are discussed in the current review with a focus on existing knowledge and
questions for future investigation. Importantly, these structures are extremely sensitive to
stress and significantly contribute to behavioral stress responsiveness [15,50]. Specifically,
chronic stress leads to hypofunction of the mPFC, a structure critical for context appraisal
and executive function [51,52]. Prolonged stress has opposite effects in the amygdala,
including cellular hypertrophy and dendritic arborization [53,54], representing a potential
mechanism for stress-associated anxiety and mood disturbances. Meanwhile, neurons of the
hippocampus, crucial for memory and mood, are endangered by chronic stress through
exposure to excess corticosteroids [55,56]. The role of these regions in neuroendocrine and
behavioral control have been extensively reviewed elsewhere [57,58]; consequently, this
brief review focuses on the emerging literature of site-specific studies examining
cardiovascular stress responses and questions that remain to be addressed. It is worth noting
that, in terms of endocrine, neural, and behavioral responses, systemic and psychogenic
stressors engage divergent circuitry. While some cell groups preferentially respond to
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physiological challenge (e.g. hemorrhage, inflammation, etc.), others are engaged by
psychological stressors (e.g. restraint, learned fear, etc.) [59-63]. Given the emphasis of the
current review on psychosocial factors influencing cardiovascular physiology, the literature
reviewed will be limited to psychogenic stressors.

2. Descending autonomic regulation

The mPFC, amygdala, and hippocampus generate reciprocal, integrated projections that
form an interconnected network of emotional and cognitive regulation [35,36,64]. Output of
these structures also converges on crucial subcortical sites, primarily within rhomboid and
anterolateral subregions of the bed nucleus of the stria terminalis (BST), distinct regions of
the hypothalamus (e.g. lateral hypothalamic area [LHA], medial preoptic area [mPOA], and
posterior hypothalamus [PH]), and the brainstem (e.g. ventrolateral medulla [VLM], raphe
nuclei, and nucleus of the solitary tract [NTS]) [65]. This organization permits the
downstream processing of limbic information by nuclei that provide direct synaptic input to
sympathetic and parasympathetic preganglionic neurons. Corticolimbic structures provide
little direct innervation of stress-effector neurons and this hierarchal organization of
subcortical relays provides the intervening synapses necessary to translate emotional
processes into physiological reactivity [66]. The vast majority of studies examining this
connectivity were conducted in rodents but recent non-human primate research suggests that
there is a high level of homology in the descending pathways of autonomic control [67].

The dorsal motor nucleus of the vagus (DMV) is the primary site of preganglionic
parasympathetic neurons that target the upper viscera, with the nucleus ambiguus (NA)
containing the majority of the cells regulating the heart [15]. In contrast, preganglionic
sympathetic neurons arise from the intermediolateral cell column (IML) in the
thoracolumbar region of the spinal cord [68,69]. The major stress-regulatory brain regions
providing direct inputs to the DMV include the BST, hypothalamus, and hindbrain.
Specifically, the DMV in innervated by the anterolateral and rhomboid divisions of the BST
[70,71], while hypothalamic inputs arise from the LHA [72], mPOA [73], and
paraventricular hypothalamus (PVH) [74]. Although the PVH does not receive direct input
from the telencephalon, it is notable as a primary regulator of organismal stress responding
with distinct populations of cells that target the pituitary for endocrine responses and others
that provide direct input to preganglionic neurons of both the parasympathetic and
sympathetic nervous systems [74,75]. Brainstem inputs to the DMV arise from the NTS
[76], locus coeruleus (LC) [77], and Al cell group of the VLM [78]; however, the brainstem
exhibits substantial interconnectedness with numerous interactions between the reticular
nuclei and vagal complex. There is overlap between inputs to the NA and DMV, with the NA
receiving afferents from the rhomboid BST [71], NTS [79], as well as the parabrachial
nuclei (PB) [80]. Inputs to the IML appear to be limited largely to the brainstem and
hypothalamus [81,82]. Within the brainstem, the VLM, LC, and ventral raphe nuclei project
directly to the IML [83,84]; consequently, the influence of many sympatho-modulatory brain
structures converge on these nuclei (e.g. the dorsomedial hypothalamus [DMH] and
periaqueductal gray [PAG]) [85,86]. Interestingly, a multi-species comparative analysis of
hypothalamic afferents to the thoracic IML revealed direct inputs arising specifically from
the PVH, LHA, and PH [87]. Accordingly, these pre-autonomic nuclei act as crucial
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subcortical targets of corticolimbic structures and are well-positioned to integrate affective
and cognitive processes with cardiovascular reactivity.

The BST, hypothalamus, and brainstem interact substantially [88—-90] and their general
effects on markers of sympathetic and parasympathetic activity are well-characterized. There
is also a considerable amount of data on the specific roles of these structures for stress-
induced cardiovascular responses, which have been reviewed elsewhere [91-95]. Briefly,
tonic GABAergic signaling within the PH and neighboring dorsomedial hypothalamus
constrains HR and arterial responses to stress and disinhibition of these nuclei increases
reactivity [46,96,97]. The LHA inhibits tachycardic responses to stress via the
parasympathetic nervous system [98], while the mPOA mediates stress effects of angiotensin
on mean arterial pressure (MAP) and vascular resistance [99]. The PVH has multiple
mechanisms for bi-directional control of HR and blood pressure responses [100,101],
although net synaptic activity in the PVH facilitates cardiovascular stress responses [102].
The NTS is an integral component of autonomic integration and possesses great
neurochemical diversity [91,103,104]. Importantly, noradrenergic neurons of the NTS
increase HR responses to acute stress and mediate the increase in net sympathetic drive that
occurs during chronic stress exposure [105,106]. The NTS is also a site of corticosteroid
feedback [107,108] and local glucocorticoid signaling increases HR and MAP responses to
both acute and repeated stress [109,110]. Subregion-specific effects have yet to be
determined for the extremely heterogeneous BST but evidence suggests that the region
generally inhibits HR responses to stress through the parasympathetic nervous system [111].
However, corticotropin-releasing hormone signaling in the BST increases tachycardic and
pressor responses to acute stress [112]. Collectively, corticolimbic inputs to these specific
regions of the hypothalamus, hindbrain, and BST likely form the neural substrate for
corticolimbic-cardiovascular interactions.

3. Medial prefrontal cortex

Multiple cortical areas have been linked to the central autonomic network, namely
prefrontal, cingulate, and insular cortices [30,113,114]. Importantly, the mPFC is required
for appropriate appraisal and processing of stressful information [115,116], as well as
coordinating visceral and behavioral functions [27]. Human studies have correlated
decreased mPFC activity with baroreceptor unloading [117] and increased mPFC activation
with enhanced HRV [118]. Further, experiments in anesthetized rats have shown that
electrical stimulation of the mPFC initiates depressor responses accompanied by inhibition
in the VLM [119]. In rodents, the mPFC is generally divided into a dorsal component
(prelimbic) and a ventral component (infralimbic), which are homologous to subregions of
human prefrontal and cingulate cortices [115]. For detailed comparative analyses of
prefrontal/anterior cingulate homologies between rodents and primates see [120,121]. The
anatomical distinction within the rodent mPFC is based largely on efferent projections [122]
(Fig. 1). Injections of the transneuronal retrograde tracer pseudorabies virus into the stellate
ganglion (sympathetic ganglion targeting the heart) or the adrenal gland reveal multisynaptic
telencephalic inputs to sympathetic neurons not only from amygdalar and hippocampal
regions but also from the infralimbic mPFC (IL) [123]. The IL is well-positioned to
influence autonomic stress responses, as the area provides glutamatergic innervation of the
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NTS, as well as stress-activated inputs to intranuclear GABAergic cells of the PH
[88,122,124,125]. Alternatively, the prelimbic mPFC (PL) innervates a population of
GABAergic neurons in the anterior BST that inhibit endocrine stress responses [126], as
well as the rostral portions of the raphe [122].

Studies of mPFC subregional regulation of cardiovascular stress responses reveal a potential
dichotomy between IL and PL. All efferent and afferent neurotransmission can be inhibited
within an area via local injections of the non-specific synaptic blocker cobalt chloride. This
approach lacks neurochemical and input/output specificity but can be used to determine the
functional role of net activity in a given nucleus. Caobalt chloride injections in the PL during
acute restraint stress, a common psychogenic stressor, indicate that neurotransmission in the
PL inhibits the tachycardiac response to stress without affecting MAP [127]. In contrast, IL
injections implicate synaptic signaling in this area in stimulating stress-induced tachycardia.
Notably, injections into the neighboring anterior cingulate cortex have no effect [127]. Other
studies inhibiting the IL with the GABA agonist muscimol found no effect on HR or MAP
responses to any of three acute stressors (cage change, restraint, or air jet) [128]. However,
the same study did find that NMDA-mediated activation of the IL decreased HR and MAP
responses to air jet stress. Furthermore, cobalt chloride injections globally in the mPFC (PL
and IL inclusive) decrease both HR and MAP responses stimulated by exposure to a context
previously paired with foot shock [129], indicating the mPFC may be important for
generating stress responses based on learned outcomes. This is supported by studies of
auditory-cued fear conditioning that found different HR responses to a conditioned stimulus
based on lesion placement in the mPFC [130]. Specifically, aspiration lesions of the entire
mPFC decreased HR responses to tone. However, aspirations restricted to the dorsal mPFC
(including PL) increased tachycardic responses, suggesting the region is symaptho-
inhibitory. Excitotoxic chemical lesions of the ventral mPFC (including IL) reduced
sympathetic-mediated tachycardia, again suggesting subregions of the mPFC may
differentially mediate the cardiovascular consequences of learned fear. Collectively, this
literature based on nonspecific synaptic blockade and lesions suggests that the PL likely
inhibits acute cardiovascular stress responses, whereas the IL could drive sympathetic
activation. However, these effects are equivocal and appear to be context and experience
dependent. Ultimately, appropriate regulation of subregional mPFC activity may be vital for
reducing stress-related cardiovascular risk, yet more selective studies aimed at specifically
targeting the principal neurons of the mPFC, without damaging the local inhibitory circuits
or afferents, will provide more definitive conclusions.

4. Amygdala

The amygdala is a collection of many distinct nuclei with developmental, molecular, and
organizational heterogeneity [131]. Although there are a variety of circuits and
neurochemical mediators within the amygdala, it is generally thought of as a stress-
excitatory region that promotes fear and anxiety [132-135]. In fact, activation of some
amygdalar regions is sufficient for cardiovascular excitation even in the absence of stress
[136]. However, the complex microcircuitry within the amygdala and diverse interactions
with other corticolimbic and subcortical nuclei suggest that bidirectional control of stress
responses is more likely [137]. Generally, human brain imaging technology cannot identify
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structure and function of distinct amygdalar nuclei; however, groundbreaking work by
Gianaros and colleagues has shown that amygdala activity significantly predicts blood
pressure reactivity to stress, as well as preclinical atherosclerosis [113,138,139].
Specifically, individuals with greater MAP stress reactivity show greater amygdala
activation and functional connectivity with the perigenual anterior cingulate cortex
(homologous to PL) and pontine nuclei [138]. Individual pontine nuclei cannot be resolved
but these could potentially include the LC, PB, raphe nuclei, and/or caudal PAG, all of
which have been described as critical sites for stress integration [104]. In another study,
preclinical atherosclerosis covaried with greater amygdala reactivity and functional
connectivity between the amygdala and perigenual anterior cingulate cortex [139];
suggesting that circuit-level interactions between the amygdala and mPFC could be key
determinates of susceptibility to cardiovascular pathology. Circuit-mapping in rodents
indicates that the lateral, basolateral (BLA), basomedial, and cortical regions of the
amygdala provide glutamatergic output to the BST [88] (Fig. 2). Meanwhile, the medial
amygdala (MeA) predominately, but not exclusively, releases GABA from projections that
target the mPOA, PH, and BST [88,124]. Notably, the central amygdala (CeA) receives
input from most other regions of the amygdala and provides abundant stress-related outputs
[134,140] (Fig. 3). Not only does the CeA send GABAergic projections to the BST, mPOA,
and DMH, it also robustly innervates the brainstem, notably targeting the PB, LC, NTS,
raphe, and rostral VLM [88,141-143]. Given this organization, the amygdala has been
proposed to disinhibit stress responding through GABA-GABA synaptic connections
[33,88,142,144].

Based on electrical/chemical stimulation or electrolytic lesion studies, the CeA appears to
play an important role in the regulation of blood pressure responses to stress [141]. For
instance, borderline hypertensive rats with electrolytic lesions of the CeA have attenuated
pressor responses to intermittent foot shock [145]. Furthermore, LeDoux et al. have
suggested that the CeA is essential for mediating the autonomic correlates of conditioned
fear [146-149]. According to this hypothesis, conditioned cardiovascular responses could be
disrupted by destroying areas to which the CeA projects. The authors found that electrolytic
or chemical lesions of the LHA interfered with conditioned MAP responses [149]. Although
no direct manipulation of amygdala was carried out, the data suggest that a CeA-LHA
pathway could be a component of the circuitry mediating fear-related blood pressure
reactivity. In contrast, local injections of cobalt chloride into the MeA increase HR
responses to acute restraint without altering MAP [150]. A subsequent analysis of
noradrenergic signaling in the MeA found that a.1-adrenoceptors and a2-adrenoceptors
mediate facilitation and inhibition of HR responses to restraint, respectively [151], while p1-
adrenoceptors facilitate restraint-evoked tachycardia and p2-adrenoceptors have an
inhibitory effect [152]. These studies point to the MeA noradrenergic system as a
multifaceted regulator of HR, but not MAP, responses to stress. However, histaminergic
receptor antagonism in the MeA impairs the pressor response to acute restraint without
altering HR [153]. The BLA has also been implicated in cardiovascular regulation as GABA
receptor antagonism in the region increases HR and MAP in the absence of stress, an effect
dependent on local NMDA and AMPA signaling [154,155]. Furthermore, the Mas receptor,
which binds angiotensin-11 metabolite angiotensin-(1-7), acts in the BLA to reduce HR and
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MAP responses to air jet stress [156]. Although neurochemically diverse mechanisms
throughout the amygdala permit bidirectional control of HR and MAP; collectively, the
many subnuclei and distinct signaling networks of the amygdala appear to be a critical hub
for linking prefrontal, basal forebrain, and brainstem circuits to drive enhanced
cardiovascular reactivity. There have been great strides related to predicting cardiovascular
responses and outcomes as a function of amygdala activity in humans. Moving forward,
basic studies are needed to clarify the complex diversity of intra-amygdalar mechanisms
mediating cardiovascular stress reactivity. Furthermore, the net effects of these local circuits
on the activity of specific efferent projections to other corticolimbic and subcortical regions
may mediate essential aspects of cardiovascular reactivity.

5. Hippocampus

Despite the fact that the hippocampus is implicated in human cardiovascular reflexes [31,32]
and that ventral aspects of the structure provide multi-synaptic inputs to sympathetic neurons
[123], the hippocampus is not widely considered a component of the central autonomic
network. However, the hippocampus is one of the primary regulators of endocrine and
behavioral responses to stress [157,158]. Thus, it stands to reason that the structure may play
a role in regulating cardiovascular stress responsiveness. In humans, the tachycardic
response to exercise is associated with hippocampal and mPFC deactivation [159].
Furthermore, electrical or chemical stimulation of the hippocampus decreases HR and MAP
in rodents [160], suggesting that hippocampal activity and HR are inversely related.
Importantly, mPFC lesions prevent the cardiovascular consequences of stimulation in the
ventral, but not dorsal, hippocampus [160]. Taken together, these findings imply that a
ventral hippocampal-mPFC circuit regulates inhibition of HR and MAP, whereas the
inhibitory effects of dorsal hippocampal stimulation are likely mediated through a different
pathway. The primary stress-regulatory outputs of the hippocampus arise from the ventral
subiculum and a portion of these efferents converges on neurons in the anterior BST that are
also targeted by the PL [161] (Fig. 4). The ventral hippocampus also innervates the LHA and
mPOA, with some projections reaching as far as the medulla [88,162]. The activity of the
hippocampus is extensively coupled with emotional and mnemonic processes [163], yet the
role of the hippocampus in cardiovascular responses to stress has received little attention.
Although, a recent study found that NMDA receptor activation in the dorsal hippocampus
facilitated restraint stress-evoked cardiovascular responses [164], contrasting the inhibitory
effects of dorsal hippocampal stimulation in the absence of stress [160]. More extensive
study of the hippocampal contribution to cardiovascular stress reactivity could elucidate
these diverging effects on cardiovascular parameters under basal and stress conditions.
Further, examining the effects of specific ventral subicular outputs on HR and MAP
responses to stress may provide substantial illumination of the corticolimbic mechanisms of
cardiovascular reactivity.

6. Summary and future directions

The relationship between psychosocial factors, autonomic imbalance, and cardiovascular
disease is supported by numerous human and rodent studies that correlate chronic stress
and/or psychiatric illness with reduced HRV, an indicator of sympathovagal imbalance and
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prominent risk factor for cardiovascular disease [165-168]. Furthermore, the multiple
subregions of the mPFC, amygdala, and hippocampus interact to guide cognition and
emotion, providing the basis for bidirectional interactions between brain and behavior.
However, the consequences for cardiovascular physiology remain an understudied area.
Numerous circuit mapping studies indicate that corticolimbic structures target specific basal
forebrain and brainstem nuclei that provide direct input to preganglionic sympathetic and
parasympathetic neurons. Although a true network-level understanding of this circuitry
remains to be determined, even less is known about the functional effects of these pathways
on cardiovascular parameters. Our understanding of how the mPFC, amygdala, and
hippocampus regulate HR and MAP reactivity to acute stress is based largely on studies
employing electrical stimulation, physical/chemical lesions, or nonspecific synaptic
blockade. More recent pharmacological investigations of specific neurochemical messengers
have revealed a greater complexity to the role of these nuclei in cardiovascular reactivity
than anticipated. In fact, there is evidence for opposing effects driven by neighboring cell
groups within distinct nuclei, as well as substantial divergence among receptor subtypes
within a given region [145,150-153,156]. Based on these factors, few firm conclusions can
be drawn about this regulatory network. Some regions of the mPFC seem to supply an
inhibitory influence over cardiovascular reactivity, except in the case of aversive
associations. Moreover, the CeA promotes blood pressure responses to learned fear, but
likely summates inputs from other amygdalar nuclei. Functional connectivity between the
amygdala and mPFC has only recently been identified as a predictor of cardiovascular
reactivity in human imaging studies [138]. Thus, there are significant unanswered questions
regarding our understanding of top-down cardiovascular regulation, as well as the dynamic
nature of cardiovascular stress adaptation and pathology.

One question relates to the nature of specific cellular activity and its connection to larger-
scale networks. More specifically, what is the role of the microcircuitry generated by
interneurons and local collaterals that regulates regional neuronal activity? Further, what is
the influence of corticolimbic output neurons and do those effects differ based on
postsynaptic targets? These efforts could be greatly advanced by the capabilities of opto- and
chemogenetics to manipulate neuronal activity and clarify specific circuits, including
interactions between brain areas. There are also tremendous opportunities afforded by
conditional genetic manipulations, including Cre-Lox and CRISPR/Cas9, to study specific
molecular, cellular, and circuit effects on cardiovascular regulation. This highly-specific
control of defined corticolimbic pathways in stress-exposed animals would yield a wealth of
data on the mechanisms of cardiovascular stress reactivity. Another area of interest would be
the extension of the limbic network for stress appraisal and cardiovascular regulation. Based
on human imaging and rodent tract-tracing studies, the insular cortex appears to be an
important component of the central autonomic network. Insular cortex has been
hypothesized to link with other frontal cortices to form a concerted network receiving
viscerosensory information and informing cardiovascular control areas of both physiological
and emotional states [169]. This circuitry may then simultaneously encode the magnitude of
cardiovascular stress responses and modulate ongoing physiological activity [170].
Accordingly, the area warrants a comprehensive investigation in terms of the neurobiology
of stress integration. Stimulation studies suggest that insular cortex has an anterior-posterior
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gradient that differentially regulates HR and MAP [171], yet the consequences of this
gradient for stress reactivity are unknown. Moreover, the functional interactions between the
insular cortex, corticolimbic regions, and stress-effector nuclei are not entirely clear.

The studies of corticolimbic stress reactivity outlined in the current review exclusively
employ a single acute stressor, as there has been essentially no examination of corticolimbic
control of cardiovascular reactivity in the context of chronic stress. In other realms of stress
neurobiology the circuitry of acute stress responsiveness frequently differs from the circuitry
mediating chronic stress sensitization and/or habituation [125,172-177]. Given the
consequences of chronic stress for the cardiovascular system, it is surprising that we have
very little knowledge about how the limbic brain encodes the adverse experiences that foster
disproportional sympathetic activation and vagal withdrawal. The neurobiological
mechanisms mediating interactions between prolonged or repeated stressors and subsequent
cardiovascular stress reactivity are critical, yet largely unexplored. Furthermore, there is
little evidence to suggest that acute stress hyper-reactivity mediates the cardiovascular
burden of chronic stress. In fact, a meta-analysis found that general life stress did not affect
HR/BP reactivity and some psychological factors were even associated with reduced
cardiovascular reactivity [178]. Specifically, only hostility, aggression, and Type-A behavior
associated with increased cardiovascular reactivity, while anxiety, neuroticism, and negative
affect were associated with decreased cardiovascular reactivity [178]. Importantly, general
life stress, anxiety, neuroticism, and negative affect were all associated with impaired
cardiovascular recovery [178]. The measurement of cardiovascular recovery is a largely
underreported metric that has significant implications for cumulative exposure to stress
mediators. Prolonged recovery following stressful events may relate to cognitive processes
such as worry and rumination that negatively impact cardiovascular health [179]. In fact,
cardiovascular stress recovery was recently proposed as potential biomarker for resilience to
the health effects of psychological stress [180]. Further, studies investigating recovery have
the potential to identify mechanisms that differ from those mediating reactivity
[23,178,181]. Effect size is an additional consideration for understanding the relative
contributions of acute stress responsiveness and long-term stress burden to cardiovascular
risk. Effect sizes are frequently reported via different statistical measures across various
studies (e.g. odds ratio, correlation, hazard ratio, etc.) making direct comparisons of the risk
generated by acute responses vs. chronic life stress difficult. Future studies directly
comparing these risk factors would be valuable for guiding the paradigms used in basic
research.

Another common feature of the literature outlined in the current review is the exclusive
study of males in pre-clinical investigations. Given that the comorbidity of depression and
cardiovascular disease is twice the rate in women as men [182,183], sex differences in
affective-cardiovascular co-morbidities are of particular importance. The disproportionate
female burden of co-occurring depression and cardiovascular disease has been proposed to
result from alterations in fetal programming, potentially related to prenatal stress and excess
corticosteroid exposure [184,185]. However, ovarian hormones likely play a role in this
association as well. In fact, premenopausal women are at lower risk for hypertension, yet the
incidence in women surpasses that of men after menopause [186]. It is not entirely clear how
fetal programming and/or ovarian factors may alter corticolimbic nuclei but the mPFC,
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hippocampus, and amygdala express receptors for corticosteroids and estrogens [187-189].
Interestingly, estrogen signaling through estrogen receptor-g in the PVH and rostral VLM
protects against salt-induced hypertension in female rats [190], suggesting that further
investigations of ovarian hormone signaling in the brain could be important for
understanding cardiovascular susceptibility. In addition, the impact of declining levels of
ovarian hormones on limbic regulation of stress reactivity could be a critical component of
co-occurring depressive and cardiovascular pathologies.

7. Conclusion

Investigating the neurobiological mechanisms linking stress appraisal and reactivity with
vulnerability to cardiovascular disease would support ongoing efforts to develop a
comprehensive understanding of brain structure-function relationships. Additionally, these
studies would likely implicate novel targets to improve health outcomes. There is an ongoing
explosion in the technological capabilities of neuroscience that provides new and exciting
opportunities to understand the connectivity, chemistry, and functionality of specific
neuronal processes. This unprecedented potential could be brought to bear on the critical
questions of how chronic stress affects corticolimbic regulation of cardiovascular
susceptibility.
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Highlights
. Stress and stress-related psychiatric illness greatly increase susceptibility to
cardiovascular disease
. Corticolimbic nuclei are critical for stress appraisal and reactivity
. The organization and integration of corticolimbic circuits for generating

cardiovascular stress responses are largely unknown
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Fig. 1.

Hspothesized anatomical pathways translating mPFC output into autonomic processes.
Simplified direct connections are illustrated without indirect multisynaptic circuits.
Glutamate outflow from the PL targets GABAergic neurons in the BST and both 5-HT and
GABAergic cells in the raphe. These structures then provide direct input to preganglionic
neurons of the parasympathetic and sympathetic nervous systems. The IL targets local
GABAergic interneurons within the glutamatergic PH to gate stress responding. Additional
glutamatergic IL efferents target the NTS, although the neurochemistry of these targets has
yet to be determined. See text for references. PL: prelimbic cortex, BST: bed nucleus of the
stria terminalis, DMV: dorsal motor nucleus of the vagus, NA: nucleus ambiguus, IML
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intermediolateral cell column, IL: infralimbic cortex, NTS: nucleus of the solitary tract, PH:
posterior hypothalamus, Glu: glutamate, 5-HT: serotonin, ACh: acetylcholine.
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Fig. 2.
Hypothesized anatomical pathways mediating BLA and MeA effects on autonomic outflow.

Simplified direct connections are illustrated without indirect multisynaptic circuits. The
BLA has limited interaction with cell groups providing direct input to preganglionic
neurons; however, the region sends excitatory projections to GABAergic cells in the BST
and CeA. The MeA sends predominantly GABAergic projections to the BST, mPOA, and
PH, although the neurochemistry of post-synaptic targets has not been directly investigated.
See text for references. BLA: basolateral amygdala, BST: bed nucleus of the stria terminalis,
CeA: central amygdala, DMV: dorsal motor nucleus of the vagus, NA: nucleus ambiguus,
IML intermediolateral cell column, MeA: medial amygdala, mPOA: medial preoptic area,
PH: posterior hypothalamus, Glu: glutamate, ACh: acetylcholine.
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Fig. 3.

Hspothesized anatomical pathways translating CeA output into cardiovascular stress
responses. Simplified direct connections are illustrated without indirect multisynaptic
circuits. The CeA provides abundant innervation of stress-regulatory centers, particularly in
the brainstem, representing a major source of descending limbic outflow. These projections
are predominantly GABAergic but also co-release peptides to target a diverse array of
postsynaptic cell groups. Generally, the CeA targets the GABAergic BST and mPOA, the
neurochemically diverse LHA, and key brainstem centers (PB, NTS, VLM, LC, Raphe). The
precise functional outcomes of CeA inputs to these distinct regions remains to be
determined. See text for references. CeA: central amygdala, BST: bed nucleus of the stria
terminalis, mPOA: medial preoptic area, PB: parabrachial nuclei, NTS: nucleus of the
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solitary tract, LHA: lateral hypothalamic area, VLM: ventrolateral medulla, LC: locus
coeruleus, DMV: dorsal motor nucleus of the vagus, NA: nucleus ambiguus, IML
intermediolateral cell column, Glu: glutamate, 5-HT: serotonin, NE: norepinephrine, ACh:
acetylcholine.
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Fig. 4.
Hypothesized anatomical circuitry by which the ventral hippocampus (subiculum and CA1)

mediates autonomic responses. Simplified direct connections are illustrated without indirect
multisynaptic circuits. The glutamatergic outflow of the ventral hippocampus targets
GABAergic cells in the BST and mPOA and diffusely innervates the neurochemically mixed
LHA. To date, the functional effects of hippocampal outputs on cardiovascular stress
responses have not been investigated. See text for references. Hipp: hippocampus, BST: bed
nucleus of the stria terminalis, mPOA: medial preoptic area, LHA: lateral hypothalamic
area, DMV: dorsal motor nucleus of the vagus, NA: nucleus ambiguus, IML
intermediolateral cell column, Glu: glutamate, ACh: acetylcholine.

Physiol Behav. Author manuscript; available in PMC 2018 April 01.



	Abstract
	1. Introduction
	1.1 Stress and cardiovascular health
	1.2 Central networks mediating cardiovascular risk

	2. Descending autonomic regulation
	3. Medial prefrontal cortex
	4. Amygdala
	5. Hippocampus
	6. Summary and future directions
	7. Conclusion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4

