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Abstract

Responding to real or potential threats in the environment requires the coordination of autonomic, 

neuroendocrine, and behavioral processes to promote adaptation and survival. These diverging 

systems necessitate input from the limbic forebrain to integrate and modulate functional output in 

accordance with contextual demand. In the current review, we discuss the potential role of the 

medial prefrontal cortex (mPFC) as a coordinator of behavioral and physiological stress responses 

across multiple temporal and contextual domains. Further, we highlight converging evidence from 

rodent and human research indicating the necessity of the mPFC for modulating physiological 

energetic systems to mobilize or limit energetic resources as needed to ultimately promote 

behavioral adaptation in the face of stress. We review literature that indicates that glucocorticoids 

act as one of the primary messengers in the reallocation of energetic resources having profound 

effects locally within the mPFC, as well as shaping how the mPFC acts within a network of brain 

structures to modulate responses to stress. Finally, we discuss how rodent, as well as human 

studies point toward a critical role of the mPFC in the coordination of anticipatory responses to 

stress and why this distinction is an important one to make in stress neurobiology.
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Introduction

Stress responsiveness is a highly conserved process that promotes survival despite 

uncontrollable and often unpredictable changes in the environment (i.e. context). The 

physiological stress response engages autonomic and neuroendocrine systems to mobilize 

energy needed to meet the challenge at hand. Accordingly, these responses are both tightly 

regulated throughout the central nervous system and adaptable to the energetic needs of the 

individual. Thus, stress can be considered a stimulus that mobilizes energetic systems to 

respond to an ongoing or anticipated challenge [1].
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Energy mobilization following stress occurs mainly through activity of the autonomic and 

neuroendocrine systems. The sympathetic arm of the autonomic nervous system (ANS) is 

engaged within seconds of stressor presentation, in order to prepare the individual to 

respond immediately, and rapidly subsides as the result of reflex activation of the 

parasympathetic arm of the ANS [2]. Sympathetic activation is driven by preganglionic 

neurons in the interomediolateral cell column (IML), which in turn innervate sympathetic 

ganglionic neurons and participate in specific somato- and viscero-sympathetic reflexes. 

Sympathetic reflexes are controlled by descending afferent inputs from regions such as the 

rostral ventrolateral medulla (RVLM), paraventricular nucleus of the hypothalamus (PVN), 

medullary raphe nuclei, locus coeruleus (LC), and lateral hypothalamus (LH) [2,3]. Stress 

also stimulates sympathetic innervation of the adrenal medulla, which triggers the release of 

epinephrine (along with norepinephrine) into the bloodstream, promoting hepatic 

gluconeogenesis and contributing to increased heart rate, cardiac output, and blood pressure 

[4]. These changes, along with others, promote energy mobilization and enable the 

individual to cope with environmental demand. Parasympathetic output is controlled by 

descending preganglionic neurons in the dorsal motor nucleus of the vagus (DMV), 

medullary nucleus ambiguous (NAmb), and sacral parasympathetic nucleus [2]. Importantly, 

IML and medullary nuclei coordinate appropriate autonomic responses based on descending 

information from the limbic forebrain and hypothalamus, via inputs from autonomic 

integrative sites in the hindbrain (e.g. raphe pallidus, the lateral parabrachial nucleus, and the 

Kolliker-Fuse nucleus), midbrain (e.g. periaqueductal grey), and forebrain [e.g. dorsomedial 

hypothalamus (DMH)] [2].

The primary neuroendocrine stress response is generated by the hypothalamic–pituitary–

adrenocortical (HPA) axis, and occurs on a slower timescale than the autonomic response, 

allowing for prolonged and amplified responses to stress [2]. Upon stressor initiation, 

corticotropin-releasing hormone (CRH) is released from neurosecretory neurons in the 

medial parvocellular PVN into the external zone of the median eminence and travels to the 

anterior pituitary via the hypophysial portal system [5]. In turn, CRH and co-secretagogues 

such as arginine vasopressin (AVP) synergistically trigger the release of adrenocorticotropic 

hormone (ACTH) from anterior pituitary corticotropes [5,6]. By way of systemic 

circulation, ACTH acts at the adrenal cortex to induce the release of glucocorticoids (e.g., 

cortisol in humans, non-human primates and corticosterone in rats, mice) [7]. 

Glucocorticoids are then able to travel via systematic circulation to peripheral as well as 

central targets, whereby they exert a multitude of effects. In the periphery, glucocorticoids 

induce gluconeogenesis and promote glycogen breakdown, lipolysis, and proteolysis [8]. 

Glucocorticoids exert their effects in the brain and periphery through binding to 

mineralocorticoid (MR) and glucocorticoid receptors (GR) localized to neurons and/or glia. 

Classically, circulating glucocorticoids are thought to diffuse through cell membranes, 

where they bind to intracellular MR and GR. Activated MR and GR dissociate from heat 

shock proteins and dimerize with other activated MR and GR receptors, respectively [9,10]. 

The MR or GR dimers translocate to the nucleus, where they modify gene expression via 

binding of liganded complexes to glucocorticoid response elements [11]. Both GR and MR 

may also affect gene expression by transrepression, mediated by binding to other 

transcription factor complexes and interfering with their transcriptional effects (e.g., AP1). 
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Glucocorticoids also bind to membrane-associated MR and GR, though the molecular 

underpinnings of this process are still being uncovered (see [10]). The MR has a much 

higher binding-affinity for glucocorticoids, and is thought to be partially occupied at basal 

levels [12]. In contrast, the GR has a much lower binding-affinity for glucocorticoids, and is 

thought to be largely unoccupied at basal levels. Accordingly, MR is thought to sense 

resting levels of glucocorticoids important for circadian regulation of the HPA axis and 

mnemonic function, whereas the GR is thought to be important for sensing stress-induced 

levels of glucocorticoids [13,14]. However, the membrane MR has a lower binding-affinity 

for glucocorticoids than the cytosolic variant, and plays an important role in the rapid effects 

of glucocorticoids, particularly in the hippocampus [15]. The MR and GR are expressed in 

key stress-regulatory regions, including the medial prefrontal cortex (mPFC), hippocampus, 

amygdala, hypothalamus, and hindbrain, with MR expression being more restricted than that 

of GR [16,17].

Responding to stress can be anticipatory or reflexive, and requires the involvement of 

multiple stress-regulatory brain circuits [1,18]. Anticipatory responses occur whenever the 

stressor is expected and requires the organism to reference prior experiences to predict the 

need for energy mobilization. Reflexive responses tend to be more ‘systemic’ in nature and 

may result from physical stressors such as blood loss, pain, or hypoxia, which require 

immediate responses. Anticipatory responses often recruit forebrain and limbic circuits that 

project to the PVN via multi-synaptic projections, whereas reflexive responses tend to 

activate hindbrain pathways that project directly to the PVN or autonomic motor centers [2].

The mPFC is a critical regulator of autonomic and neuroendocrine stress responses, in 

addition to its prominent role in executive function [19–21]. The focus of this review will be 

to discuss the role of the mPFC in stress regulation as it relates to neuroendocrine, 

autonomic, and behavioral responses to stress. Further, we propose that the mPFC is a 

coordinator of brain circuits that mediate responses to stress, particularly (albeit not 

exclusively) anticipatory in nature.

Overview of Prefrontal Cytoarchitecture, Connectivity, and Neurochemical 

Makeup

The rodent mPFC is classified into three distinct neuroanatomical subregions based on 

connectivity and cytoarchitecture: the anterior cingulate (ACC), prelimbic (plPFC), and 

infralimbic (ilPFC) cortices [22] (see Figure 1). These three regions have functional and 

connectional homology to human Brodmann areas 24b, 32, and 25, respectively (Gabbott et 

al., 2005). The mPFC is divided into medial-lateral layers: layer I (mostly axons), layers II/

III, and layers V/VI. The mPFC is agranular and output to subcortical structures arises from 

both deep layers (V/VI) as well as layers II/III [23]. The mPFC is further divided into dorsal 

and ventral components, including the ACC and dorsal plPFC and the ventral plPFC and 

ilPFC, respectively. The ACC in rats has mostly been implicated in motor behaviors, as it 

sends projections to oculomotor sites and regions involved in spatial navigation [22,24]. The 

ACC is also implicated in pain reactivity [24]. The plPFC projections [dorsal raphe, dorsal 

striatum, nucleus accumbens, basolateral complex of the amygdala (BLA), anterior bed 

nucleus of the stria terminalis (aBST)] are consistent with a role for the more dorsal mPFC 
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in limbic and cognitive functions. The projections of the ilPFC projections [nucleus of the 

solitary tract (NTS), posterior hypothalamus (PH), central nucleus of the amygdala, 

parabrachial nucleus, rostral ventrolateral medulla (RVLM)] suggest a role in visceral/

autonomic responses (see[22,23,25,26]).

The mPFC is predominantly comprised of glutamatergic pyramidal neurons (~80–90%) and 

an array of local interneuron populations (~10–20%). There are several different populations 

of interneurons that can be defined by phenotypic expression of parvalbumin (PV), 

cholecystokinin (CCK), vasoactive intestinal polypeptide (VIP), calretinin, calbindin, and/or 

somatostatin [23,27]. The majority of GABAergic interneurons express parvalbumin 

(~52%), and are thought to regulate glutamatergic output and regulate theta oscillations via 

perisomatic contacts onto pyramidal neurons [28]. Somatostatin neurons also are thought to 

regulate glutamatergic output via synaptic contacts onto the dendritic trees of glutamatergic 

pyramidal neurons [29]. These two interneuronal populations may be under the control of 

another interneuronal subtype, the VIP neurons [29]. Thus, the prefrontal glutamatergic 

neurons are under stringent regulatory control by local interneuronal circuits (see Figure 2).

Stress at the Synaptic Level in the mPFC

We are only now just beginning to understand how stress affects neurotransmission in the 

mPFC. There is substantial evidence that glucocorticoids have profound effects on 

prefrontal-mediated learning and memory, which begin with changes in neurotransmission 

at the synapse. Most studies of neurotransmission in the mPFC indicate that acute stress 

increases excitation of glutamatergic output neurons [30]. Acute stress increases 

extracellular glutamate and increases depolarization-evoked glutamate release via a GR-

dependent mechanism [31]. In adolescent rats, acute stress increases NMDA- and AMPA-

mediated excitatory currents [32], also adding support to the notion that stress acutely 

increases excitatory neurotransmission.

Repeated restraint stress, chronic unpredictable stress, or chronic corticosterone treatment 

decrease the dendritic complexity of pyramidal neurons [33,34]. Therefore, it is thought that 

under chronic stress the excitability of glutamatergic pyramidal neurons is diminished. This 

appears to be the case in adolescent rats, as chronic stress decreases NMDA- and AMPA-

mediated currents in the mPFC through increased degradation of postsynaptic glutamate 

receptors [35]. Notably, the mPFC is still developing during adolescence, which is a period 

marked with pruning of prefrontal glutamatergic synapses, as well as increasing GABA 

[36]. Thus, at this point it is unclear whether increased degradation of glutamate receptors is 

due to chronic stress alone or stress/development interactions (see [37]). In line with this 

work, however, chronic corticosterone administration in adult animals decreases expression 

of NMDA subunit NR2B and AMPA subunits GluR2/GluR3 in the ventral mPFC [38]. 

Moreover, recent work correlates stress-induced decreases in glutamatergic pyramidal 

complexity in deep layer (V) of the mPFC with reduced excitatory neural responses to 

serotonin [39,40]. Thus, overall it appears that acute stress increases excitatory 

neurotransmission in the mPFC, while chronic stress adaptation may promote a decrease in 

excitability of the prefrontal glutamatergic output neurons.
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Complementing the effects of acute stress on excitatory neurotransmission, it appears that 

glucocorticoids acutely decrease inhibitory neurotransmission via an endocannabinoid-

dependent mechanism, leading to disinhibition of prefrontal glutamatergic neurons [41]. 

Conversely, repeated restraint stress increases the complexity of prefrontal GABAergic 

interneurons [42], suggesting that chronic stress enhances the ability of GABAergic neurons 

to inhibit glutamatergic neurons. Thus, by altering the balance between excitatory and 

inhibitory neurotransmission, glucocorticoids are able to induce a shift toward excitation 

acutely and inhibition chronically, setting the gain of prefrontal influence on downstream 

targets depending on context.

The actions of glucocorticoids at the level of the synapse have been extensively studied in 

other regions, including the hippocampus, amygdala, and hypothalamus. Through all of 

these studies, a common pattern generally emerges: glucocorticoids rapidly increase 

excitatory neurotransmission via the MR and suppress transiently increased excitatory 

transmission via the GR [1,43]. The latter may occur to protect information acquired during 

the stressful experience and promote anticipatory responses to future stressors [43]. Whether 

this same pattern can be generalized to the mPFC still remains to be determined, as the 

actions of glucocorticoids are very spatially and temporarily distinct. For instance, though 

responses to glucocorticoids in the BLA and hippocampus follow the same general 

abovementioned pattern, responses to glucocorticoids in the amygdala are much more 

prolonged in the BLA, a GR-mediated effect [44]. Similarly, in adolescent rats, acute stress 

induces sustained glutamatergic currents in the mPFC and enhances working memory via 

GR activation [45]. Thus, the exact mechanisms by which glucocorticoids exert their 

synaptic effects in the adult prefrontal cortex have yet to be elucidated. Given the high 

GR:MR ratio in the mPFC, however, it stands to reason that the prefrontal GR is vital to 

anticipatory responses to stress.

Prefrontal Regulation of ANS

The mPFC is well-positioned to modulate the ANS. The mPFC indirectly regulates the ANS 

through projections to pre-autonomic nuclei in the brainstem, including the NTS [23,46,47]. 

Indeed, excitotoxic and acute chemical lesions indicate that the mPFC can modify the 

parasympathetic component of the baroreflex [46,47]. Moreover, Correa and colleagues 

demonstrated that glutamate in the mPFC modulates baroreflex function [48]. Additionally, 

the ventral mPFC (including ilPFC) sends some projections to the RVLM, and electrical 

stimulation of the ventral mPFC in anesthetized rats initiates depressor responses 

accompanied by inhibition of neurons in the RVLM [49]. Less is known about specific 

dorsal mPFC circuits that regulate autonomic activity; however, plPFC innervates a 

population of neurons in the aBST that are activated by stress and thought to mediate 

inhibitory responses [26] (see Figure 2). Specific studies of mPFC subregional regulation of 

autonomic stress responses reveal interesting differences between ilPFC and plPFC. Distinct 

lesions of the plPFC vs. ilPFC during acute restraint indicate that the plPFC is inhibitory and 

ilPFC excitatory for the tachycardiac response to stress [50]. Moreover, stimulation of the 

plPFC increases parasympathetic activity, whereas stimulation of ilPFC promotes 

sympathetic activation [51]. Lesions of the ilPFC also attenuate conditioned tachycardia and 

pressor responses in unanesthetized, freely-moving rats [52,53]. Thus, the lesion and 
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stimulation literature suggests that the plPFC appears to inhibit the sympathetic nervous 

system, while the ilPFC may drive sympathetic activation in response to acute stress.

Prefrontal Regulation of HPA axis

Prefrontal regulation of the HPA axis was first uncovered using lesion and corticosterone 

implant studies. Meaney and colleagues showed that lesions of the dorsal mPFC (prelimbic) 

attenuate negative feedback of the HPA axis, whereas corticosterone implants into the same 

region decrease corticosterone levels [20]. Since then, others have reproduced these effects 

suggesting that the plPFC acutely regulates negative feedback of the HPA axis [19,54]. Our 

lab recently demonstrated that glucocorticoids act at the plPFC GR to regulate negative 

feedback acutely. However, we also found that glucocorticoids act at the ilPFC GR to 

decrease corticosterone secretion, in contrast to prior lesion studies (McKlveen et al., 2013; 

Radley et al., 2006). Moreover, we found that glucocorticoid inhibition during chronic stress 

specifically involves the infralimbic, but not the prelimbic, GR [21]. Thus, acutely, 

glucocorticoids act via the plPFC and ilPFC GR to inhibit the HPA axis, whereas feedback 

under chronic stress is mediated primarily by the ilPFC.

The mPFC does not have direct projections to the PVN. Instead, the mPFC projects to 

intermediary regions, which in turn project to the PVN to regulate the HPA axis (see Figure 

2). The plPFC sends glutamatergic projections to the aBST, which in turn sends GABAergic 

projections to the PVN to decrease corticosterone responses to acute stress [26]. The 

intermediary synaptic connections between the ilPFC and PVN has yet to be discovered. 

The ilPFC projects directly to the NTS (and perhaps to the NTS indirectly through the CeA), 

which in turn provides excitatory input to the PVN [22]. Whether the ilPFC initiates 

inhibition directly within this region to brake its excitatory drive to the PVN remains to be 

determined [55]. Additionally, the ilPFC activates aBST neurons that project to the ventral 

tegmental area [56], although the relevance of this circuit for stress responding is unknown. 

Studies from our group suggest additional ilPFC targets, such as the posterior hypothalamus 

(PH), may also play a role in infralimbic regulation of the HPA axis response to stress [25].

Prefrontal Regulation of Behavioral Responses to Stress

A number of signature behavioral functions are attributed to the mPFC, including working 

memory, behavioral flexibility, decision-making, and planning [57]. All of these processes 

require the ability to reference past experiences to prospectively plan an appropriate 

response for the given context. Working memory, in particular, requires the ability to 

transiently maintain a ‘mental sketch pad’ of recent information to direct subsequent actions 

[58]. Stress has a profound effect on each of these processes, inducing changes that are 

important for adaptation in the face of ongoing stress.

Acute as well as chronic stress impairs working memory [59–61]. It is thought that this 

occurs to minimize competing information, as acute stress increases memory consolidation 

of the salient event at the expense of working memory via the same mechanism [60]. The 

dopamine system has also been implicated in impairments of spatial working memory, 

including both hyper- and hypo-dopaminergic function, suggesting that optimal dopamine 

function is essential for prefrontal regulation of working memory [59,62] . Moreover, 
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chronic stress is thought to impair spatial working memory through a dopamine receptor-1-

mediated hypo-dopaminergic mechanism in the mPFC [59].

Lesions of the mPFC demonstrate the importance of the mPFC for flexibility and attentional 

set-shifting [63,64]. Both acute and chronic stress impair performance in behavioral 

flexibility and set-shifting paradigms, which require the ability to inhibit a previously 

learned response [33,34,65]. Decision-making and planning are also primary executive 

functions of the mPFC that are negatively impacted by stress [66,67]. Acute stress impairs 

performance of the delayed spatial win-shift task, a prefrontal-mediated task, which requires 

animals to use information acquired prior to a delay to prospectively plan movement to 

obtain a reward [68]. Acute administration of corticosterone systemically or directly into the 

ilPFC rapidly impairs the decision-making ability of rats in a rodent version of the Iowa 

Gambling Task, a prototypic tool used in humans to assess decision-making [69,70]. 

Chronic stress also promotes habitual behavior in rats exposed to two operant tasks requiring 

them to make goal-directed decisions. This shift to habitual behavior is accompanied by 

atrophy of the mPFC [71]. Moreover, both chronic corticosterone and GR blockade impair 

decision-making based on action-outcome contingencies [72,73].

The mPFC is also important for the regulation of affect, commonly described in rodents as 

depression-like behavior (i.e. immobility) in the forced swim test (FST). The FST was first 

developed with the notion that animals placed in a container of water with no escape will 

continue to swim as long as possible to avoid the aversive situation. Eventually, animals will 

display ‘helplessness’ by ceasing to swim (floating or sinking). The general interpretation 

for this assay is that animals who ‘give up’ sooner in the test are more ‘helpless’ or exhibit 

depression-like behavior. There are two versions of this test: the classic Porsolt version, as 

well as the modified FST. The Porsolt FST involves two days of testing to ensure a high 

degree of immobility during the second session (generally 24 hours after the first session) 

(for an excellent review of the Porsolt FST procedure, see; [74]), whereas the modified FST 

involves a single exposure to obviate the potential confound of memory effects [75]. This 

test is widely used as an assay of despair, as chronic stress increases immobility in the FST 

and antidepressants reverse this effect. However, it is important to consider that immobility 

in the FST may be an adaptive response. Thus, increased immobility may not necessarily 

indicate ‘helplessness’, but rather may be a way for the animal to conserve energy. 

Moreover, animals undergoing chronic stress frequently lose significant weight, suggesting 

changes in energy balance that may make an animal more likely to become immobile to 

conserve energy. Therefore, it is important to temper interpretations of immobility behavior 

in this assay in light of potential adaptive mechanisms, as we have suggested previously 

[1,76].

Nevertheless, a wide body of literature has suggested that the mPFC may be involved in 

modulating behavior in this task. Knockdown of GR confined to the ilPFC increases 

immobility in the FST [21]. Notably, a homologous region is implicated in major depressive 

disorder (MDD) in humans, and deep brain stimulation (DBS) of this region in rats has an 

‘antidepressant’-like effect in the FST [77]. Further, DBS of the ventral mPFC ameliorates 

stress-induced anhedonia-like behavior in the sucrose preference test [78]. Ibotenate lesions 

of the ventral mPFC did not block the effects of DBS [77]. Thus, spared fibers of passage 
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may be involved in the effects of ventral mPFC DBS. However, optogenetic stimulation of 

mPFC cell bodies prevents social avoidance engendered by repeated social defeat and 

specific prefrontal glutamatergic synapses modulate coping style in the FST 

[79,80],supporting the importance of ventral mPFC cells in behavioral regulation under 

normal physiological conditions. In addition to mood and affective regulation, a substantial 

body of evidence [40,66] indicates that mPFC subregions are involved in distinct aspects of 

fear memory [40]. In particular, the ilPFC seems to be critical for extinction of conditioned 

fear [81].

The aggregate data suggest that the mPFC is particularly important for coordinating 

appropriate behavior for context-specific adaptation through sustained attention and flexible 

inhibition of inappropriate responses [1]. Chronic stress in particular seems to impair this 

process, taking the prefrontal cortex ‘offline,’ and induces a shift toward more habitual, less 

goal-oriented responses in rodents [82].

Clinical Evidence of Prefrontal Involvement in Stress-related 

Neuropsychiatric Disorders

Perhaps one of the best and probably most well-known representations of prefrontal cortical 

dysfunction lies in the case of Phineas Gage [83]. Indeed, damage to or lesions of the PFC 

cause working memory impairment [84,85], cognitive inflexibility [86,87], impairments in 

decision making [88,89], poor planning ability [90,91], and disrupted emotional processing 

[89,92]. Phineas Gage displayed deficits in many of these mPFC-mediated functions, as 

documented by Harlow shortly after Gage’s accident, including decision-making, working 

memory, and planning. He also particularly had difficulty with emotional processing to the 

point that it was said that he was “no longer Gage.” Thus, Gage represents a prime example 

of how damage to the mPFC can lead to deficits in these signature mPFC-mediated tasks. As 

discussed previously, these are all executive functions also affected by stress in rodents. 

Numerous studies have demonstrated that these behaviors are affected by stress in humans 

and are disrupted in patients with stress-related disorders, such as MDD [92].

As discussed previously, the dopaminergic system has been implicated in working memory 

deficits following stress. Likewise, the dopaminergic system is thought to potentially be 

involved in the pathogenesis of MDD, as patients with Parkinson’s Disease have a 2–4 fold 

increase in risk for developing MDD [92,93]. Further, patients with MDD tend to have 

significant impairments in working memory [94,95]. Thus, stress leads to disturbances in the 

dopaminergic system that may contribute to symptoms of stress-related neuropsychiatric 

disorders.

The Wisconsin-card-sorting test (WCST) is the prototypic test for measuring cognitive 

flexibility in humans. Subjects must be able to flexibly alter their behavior by sorting a deck 

of cards according to rules that change randomly throughout the task [96]. Thus, they must 

be able to flexibly switch their behavior and inhibit a previously correct response. Patients 

with lesions of the mPFC are unable to complete this task successfully. Likewise, patients 

with MDD have significant impairment (i.e. increased perseveration) in the WCST [97]. 

Acute stress also impairs cognitive flexibility, as individuals exposed to the Trier Social 
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Stress Test (TSST) show impairments in ability to inhibit a previously learned response 

[98].

There is a significant amount of data suggesting that stress-induced deficits in rodent 

prefrontal function may be similar to that of humans with MDD. Dendritic atrophy of 

glutamatergic neurons, as well as glial loss, are commonly observed in the PFC of 

chronically stressed rats, as discussed previously [33,34,99]. Similarly, in humans, MDD is 

associated with reductions of gray matter volume in the left subgenual cingulate cortex using 

both MRI [92,100] and histological measures [92]. These changes in rodents following 

stress and in humans with MDD are thought to share a common mechanism [92,101]. 

Moreover, the subgenual cingulate cortex (Brodmann area 25) shows hyper- or hypo-

activation, depending on the population of patients tested [100,102]. In addition, chronic 

stress is associated with atrophy and decreased activation of the mPFC that are accompanied 

by deficits in decision-making and goal-directed behavioral flexibility [103]. Many cortical 

functions are lateralized and human studies of MDD tend to identify altered activity specific 

to the right hemisphere of the mPFC [104]. Moreover, in human, the right hemisphere is 

dominant in the regulation of negative emotional states and the regulation of neuroendocrine 

and autonomic responses to stress [105]. Interestingly, lesion studies in rodents indicate that 

prefrontal regulation of physiological and behavioral stress responses may be lateralized to 

the right hemisphere [105]. The lateralized differences in prefrontal function become 

especially relevant in the treatment of MDD. For instance, transcranial magnetic resonance 

(TMS) can be used to stimulate (high frequencies) or suppress (low frequencies) cerebral 

metabolism. Stimulation of the left PFC or suppression of the right PFC improves 

depressive symptoms, thus highlighting the importance of PFC lateralization [105]. Thus, 

hemisphere-specific alterations in morphology, volume, and activation of mPFC in response 

to stress may underlie the changes observed in patients with MDD. Further, these alterations 

likely account for deficits in behavioral flexibility, decision-making, planning, and mood 

observed in chronically stressed individuals and patients with MDD.

The Prefrontal Cortex as a Coordinator of Stress Adaptation

Herein, we propose that the mPFC acts as a coordinator of stress adaptation planning, 

developing, and integrating the efforts of multiple brain regions and energetic systems to 

generate a context-specific, appropriate behavioral response (Figure 3). The mPFC is well-

positioned to act as a coordinator of autonomic and neuroendocrine responses, supporting 

the energetic mobilization needed for behavioral adaptation. We recently discussed the 

importance of context-specific energetics and how chronic stress may lead to pathology 

exceeding the adaptive capacity of the individual [1]. Here, we propose that prolonged 

activation of energetic systems or misappraisal of energetic need represent two adaptive 

costs that could underlie pathology. Further, stress-related illnesses, including MDD, are 

characterized by physiological, cognitive, and affective responses that are inappropriate to 

environmental context, indicating that adaptive costs may contribute to MDD. Given the 

role of the mPFC in appraisal (i.e. decision-making), the area may serve as an important 

integrator of energetic systems (i.e. HPA axis and ANS) that support appropriate behavioral 

responses to context.
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An example of prefrontal coordination of responses to stress comes from groups of men and 

women with mPFC damage. These individuals report more subjective ‘stress’ in the TSST. 

Despite reporting more stress, men with greater mPFC damage had decreased cortisol 

accompanied by increased heart rate. Women, in contrast, had an increased cortisol response 

to the TSST, with no effect on autonomic regulation [106]. Thus, damage to the mPFC 

results in a disconnect between subjective experience (i.e. behavior), neuroendocrine 

responses, and autonomic regulation. Thus, misappraisal of contextual circumstance 

severely compromises the ability of these individuals to appropriately coordinate behavior 

with the physiological systems driving energy mobilization.

Similarly, patients with mPFC damage are severely impaired in a gambling task, making the 

wrong decision long after they know the correct strategy [107]. Individuals without mPFC 

damage generate a sympathetically-mediated skin conductance response when they are 

considering a risky decision, whereas patients with mPFC damage do not generate this 

anticipatory response [107]. In spite of knowing the strategy that they should adopt, patients 

with mPFC damage are unable to execute effective behavioral responses, perhaps related to 

an inability to mobilize energetic resources to generate behavioral flexibility.

In summary, the mPFC is an important integrator of the neuroendocrine and autonomic 

energetic systems that drive appropriate responding in specific contexts. Dysregulated 

activity of the mPFC prevents appropriate responses to stress, and the inability to correctly 

coordinate these responses may lie at the heart of neuropsychiatric disorders linked to stress 

and prefrontal dysfunction.

The Prefrontal Cortex, Glucocorticoids, and Cellular Energetics

On the systems level, it has been proposed that the brain reallocates energetic resources to 

one network by suspending energetic resources in another [108]. For instance, acute stress 

may funnel energetic resources toward a ‘salience network’ (comprised of the amygdala and 

striatum) at the expense of energetic resources in the ‘executive network’ (e.g. the mPFC) 

[108]. The underlying mechanisms governing these shifts are largely unknown, but may 

involve glucocorticoid effects on astrocytes, neurotropic factors, neurotransmitters, 

mitochrondral function, and/or hormones. Further, reallocation or suppression of energetic 

resources in the mPFC may underlie deficits in prefrontal-mediated function associated with 

chronic stress or neuropsychiatric disorders, e.g. MDD.

One of the primary functions of glucocorticoids is to mobilize energy. The name 

‘glucocorticoid’ itself is comprised of ‘gluco,’ cort,’ and ‘oid’, reflecting that it is a steroid 

produced in the adrenal cortex that mobilizes glucose. A very-thorough, recent review by 

Hermans et al. highlights the potential role of neuromodulatory system processes that may 

be involved in active reallocation of energetic resources to the ‘salience network’ [108]. 

Herein, we will focus on how glucocorticoids might funnel energetic resources away from 

the ‘executive network’ to the ‘salience network’ (under acute stress and perhaps in a 

sustained manner under chronic stress) by active suppression within the mPFC. In brain, 

high levels of glucocorticoids can stunt glucose mobilization through inhibition of glial 

glucose transport [109] and impair neuronal viability [110]. Glucocorticoids can also inhibit 
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neurotrophic molecules such as brain-derived neurotrophic factor (BDNF), which may 

underlie chronic stress effects on glutamatergic neuronal plasticity in the mPFC [111–113]. 

Mitochondrial function (which provides ATP for neurotransmitter synthesis, ion transport, 

and endocytosis) is also impacted by glucocorticoids, as the GR can translocate into 

mitochondria and has dose-dependent effects on calcium uptake and reactive oxygen species 

(ROS) production [114,115]. High or chronic levels of glucocorticoids impair mitochondrial 

function (increasing calcium levels and ROS production), which may lead to decreased 

neuronal viability [115]. Mitochondrial stress is also associated with impairments in 

working memory, demonstrating how suppression of energetic resources locally in the 

mPFC can ultimately affect behavior [116]. Further, glucocorticoids downregulate the 

prefrontal GR, limiting the ability of the system to inhibit glucocorticoid secretion 

[117,118]. Thus, though not an exhaustive list, high or chronic levels of glucocorticoids 

profoundly suppress a number of local energetic resources that may compromise prefrontal 

function and ultimately the ability of the prefrontal cortex to coordinate stress adaptation.

Conclusion

The primary task for any coordinator is to plan, develop, and integrate resources to achieve a 

goal. We propose that the prefrontal cortex is an important coordinator of behavioral, 

neuroendocrine, and autonomic responses particularly to anticipatory stressors. The ability 

to reference past experiences and generate a context-specific response is appropriate for the 

mPFC given its role in executive functions, including: planning, decision-making, and 

response inhibition, as we have discussed throughout this review. While the mPFC can be 

involved in reflexive responses, it is poised to play a greater role in the coordination of 

anticipatory responses to stress that do not necessarily necessitate a response on the same, 

rapid time-scale. Thus, future studies aimed at testing stress effects on prefrontal function 

should make the distinction between anticipatory and reflexive responses, perhaps focusing 

on the former as more indicative of prefrontal participation.

The distinction between anticipatory and reflexive stress is an important one to make in 

stress neurobiology, because much of modern day stress is internally driven or psychogenic 

in nature [119]. For instance, one may become ‘stressed’ by financial, familial, or work-

place issues, leading to activation of neuroendocrine and autonomic systems. These potent 

modern life stressors mobilize energetic systems in the absence of a direct threat to survival 

and can ultimately affect behavior, e.g. mood. Given the strong link between stress and 

neuropsychiatric disorders, understanding how anticipatory stressors might lead to 

alterations in stress adaptation is of paramount importance in the development of effective 

treatments for stress-related neuropsychiatric disorders.
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Figure 1. 
mPFC Neuroanatomy. Sagittal (left) and coronal (right) sections of the medial prefrontal 

cortex (mPFC) showing the anterior cingulate (AC), prelimbic (PL), and infralimbic (IL) 

cortices. The dotted line on the sagittal view indicates the location of the coronal section. 

Other abbreviations as follows: olfactory bulb (OB), forceps minor of the corpus callosum 

(FMI), corpus callosum (CC), dorsal AC (dAC), ventral AC (vAC), optic chiasm (OX).
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Figure 2. 
Intrinsic Circuitry and Efferents of the mPFC. The mPFC is under tight regulatory control of 

local interneuron populations that limit the predominantly glutamatergic output of the 

mPFC. Somatostatin (SS) and parvalbumin (PV) are two of the primary interneuron 

subtypes within the mPFC that provide dendritic and perisomatic inhibition, respectively. 

The mPFC projects to numerous subcortical and hindbrain targets, e.g. the bed nucleus of 

the stria terminalis (BST), hypothalamic subnuclei, and brainstem that mediate its effects on 

neuroendocrine and autonomic responses to stress. Other abbreviations as follows: 

corticotropin-releasing hormone (CRH) and acetylcholine (ACh).
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Figure 3. 
Prefrontal Coordination of Energetic Systems. A schematic representation of the potential 

role that the medial prefrontal cortex could play in coordinating activity between the 

autonomic and hypothalamic-pituitary-adrenocortical (HPA) axis to regulate both 

emotional/reactive and executive functions in response to environmental stimuli.
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