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Abstract

The hypothalamus-pituitary-adrenal (HPA) axis is the main neuroendocrine arm of the stress 

response, activation of which leads to the production of glucocorticoid hormones. Glucocorticoids 

are steroid hormones that are secreted from the adrenal cortex, and have a variety of effects on the 

body, including modulation of the immune system, suppression of reproductive hormones 

maintenance of blood glucose levels, and maintenance of blood pressure. Glutamate plays an 

important role in coordination of HPA axis output. There is strong evidence that glutamate drives 

HPA axis stress responses through excitatory signaling via ionotropic glutamate receptor 

signaling. However, glutamate signaling via kainate receptors and group I metabotropic receptors 

inhibit HPA drive, probably via presynaptic inhibitory mechanisms. Notably, kainate receptors are 

also localized in the median eminence, and appear to play an excitatory role in control of CRH 

release at the nerve terminals. Finally, glutamate innervation of the PVN undergoes neuroplastic 

changes under conditions of chronic stress, and may be involved in sensitization of HPA axis 

responses. Altogether, the data suggest that glutamate plays a complex role in excitation of CRH 

neurons, acting at multiple levels to both drive HPA axis responses and limit over-activation.
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Introduction

The mammalian body has evolved a number of systems that are specialized to maintain 

homeostasis in the face of various challenges. Such systems include the hemostasis system 

for responding to hemorrhage, the insulin/glucagon system for responding to alterations in 

blood glucose levels, brown adipose tissue/shivering for responding to decreased body 

temperature, etc. In addition to these specialized homeostatic mechanisms, however, there 

are also generalized homeostatic systems that are activated regardless of the specific threat.
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The existence of a generalized response to varied homeostatic challenges was first described 

by the Canadian endocrinologist, Hans Selye. Selye described a constellation of responses 

common to a variety of challenges, such as heat, cold, toxins, and surgery, and called the 

response to these stimuli the “general adaptation syndrome” [1]. Animals that were exposed 

to noxious stimuli at first adapted to the challenge, but eventually experienced physiological 

responses including weight loss, immune suppression, and gastrointestinal ulcers. The 

responses that Selye noted were common to a wide variety of seemingly unrelated noxious 

stimuli. The responses involved in mediating the general adaptation syndrome eventually 

became known as “stress” [2]. Stress responses are mediated by physiological systems, such 

as the adrenal medullary system, the sympathetic nervous system, and the hypothalamus-

pituitary-adrenal (HPA) axis.

The HPA axis is a neuroendocrine system, comprised of the paraventricular nucleus of the 

hypothalamus (PVN), the anterior lobe of the pituitary gland, and the adrenal cortex. In 

response to stress, the PVN integrates signals from multiple levels of the brain and 

brainstem to promote corticotropin releasing hormone (CRH) and vasopressin (AVP) 

secretion into the hypophyseal portal vasculature. These hormones can then access the 

anterior pituitary and stimulate the synthesis and release of adrenocorticotropin (ACTH). 

ACTH is released into the general circulation, and acts on the adrenal cortex to induce the 

synthesis of glucocorticoid hormones (mainly cortisol in humans, corticosterone in rodents).

Glucocorticoid hormones that are released in response to activation of the HPA axis are 

involved in a number of processes that help an organism to maintain homeostasis. For 

example, glucocorticoids act to elevate blood glucose levels, to inhibit reproductive 

activities of an organism, to regulate the immune system, and to maintain or regulate blood 

pressure (such as in preventing shock). These activities are thought to help the animal to 

survive acute challenges to homeostasis, and to recover following the survival of such an 

acute challenge [3]. Glucocorticoids also serve to regulate the HPA axis response to 

subsequent stressors, through negative feedback [4].

Stimulation Excitatory regulation of the HPA axis

Since the HPA axis is involved in the response of an organism to stress, it is clear that 

activity of the HPA axis needs to be regulated in a rapid manner. Although the HPA axis is 

typically activated more slowly than other parts of the stress response, such as the 

sympathetic nervous system and the adrenal medullary catecholamine system [3], the HPA 

axis is still activated relatively quickly in response to stress. ACTH secretion is detectably 

increased within 5 minutes after the onset of restraint stress [5], while corticosterone 

secretion is detectably increased within less than 15 minutes after the onset of stress [6].

A major player in activation of the HPA axis response to a challenge is the neurotransmitter 

glutamate. Glutamate is an amino acid, and is the major excitatory neurotransmitter in the 

central nervous system [7, 8]. It is released from presynaptic nerve terminals, and removed 

from the synapse largely by astrocytes [9]. Glutamate signals pre-synaptically and post-

synaptically, through a family of receptors that includes ionotropic and metabotropic 

members.
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The ionotropic glutamate receptors act as glutamate-gated ion channels, and are divided into 

three general families, based on homology and pharmacological properties of the receptor 

proteins. These families are the N-methyl-D-aspartate (NMDA) receptors, the α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, and the kainate receptors 

[10]. Ionotropic receptors, particularly the AMPA receptors, mediate most of the fast 

excitatory signaling in the central nervous system [8, 11]. NMDA [12] and kainate receptors 

[13] both have roles in synaptic plasticity as well. Figure 1A summarizes the ionotropic 

glutamate receptors.

Metabotropic receptors signal through G-proteins, and are also divided into three groups, 

known as Groups I, II, and III [14]. In general, group I receptors are post-synaptic and 

excitatory, via phospholipase C signaling. Groups II and III act as presynaptic autoreceptors, 

inhibiting adenylate cyclase activity and thus inhibiting presynaptic glutamate release [14, 

15]. Figure 1B summarizes the metabotropic glutamate receptors.

Glutamate and acute regulation of the HPA axis

Since glutamate is the major excitatory central nervous system neurotransmitter, it is not 

surprising that glutamate signaling is an important regulatory influence on the HPA axis. 

Cells in many areas involved in activation of the HPA axis express glutamate receptors, 

suggesting that glutamatergic terminals innervate these areas. These regions include the 

PVN, hippocampus, prefrontal cortex, and the anterior pituitary gland [16-19], suggesting an 

anatomic basis for glutamate signaling in activation of the HPA axis. Furthermore, neurons 

in the PVN proper and in areas that send efferents to the PVN express glutamate transporter 

proteins such as vesicular glutamate transporter 1 (VGluT1), VGluT2, and VGluT3 [20-24], 

which define them as glutamatergic neurons.

Using retrograde tracing in combination with VGluT1 and VGluT2 in situ hybridization, our 

group has determined that the major glutamate inputs to the PVN are from diencephalic and 

brainstem sources. Tracing studies highlight the posterior hypothalamus and ventromedial 

hypothalamus as primary hypothalamic glutamatergic PVN inputs, showing the highest 

proportion of retrogradely labeled, VGluT2 positive neurons. Anterograde tracing in 

conjunction with VGluT2 immunostaining confirm that the posterior hypothalamic 

connection sends glutamatergic fibers into the CRH-containing region of the PVN [25]. A 

strong glutamatergic projection from the subparafascicular nucleus of the thalamus is also 

observed. Strong projections exist from several brainstem sources, including the anterior and 

caudal periaqueductal gray and lateral parabrachial nucleus. There is also evidence for 

glutamate projections from the ventrolateral medulla and nucleus of the solitary tract [26]. 

At least some of the latter projections co-express catecholaminergic or peptidergic (e.g., 

glucagon-like peptide 1) markers [27]. These expression and tracing studies suggest a 

functional role for glutamate in regulation of the HPA axis, which has been confirmed on 

both acute and chronic time scales.

Acutely, glutamate infusion into the third ventricle [28] or PVN [29] leads to increased 

corticosterone secretion. Direct PVN glutamate infusion increases ACTH secretion [30] and 

causes depletion of CRH from the median eminence (consistent with release of CRH) [29]. 

Acute excitatory effects of ionotropic glutamate receptor signaling are mediated by NMDA 
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receptors [31, 32] and non-NMDA receptors [33]. Indeed, direct infusion of the general 

ionotropic glutamate receptor antagonist kynurenic acid reduces corticosterone release in 

response to acute restraint, consistent with excitatory drive of the HPA axis by post-synaptic 

NMDA/AMPA receptors localized on PVN neurons [34].

Recent studies from our group also document a role for local kainate receptor signaling in 

regulation of PVN excitability. Direct infusion of the GluR5 kainate receptor antagonist 

LY382884 into the PVN region prior to restraint stress decreases ACTH and corticosterone 

release and reduces PVN Fos induction, consistent with a role for GluR5 signaling in stress 

inhibition [35]. The inhibitory effect of GluR5 activation may be associated with either 

presynaptic inhibition of glutamate release or presynaptic excitation of local GABA release. 

Both of the above GluR5 effects have been reported in the literature [36-40].

In contrast to data obtained following direct PVN injections, infusion of LY382884 into the 

median eminence enhances ACTH and corticosterone release. As the median eminence is 

neuron-poor, these data suggest that GluR5 mediates presynaptic excitation of CRH release, 

likely from the terminals of PVN neurons [35]. Immunohistochemical analysis documents 

colocalization of GluR5 in CRH-immunoreactive terminals in the median eminence, further 

consistent with a direct role of PVN GluR5 in the median eminence. Prior studies confirm 

the presence of VGluT2 immunoreactivity in the median eminence, derived from the median 

preoptic nucleus, lamina terminalis, periventricular zone, supraoptic nucleus and the PVN 

itself [41]. The latter presents the intriguing possibility that median eminence glutamate 

release may serve as an autocrine and paracrine amplifier of hormone release. This 

possibility is consistent with the common phenomenon of co-release of neurotransmitters, 

particularly classical neurotransmitters with peptides [42]. Figure 2 outlines a model for 

GluR5 signaling in the PVN and median eminence, based on the above findings.

We have also investigated the role of PVN group I metabotropic receptors in regulation of 

stress responses. Prior studies indicate that metabotropic glutamate receptors may mediate 

both excitatory [43] and inhibitory [44, 45] effects on HPA axis activity, on an acute time 

scale. Our studies indicate that injection of an mGluR group I agonist attenuates HPA axis 

stress responses, whereas receptor blockade potentiates ACTH release [46]. These data are 

consistent with a role for type I mGluRs in presynaptic stress inhibition, perhaps via 

excitation of presynaptic GABA release. Figure 3 outlines a model for group I mGluR 

signaling in the PVN based on these findings.

Collectively, the data suggest that while glutamate is involved in HPA axis excitation, the 

contribution of individual receptor populations is complex, with our studies suggesting that 

presynaptic kainate or group I metabotropic receptors may serve a feedback function to 

‘buffer’ PVN excitation driven by post-synaptic glutamate receptors on PVN neurons.

Glutamate and Glucocorticoid Negative Feedback

Like most homeostatic mechanisms, the HPA axis response to activation is regulated in part 

by negative feedback inhibition via glucocorticoids [4]. Glucocorticoids are known to inhibit 

the HPA axis via local actions in the PVN. Glucocorticoids rapidly inhibit CRH release from 

hypothalamic slices [47, 48] and synaptosomes [49]. Treatment with dexamethasone or 
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corticosterone, but not cholesterol or isopregnanolone rapidly decreases the frequency of 

excitatory (glutamatergic) post synaptic currents in CRH-containing hypothalamic cells 

[50]. The glutamatergic effect suggests a rapid inhibitory action of glucocorticoids on CRH 

release, although CRH was not measured in this study. The rapid inhibitory action of 

glucocorticoids on parvocellular PVN neurons was mimicked by dexamethasone-bovine 

serum albumin (BSA) and corticosterone-BSA conjugates, which do not cross the cell 

membrane, indicating that non-genomic feedback occurs at the level of the cell membrane. 

Further studies from our group indicate that PVN fast feedback also occurs in vivo, as local 

PVN injection of dexamethasone 5 min prior to acute stress significantly blunts ACTH and 

corticosterone responses [51]. Suppression of HPA activation also occurred following local 

dex:BSA injections, indicating that inhibition is mediated at the cell membrane in vivo as 

well. Figure 4 outlines these findings.

More recent studies indicate that the rapid effects of glucocorticoids on PVN neurons are 

mediated via the canonical glucocorticoid receptor (GR). The GR is sensitive to stress levels 

of glucocorticoids and is generally thought to exert physiological actions via direct or 

indirect modulation of gene transcription in the cell nucleus. Recently, light microscopic and 

electron microscopic studies have localized the GR in close proximity to the cell membrane 

[52, 53], a location consistent with the capacity for membrane signal. The importance of GR 

in fast feedback was confirmed using PVN-directed knockout mice. Deletion of GR in the 

PVN using either a simpleminded 1(PVN and SON-directed transcription factor) Sim-1 or 

crh promoter blocked fast glucocorticoid feedback inhibition of parvocellular neurons [54]. 

Moreover, Sim1-mediated deletion of GR enhanced peak ACTH and corticosterone 

responses to stress, suggesting a role for GR in rapid feedback inhibition in vivo as well 

[55].

The mechanism underlying glucocorticoid fast feedback appears to involve mobilization of 

post-synaptic endocannabinoid (EC) signaling, which results in presynaptic inhibition of 

glutamate release via retrograde signaling. Exogenous application of ECs mimics the 

inhibitory effects of glucocorticoids on PVN excitability, and glucocorticoid fast feedback 

effects can be blocked by administration of a type 1 cannabinoid receptor antagonist 

(AM251) [50]. Similarly, local co-application of AM251 with dexamethasone blocks 

inhibition of HPA stress responses in vivo [51]. Importantly, acute restraint increases 2-

diacyl glycerol synthesis in the PVN region, consistent with stress-induced mobilization of 

ECs [51].

Prior studies indicate that metabotropic glutamate receptor signaling regulates EC release, 

leading to inhibition of presynaptic glutamate release, such as is the case in the hippocampus 

[56] or cerebellum [57]. Studies in our group indicate that co-application of a group I 

metabotropic antagonist attenuates dexamethasone-induced inhibition of the HPA axis stress 

response, consistent with involvement of metabotropic glutamate signaling in regulation of 

fast feedback. However, local co-administration of AM251 does not attenuate inhibition of 

the HPA axis by a group I mGluR agonist, suggesting that metabotropic receptor mediated 

inhibition of the HPA axis is functionally distinct from endocannabinoid mediated fast 

feedback inhibition [46]. Thus, presynaptic inhibition of the HPA axis likely acts by a 

mechanism distinct from that of ECs.
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Glutamate and Chronic Stress

Prior studies suggest a prominent role for glutamate signaling in chronic stress-induced 

drive of the HPA axis. Chronic treatment with an NMDA antagonist increases the 

corticosterone response in mice [58], while chronic concurrent inhibition of NMDA and 

AMPA receptors leads to decreased HPA axis response to immobilization stress [59]. 

Chronic stress exposure also leads to decreased NMDA receptor 2B expression in the PVN, 

consistent with increased excitability [60]. Consistent with increased HPA axis excitation, 

chronic stress leads to elevated baseline corticosterone and ACTH secretion, along with 

elevated CRH expression in the PVN [61].

Recent studies from our group have noted marked plasticity in glutamatergic innervation of 

PVN CRH neurons following imposition of chronic variable stress (CVS). Our data indicate 

that chronic stress results in a substantial increase in VGluT2 innervation of the 

parvocellular PVN of males [62-64]. The increase in innervation is also observed at the level 

of individual CRH neurons, as there are marked increases in the number of VGluT2 terminal 

appositions onto CRH-immunoreactive somata and dendrites [63]. Notably, PVN CRH and 

vasopressin expression are enhanced in CVS-exposed (male) rats, consistent with enhanced 

biosynthesis of ACTH secretagogues. In addition, CVS enhances HPA axis responses to 

novel stressors, consistent with increased HPA axis excitability. Taken together, these data 

suggest that enhanced glutamatergic innervation of the PVN may be connected with 

increased drive of the HPA axis by chronic stress, presumably mediated by neuroplastic 

events affecting PVN afferent input.

Surprisingly, the effects of chronic stress on PVN VGluT2 innervation are quite different in 

females. In contrast to males, the overall density of synaptophysin staining in the PVN is 

significantly decreased in females [62], suggesting reduced innervation of 

hypophysiotrophic PVN neurons. While the phenotype underlying the synaptic reduction 

remains to be determined, the data suggest fundamentally different neuroplastic responses to 

stress in males and females. Interestingly, deletion of GR in PVN neurons (Sim1-Cre, 

GRflox mice) does not affect the time-course of HPA axis stress response in females [55], 

suggesting that feedback mechanisms also differ in males vs. females. Collectively, these 

data indicate that there are fundamental sex differences in PVN stress processing. 

Understanding the nature of these differences may lend insight into why females are more 

susceptible to stress-related diseases.

Conclusion

Overall, data to date suggest a complex role for glutamate in HPA axis regulation. At the 

post-synaptic level, glutamate drives acute HPA axis stress responses, likely via classical 

actions of ionotropic glutamate receptors. At the presynaptic level, glutamate can inhibit 

CRH neurons via both ionotropic (GluR5) and metabotropic (group 1 mGluR) mechanisms, 

with group 1 metabotropic receptors playing a role in mediating rapid glucocorticoid 

negative feedback. There is also evidence for presynaptic glutamate drive at the level of the 

median eminence, mediated by GluR5 at CRH terminals. Chronic stress causes enhanced 

glutamate input into the PVN, and decreases expression of NMDA 2B receptors in the 

medial parvocellular PVN, which is predicted to produce a more ‘active’ NMDA receptor 
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complex. The latter findings suggest a role in the enhancement of HPA axis reactivity seen 

under conditions of chronic stress.

The diversity of glutamate action in the PVN is receptor-dependent. Given the involvement 

of stress in a wide variety of disease states, use of pharmacological treatments that target 

specific actions of glutamate at the PVN may be a viable approach to limit damaging aspects 

of HPA axis over-activation.
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Figure 1. Glutamate receptor families
Glutamate receptors are divided roughly into ionotropic (A) and metabotropic (B) glutamate 

receptors. Each of these is subdivided into three groups. The members of each group are 

outlined.
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Figure 2. Model for signaling through GluR5 at the PVN and median eminence
A) In the PVN proper, activation of GluR5 leads to an excitatory action on the HPA axis 

response to stress. We have proposed that this is due to presynaptic signaling which 

decreases release of glutamate onto CRH containing parvocellular neurons, in an 

autoregulatory fashion. Decreased glutamate release leads to decreased excitation of the 

parvocellular neuron and thus to decreased CRH release and blunted HPA axis activity. B) 

At the median eminence, activation of GluR5 leads to excitation of the HPA axis response to 

stress. In this model, glutamate appears to act as a feed-forward signal, magnifying the 

release of CRH from parvocellular nerve terminals at the median eminence, and thus 

increasing HPA axis activation.
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Figure 3. Model for group I metabotropic glutamate receptor signaling at the PVN
Glutamate activates group I metabotropic glutamate receptors (mGluR), which are typically 

excitatory. Given that activation of these receptors leads to dampening of the HPA axis 

response to stress, it is plausible that this signaling leads to enhanced GABA release onto 

parvocellular neurons in the PVN, thus decreasing release of CRH and decreasing the HPA 

axis response.
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Figure 4. Model of endocannabinoid synaptic signaling at the PVN
Glucocorticoids (GCs) act on a putative G-protein coupled receptor, which is likely a form 

of GR, by which they induce production of endocannabinoids (eCB) in the postsynaptic 

neuron, through an unclear mechanism. eCB diffuse across the synapse in a retrograde 

manner, to act on CB1 receptors on the presynaptic terminal. This leads to decreased release 

of glutamate onto the postsynaptic cell. Decreased glutamatergic inputs onto the CRH-

containing postsynaptic cell leads to decreased CRH release and therefore to decreased HPA 

axis activity.
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