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SUMMARY

Noradrenergic afferents to hypothalamic corticotropin releasing hormone (CRH) neurons 

provide a major excitatory drive to the hypothalamic-pituitary-adrenal (HPA) axis via α1 

adrenoreceptor activation. Noradrenergic afferents are recruited preferentially by somatic, rather 

than psychological, stress stimuli. Stress-induced glucocorticoids feed back onto the hypothalamus 

to negatively regulate the HPA axis, providing a critical autoregulatory constraint that prevents 

glucocorticoid overexposure and neuropathology. Whether negative feedback mechanisms target 
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stress modality-specific HPA activation is not known. Here, we describe a desensitization of 

the α1 adrenoreceptor activation of the HPA axis following acute stress in male mice that 

is mediated by rapid glucocorticoid regulation of adrenoreceptor trafficking in CRH neurons. 

Glucocorticoid-induced α1 receptor trafficking desensitizes the HPA axis to a somatic but not a 

psychological stressor. Our findings demonstrate a rapid glucocorticoid suppression of adrenergic 

signaling in CRH neurons that is specific to somatic stress activation, and they reveal a rapid, 

stress modality-selective glucocorticoid negative feedback mechanism.

In brief

Physical and psychological stressors activate neuroendocrine secretion of corticosteroid. 

Noradrenaline circuits are critical to the neuroendocrine response to physical but not psychological 

stress. Jiang et al. show that stress-induced corticosteroids decrease noradrenaline sensitivity in the 

brain, which suppresses the response to subsequent physical stressors but leaves the psychological 

stress response intact.

Graphical Abstract

INTRODUCTION

Activation of the hypothalamic-pituitary-adrenal (HPA) axis is part of Selye’s generalized 

stress response described over 70 years ago (Selye, 1950). How this response that stimulates 

adrenal secretion of glucocorticoids discriminates between different stress modalities is not 
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known. Here, we targeted the noradrenergic excitatory drive to the HPA axis, which is 

activated preferentially by somatic stress stimulation (Banihashemi and Rinaman, 2006; 

Bienkowski and Rinaman, 2008; Sawchenko and Swanson, 1982). The corticotropin 

releasing hormone (CRH) neurons of the hypothalamic paraventricular nucleus (PVN), 

the primary effector cells of the HPA axis, are strongly innervated by noradrenergic 

afferents from the nucleus of the solitary tract (NTS) (Cunningham and Sawchenko, 1988; 

Füzesi et al., 2007; Wittmann, 2008). Multiple studies have suggested that this afferent 

pathway provides the main excitatory drive to the HPA axis during somatic stress such 

as glycemic and immune challenges (Banihashemi and Rinaman, 2006; Bienkowski and 

Rinaman, 2008; Cole and Sawchenko, 2002; Plotsky, 1987). We recently characterized 

the α1 adrenoreceptor-mediated stimulation of PVN CRH neurons in male mice via 

activation of local glutamate circuits following postsynaptic α1 receptor activation, dendritic 

peptide release, and retrograde glial-neuronal signaling. We also found evidence for the 

monosynaptic co-release of glutamate from the noradrenergic afferents (Chen et al., 2019).

Glucocorticoid negative feedback inhibits the activation of the HPA axis (de Kloet et al., 

2008), which protects the organism from the damaging effects of sustained corticosteroid 

exposure. Previous studies showed that elevated plasma corticosterone decreases the PVN 

neuronal response to norepinephrine (NE) and HPA axis activation. Systemic pretreatment 

with the synthetic glucocorticoid dexamethasone inhibited the adrenocorticotropic hormone 

(ACTH) and corticosterone responses to noradrenergic afferent stimulation in a dose-

dependent manner (Weidenfeld et al., 1997). Manipulating corticosterone levels by 

adrenalectomy, corticosterone pellet supplementation, and acute stress demonstrated that 

plasma corticosterone levels are inversely correlated with PVN α1b adrenoreceptor 

mRNA expression (Day et al., 1999). The norepinephrine excitation of a subset of PVN 

parvocellular neurons was blocked by cortisol pretreatment (Kasai and Yamashita, 1988). 

In addition, adrenalectomy increased the α1 adrenoreceptor-mediated excitation of PVN 

parvocellular neurons, which was reversed by corticosterone replacement (Yang et al., 

2007). These findings suggest an inhibitory effect of glucocorticoids on the NE-induced 

excitation of hypothalamic PVN neurons and that the NE-induced excitation of the HPA axis 

is highly sensitive to corticosteroid levels, suggesting it is a target of glucocorticoid negative 

feedback.

The mechanisms of glucocorticoid suppression of NE signaling to the HPA axis represent 

a potential pharmacotherapy target due to the association of HPA dysfunction with stress 

disorders, but these mechanisms are unknown. Here, we investigated these mechanisms 

using ex vivo patch-clamp recordings, live-cell imaging, and in vivo viral gene transfer 

and physiological analyses. We found that stress desensitizes PVN CRH neurons to NE via 

glucocorticoid regulation of α1-adrenoceptor trafficking. The stress/glucocorticoid-induced 

desensitization of CRH neurons to NE causes a suppression of HPA activation by somatic 

but not psychological stress, revealing a stress modality-selective glucocorticoid negative 

feedback regulation of the HPA axis.
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RESULTS

Stress-state dependence of the NE α1 adrenoreceptor response in CRH neurons

Norepinephrine elicits a concentration-dependent excitation of PVN CRH neurons from 

male mice by stimulating local glutamate circuits via activation of postsynaptic α1 

adrenoreceptors in the CRH neurons, dendritic peptide release, and retrograde activation 

of a local glial-neuronal circuit (Chen et al., 2019) (Figure S1A). Here, we tested for the 

stress-state dependence of the NE response in male mouse PVN CRH neurons by subjecting 

the mice to an acute stress before performing whole-cell recordings in acute slices. In PVN 

CRH neurons from control (unstressed) mice, bath application of NE (100 μM) caused a 

robust increase in the frequency of spontaneous excitatory postsynaptic currents (sEPSCs) 

(335.2% ± 61.5% of baseline, p < 0.001, n = 17 cells from 10 mice, Wilcoxon signed-rank 

test; in this and subsequent electrophysiological experiments, the baseline was calculated 

from the last 3 min of recorded sEPSCs before drug application and was used for a within-

cell comparison) (Figures 1A–1C); NE had no effect on the sEPSC amplitude or decay 

time (Chen et al., 2019). In CRH neurons from mice subjected to a prior 30-min restraint 

stress, the NE response was suppressed, resulting in a non-significant increase in sEPSC 

frequency (145.9% ± 39.4% of baseline, p = 0.29, n = 7 cells from five mice, paired t test, 

t(6) = −1.164) (Figures 1A–1C). No difference was detected between CRH neurons from 

unstressed mice and stressed mice in the basal sEPSC frequency (unstressed: 1.56 ± 0.10 

Hz, n = 47 cells; stressed: 1.36 ± 0.16 Hz, n = 12, p = 0.46, ANOVA on ranks), amplitude 

(unstressed: 19.12 ± 0.50 pA, n = 47 cells; stressed: 17.64 ± 1.03 pA, n = 12, p = 0.13, 

ANOVA on ranks), or decay time (unstressed: 2.18 ± 0.06 ms, n = 47 cells; stressed: 2.05 ± 

0.12 ms, n = 12, p = 0.38, ANOVA on ranks).

To determine whether the acute stress-induced desensitization of the CRH neurons to α1 

adrenoreceptor activation extends to other types of acute stressors, we also tested a 30-min 

exposure to a predator odor (Kondoh et al., 2016). Male mice were exposed to bobcat urine 

for 30 min prior to sacrifice. The predator odor suppressed completely the NE-induced 

facilitation of sEPSC frequency in CRH neurons (108.3% ± 13.82% of baseline, p = 0.57, n 

= 6 cells from two mice, paired Student’s t test, t(5) = 0.36) (Figures 1A–1C).

Norepinephrine has a dual effect on inhibitory synaptic inputs to PVN CRH neurons 

in male mice: (1) a postsynaptic α1 receptor-mediated retrograde activation of local 

GABA circuits that facilitates inhibitory inputs, and (2) a presynaptic α2 receptor-mediated 

suppression of GABA release that suppresses inhibitory inputs (Figure S1B); approximately 

half of the CRH neurons respond with an α1 receptor-mediated retrograde activation of 

GABAergic synaptic inputs, while all the CRH neurons respond with a presynaptic α2 

receptor-dependent suppression of GABAergic synaptic inputs, which is masked in the 

neurons showing the α1 receptor-mediated activation of GABAergic synaptic inputs (Chen 

et al., 2019). The NE activation, but not suppression, of local inhibitory synaptic inputs to 

CRH neurons is also mediated by retrograde neuronal-glial signaling (Figure S1B) (Chen et 

al., 2019), so we also tested for stress desensitization of the α1 receptor-mediated facilitation 

of spontaneous inhibitory postsynaptic currents (sIPSCs). Following restraint stress, none 

of the CRH neurons responded to NE (100 μM) with an increase in sIPSC frequency, and 
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all 11 cells responded with a decrease in sIPSC frequency (74.23% ± 5.24% of baseline, n 

= 11 cells from six mice, p < 0.01, paired Student’s t test, t(10) = 3.15) (Figures 1D–1F). 

Therefore, prior stress exposure suppressed the CRH neuron response to postsynaptic α1 

adrenoreceptor activation.

Norepinephrine stimulates an increase in spiking activity in CRH neurons that is driven by 

the NE-induced increase in excitatory synaptic inputs (Chen et al., 2019). We tested whether 

the stress-induced suppression of excitatory synaptic inputs reduces the NE activation of the 

CRH neurons with loose-seal patch-clamp recordings. Slices were incubated in high-[K+] 

solution (10 mM) to elicit spontaneous spiking; the mean baseline spiking frequency in CRH 

neurons from stressed mice (0.10 ± 0.05 Hz, n = 11 cells from five mice) was ~4-fold higher 

than in CRH neurons from control mice (0.03 ± 0.02 Hz, n = 14 cells from five mice), but 

this difference did not reach statistical significance (p = 0.15, Mann-Whitney rank-sum test). 

Bath application of NE (100 μM, 5 min) caused a 25-fold, significant increase in the spiking 

frequency in CRH neurons from control mice (from 0.03 ± 0.02 Hz to 0.74 ± 0.22 Hz, n = 

14 cells from five mice, p < 0.01, RM ANOVA) (Figures 1G–1I), whereas it caused a 4-fold 

increase in the spiking frequency in CRH neurons from restraint-stressed mice that did not 

reach statistical significance (from 0.10 ± 0.05 Hz to 0.42 ± 0.19 Hz, n = 11 cells from five 

mice, p = 0.067) (Figures 1G–1I).

Glucocorticoid suppression of NE excitation of CRH neurons

Several studies have shown that acute glucocorticoid pretreatment suppresses stress-induced 

HPA activation in male rats (Ginsberg et al., 2003; Osterlund and Spencer, 2011; Weiser et 

al., 2011). Here, we tested whether the acute stress-induced suppression of the NE activation 

of excitatory synaptic inputs to PVN CRH neurons in male mice is due to increased plasma 

glucocorticoids.

The 11-β-hydroxylase inhibitor metyrapone suppresses stress-induced corticosterone 

synthesis (Figure S2). As before, the NE-induced increase in sEPSC frequency was 

abolished in CRH neurons in slices from intraperitoneally (i.p.) vehicle-injected, restraint-

stressed mice (128.5% ± 21.0%, n = 8 cells from four mice, p = 0.22, paired t test, t(7) = 

−1.36). The NE response was partially restored in CRH neurons from mice treated 30 min 

prior to restraint stress with metyrapone (100 mg/kg i.p.) (204.2% ± 32.0% of baseline, p = 

0.012, n = 9 cells from six mice, paired t test, t(8) = −3.252) (Figures 2A and 2B), suggesting 

that the stress-induced suppression of NE activation of excitatory synaptic inputs to the CRH 

neurons is dependent on circulating corticosterone levels.

To test for direct glucocorticoid suppression of NE signaling, we simulated the in vivo 
stress-induced corticosterone exposure in vitro by incubating slices from untreated mice in 

corticosterone (2 μM) for 30 min prior to returning them to regular aCSF for 2–6 h. We 

selected this concentration of corticosterone to correspond to the stress levels we measured 

in the blood using radioimmunoassay, which reached up to ~560 ng/mL, or ~1.6 μM, in 

our experiments (Figure S2). Basal sEPSC frequency (aCSF control: 1.56 ± 0.10 Hz vs. 

corticosterone: 1.88 ± 0.32 Hz, n = 47 cells from 22 mice and 16 cells from 11 mice, 

respectively, p = 0.70, ANOVA on ranks) and amplitude (aCSF control: 19.13 ± 0.50 pA 

vs. corticosterone: 19.11 ± 1.32 pA, p = 0.49, ANOVA on ranks) were unaffected by 
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preexposure of slices to corticosterone 2–6 h prior to recordings. However, like acute stress, 

in vitro corticosterone exposure suppressed the NE-induced increase in sEPSC frequency 

2–6 h later (136.1% ± 11.2% of baseline, n = 11 cells from eight mice, p < 0.05 compared 

with vehicle-treated slices, rank-sum test) (Figures 2A and 2B). These findings together 

suggest that the acute restraint stress-induced desensitization of CRH neurons to NE is due 

to stress-induced circulating corticosterone.

Corticosterone activates both nuclear glucocorticoid receptors to exert genomic actions 

and membrane-associated receptors to exert both genomic (Rainville et al., 2019) and 

nongenomic (Di et al., 2003, 2005; Osterlund and Spencer, 2011; Sapolsky et al., 2000) 

actions. Increasing evidence suggests that neural plasticity can be rapidly induced non-

genomically by membrane glucocorticoid receptors (Di et al., 2003, 2005; Groeneweg et 

al., 2011; Harrison and Tasker, 2022). To determine whether the corticosterone suppression 

of NE-induced excitation of CRH neurons is mediated by a rapid glucocorticoid action, we 

preincubated hypothalamic slices in corticosterone (2 μM) for 5 min prior to co-application 

of corticosterone and NE (100 μM) for 5 min. Corticosterone alone caused a significant 

decrease in sEPSC frequency (to 88.3% ± 3.2% of baseline, t(6) = −3.62, p < 0.05, n 

= 7 cells from six mice, paired Student’s t test), which we showed previously to be due 

to retrograde endocannabinoid suppression of glutamate release (Di et al., 2003; Malcher-

Lopes et al., 2006; Nahar et al., 2015). Corticosterone preincubation for 5 min completely 

blocked the NE-induced increase in sEPSC frequency and resulted in a significant decrease 

in sEPSC frequency (81.9% ± 16.8% of baseline; p < 0.05, n = 8 cells from five mice, 

signed-rank test) (Figures 2C–2E). Next, to determine whether the rapid glucocorticoid 

desensitization of the NE effect is dependent on a transcription-dependent mechanism, 

we preincubated the slices in the transcription inhibitor actinomycin D (25 μM) for 30 

min prior to corticosterone (2 μM) and NE (100 μM) application. Blocking transcription 

failed to reverse the glucocorticoid suppression of the NE facilitation of sEPSC frequency 

(99.37% ± 8.53% of baseline; p = 0.28 compared with NE effect in corticosterone, n = 

8 cells from four mice, rank-sum test) (Figure 2E). However, inhibiting translation with 

cycloheximide (100 μM) for 30 min blocked the corticosterone suppression and restored 

the NE facilitation of sEPSCs (223.10% ± 60.36% of baseline; p = 0.02 compared with 

NE effect in corticosterone, n = 8 cells from five mice, rank-sum test) (Figure S3). The 

sensitivity of the corticosterone suppression of the NE effect to blocking protein synthesis 

but not to blocking gene transcription suggested a dependence of the NE desensitization on 

constitutive protein synthesis. The stress desensitization of CRH neurons to NE excitation, 

therefore, is mediated by a rapid non-genomic corticosteroid signaling mechanism.

To test whether the nuclear glucocorticoid receptor participates in the corticosteroid-induced 

desensitization of NE excitation of CRH neurons, we used a transgenic mouse model in 

which the glucocorticoid receptor (GR) is conditionally knocked out in PVN neurons, the 

CRH-eGFP; sim1GR−/− (GRKOPVN) mouse (Laryea et al., 2013). Previous studies showed 

that these mice display increased ACTH and corticosterone secretion in response to acute 

stress due to an impaired glucocorticoid negative feedback (Solomon et al., 2015), and that 

PVN CRH neurons in these mice do not respond to rapid glucocorticoid suppression of 

excitation (Nahar et al., 2015). In CRH neurons from GRKOPVN mice, preincubation of 

slices for 10 min in corticosterone (1 μM) failed to abolish the NE-induced increase in 
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sEPSC frequency (303.11% ± 20.22% of baseline, p < 0.01, n = 5 cells from five mice, 

paired Student’s t test, t(4) = 3.09) (Figure S2C). Similarly, prior restraint stress (30 min) 

in vivo did not block the NE-induced increase in sEPSC frequency recorded subsequently 

in CRH neurons in slices from GRKOPVN mice (208.97% ± 33.88% of baseline, p < 

0.01, n = 5 cells from three mice, paired Student’s t test, t(4) = 4.55) (Figure S2C). 

These data indicate that depletion of GR prevents the corticosteroid desensitization of CRH 

neurons to excitation by NE, suggesting that the rapid glucocorticoid desensitization of α1 

adrenoreceptors is dependent on intact nuclear GR signaling.

Glucocorticoid desensitization of CRH neurons to NE excitation is mediated by ligand-
dependent endocytosis

Corticosterone has been shown to regulate glutamate receptor trafficking in pyramidal 

neurons (Conboy and Sandi, 2010; Groc et al., 2008; Yuen et al., 2011). Here, we tested 

whether the rapid glucocorticoid desensitization of CRH neurons to NE is caused by 

dynamin-dependent α1 receptor endocytosis. Blocking endocytosis with a non-competitive 

dynamin GTPase inhibitor, dynasore (80 μM) (Macia et al., 2006; Newton at al., 2006) 

applied in the bath for 10 min had no effect on baseline sEPSC frequency (t(9) = 0.88, 

p = 0.875, n = 10 cells from four mice, paired Student’s t test), but it prevented the 

corticosterone (2 μM) suppression of the NE-induced increase in sEPSC frequency (259.4% 

± 61.3% of baseline, p < 0.05, n = 10 cells from four mice, signed-rank test) (Figures 

3A–3C).This suggested that the rapid glucocorticoid desensitization of the CRH neurons to 

NE is mediated by dynamin-dependent internalization of α1 adrenoceptors.

G protein-coupled receptors undergo ligand-dependent internalization via β-arrestin-

triggered endocytosis. α1 adrenoreceptors in PVN CRH neurons are tonically activated 

by ambient extracellular NE levels in our slices (Figure S2D). To determine whether 

glucocorticoid desensitization of NE signaling in CRH neurons depends on basal ligand-

mediated α1 receptor internalization by ambient NE, we tested for the dependence of the 

corticosterone suppression of the NE response on tonic adrenoreceptor activation by pre-

incubating slices in the α1 adrenoreceptor antagonist prazosin (10 μM) for 10 min prior to a 

5-min co-incubation in prazosin and corticosterone (1 μM) for 5 min and 30 min of washout 

of both. We reasoned that a 30-min washout is sufficient to reverse the prazosin blockade of 

α1 receptors but not to reverse the glucocorticoid desensitization of the α1 receptors, since 

the corticosterone desensitization of CRH neurons to NE lasts for over 2 h (e.g., see Figures 

2A and 2B). Norepinephrine application (100 μM) 30 min after corticosterone (1 μM) and 

prazosin (10 μM) co-application caused a robust increase in sEPSC frequency (283% ± 33% 

of baseline, p < 0.05, n = 6 cells from four mice, Student’s t test, t(4) = 4.43) (Figures 

3D–3F). This indicated that blocking α1 receptor binding during corticosterone exposure 

prevented the glucocorticoid-induced desensitization of the NE response and suggests that 

corticosterone facilitates endogenous NE-dependent internalization and/or trafficking of the 

α1 adrenoreceptors.

Corticosterone facilitates NE-induced ARα1b internalization

The dominant form of α1 adrenoreceptor in PVN CRH neurons is the α1b receptor 

(Day et al., 1999). To test directly whether the glucocorticoid-induced desensitization to 
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NE is due to α1 adrenoreceptor internalization, we performed an imaging experiment 

using the overexpression of a GFP-tagged α1b adrenoreceptor (ARα1b) in an embryonic 

hypothalamic cell line, MHYPOE N42 (N42) cells, which express both CRH and 

membrane-associated GRs (Belsham et al., 2004; Rainville et al., 2019; Weiss et al., 2019). 

A 20-min treatment of the cells with corticosterone (2 μM) had no effect on the membrane 

localization of ARα1b receptors in the N42 cells (Figures 4A and 4B), which suggests 

that corticosterone alone does not induce α1 adrenoreceptor internalization. We next tested 

whether corticosterone facilitates NE-dependent ARα1b internalization. Norepinephrine 

alone (1 μM) caused a decrease in the membrane localization of the ARα1b-GFP, indicating 

internalization of membrane α1b receptors (Figures 4A and 4B). Co-application of NE and 

corticosterone (2 μM) caused a ~2-fold decrease (ANOVA, F = 59.66, p < 0.0001, Tukey’s 

post-hoc, NE vs. NE + Cort, p < 0.001) in the ARα1b membrane localization compared 

with NE alone (Figures 4A and 4B). These data indicate that corticosterone does not directly 

induce α1 adrenoreceptor internalization but facilitates the internalization of the receptors 

induced by NE binding.

Glucocorticoid suppression of the NE excitatory drive is specific to somatic stress 
activation

Previous studies have reported that noradrenergic afferents to the PVN mediate the somatic 

stress-induced excitation, but not psychological stress-induced excitation, of the PVN CRH 

neurons in male rats (Schiltz and Sawchenko, 2007). Since immune activation is considered 

a stressor that is mainly systemic (i.e., somatic), without a strong psychological component 

(Reyes et al., 2003), we used an endotoxin immune challenge as a somatic stressor and 

compared it to a psychological stressor, predator odor, to test whether a previous “priming” 

stress exposure (restraint) would have a differential effect on HPA activation by a subsequent 

“test” somatic versus psychological stressor. The same timeline was used for all subjects 

in which the priming stressor, 20-min restraint, was administered between 9:00 a.m. and 

10:00 a.m. and the subsequent test stressor was applied between 12:00 p.m. and 1:00 p.m. 

(Figure 5A). Mice that received no prior priming restraint stress and only the test somatic 

immune stress (lipopolysaccharide [LPS] injection [0100 μg/kg i.p.]) or psychological 

stress (predator odor [30 min]) showed an increase in corticosterone in blood collected 

by submandibular vein puncture compared with non-stressed controls (LPS: 189% ± 22.7% 

compared with i.p. saline injection (n = 10); psychological stress: 123% ± 22.5% compared 

with no odor (n = 11), ANOVA, F = 20.31, Tukey’s post-hoc: p < 0.0001) (Figure 5B). Prior 

exposure to the priming restraint stress caused a significant reduction in the LPS-induced 

increase in corticosterone (−40.7% ± 9.4%, p < 0.001, n = 11) but had no effect on the 

corticosterone response to predator odor stress (n = 11) (Figure 5B). Non-stressed, handled 

mice (n = 11) were used to show baseline corticosterone levels (Figure 5B).

We also tested for an acute stress-induced desensitization of the HPA axis response to 

LPS injection using a within-subject, repeated-measures design to eliminate individual, 

litter, or cohort variability. First, to test for an order effect of LPS exposure, mice were 

subjected to LPS injections (100 μg/kg i.p.) twice in succession with a 7-day interval 

between injections. There was considerable variability in the relative corticosterone levels 

collected by submandibular vein puncture from the first to the second LPS injections, but 
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no significant difference in the mean serum corticosterone levels between the two responses 

(paired t test, t(9) = 0.1379, p = 0.89, n = 10) (Figure 5C). Because of the high variability in 

the serial LPS-induced corticosterone responses, we reran the same experiment in a second 

cohort of mice and found similar equal numbers of increased and decreased corticosterone 

responses within subjects between the first and second LPS injections, which also resulted in 

no difference in the population means (n = 9) (Figure S3). While this experiment did not rule 

out the possibility of an interaction between the two LPS injections in individual subjects, it 

indicated that there was no overall order effect on the population response and that there was 

equal variability of the response in both directions, which justified the within-subject design 

of the following experiment.

To test the effect of acute stress on subsequent LPS-induced corticosterone release within 

subjects, mice were restrained for 20 min (priming stress), allowed to recover for 3 h, 

then administered a test injection of LPS (100 μg/kg, i.p.), and blood was collected by 

submandibular vein puncture 30 min later for corticosterone assay. Seven days later, the 

same mice were reinjected with LPS (100 μg/kg, i.p.) without prior priming restraint stress 

and submandibular blood was collected 30 min later. Finally, after another 7 days the 

mice were i.p. injected with saline without the priming restraint stress, and submandibular 

blood was again collected 30 min later. While both LPS injections elicited a corticosterone 

response compared to saline injection, significantly lower corticosterone levels were seen in 

response to LPS injection following a priming restraint stress than in the same mice injected 

with LPS without prior restraint (−42.39% ± 13.23% repeated-measures ANOVA, F = 34.54, 

Tukey’s post-hoc: p < 0.05, n = 11) (Figure 5D).

To test for the effect of prior stress exposure on immune activation, we also assayed 

circulating cytokines in groups of mice injected with LPS (100 μg/kg, i.p.) with and without 

priming restraint stress exposure 3 h prior to LPS injection. Using an ELISA immunoassay, 

we measured levels of TNFα, IL-1β, IFNγ, IL-6, IGF-1, MCP-1, and TGFβ in the blood 

collected by submandibular vein puncture 45 min after LPS or saline injection. Four 

groups were compared using a one-way ANOVA: i.p. saline-injected without prior stress 

(no-restraint/saline), LPS-injected without prior stress (no-restraint/LPS), saline-injected 

with prior stress (restraint/saline), and LPS-injected with prior stress (restraint/LPS). Of 

the seven cytokines analyzed, prior restraint stress blunted the LPS-induced increases in 

circulating IL-6 and TGFβ (Figure S4).

The LPS-induced stress response activates noradrenergic inputs from the NTS (Schiltz 

and Sawchenko, 2007). We next used a chemogenetic strategy to test whether the acute 

stress-induced blunting of the HPA axis response to LPS is due to desensitization to NTS 

noradrenergic input. We expressed a Gq-coupled, excitatory designer receptor exclusively 

activated by designer drug (Gq-DREADD) in A2 noradrenergic neurons by injecting Cre-

dependent AAV8-hSyn-DIO-hM3Dq-mCherry into the NTS of male tyrosine hydroxylase 

(TH)-Cre mice (Figure 5E). Following a 2- to 3-week recovery, the mice underwent 30-min 

restraint, followed 3 h later by systemic clozapine N-oxide (CNO) injection (5 mg/kg, i.p.) 

to activate the Gq-DREADD, and then trunk blood was collected 30 min later at sacrifice. 

The mice subjected to a prior priming restraint stress responded to CNO with significantly 

lower levels of corticosterone (−44.5% ± 12.9%, repeated measures ANOVA, F = 17.10, 
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Tukey’s post-hoc: p < 0.05, n = 8) compared with the stress-naive mice (n = 8) (Figure 

5F). The priming stress-induced suppression of the HPA response to NTS noradrenergic 

neuron activation was comparable to the stress-induced suppression of the HPA response to 

systemic LPS injection. These data suggest that acute stress causes specific desensitization 

of the NE-induced HPA activation by somatic stress but not by psychological stress.

DISCUSSION

Norepinephrine causes a robust activation of glutamatergic synaptic inputs and a less robust 

activation of GABAergic synaptic inputs to PVN CRH neurons via a postsynaptic α1 

adrenoreceptor-dependent retrograde neuronal-glial signaling mechanism, resulting in a net 

excitation of the CRH neurons (Chen et al., 2019). Here, we show that acute stress-induced 

glucocorticoid feedback rapidly desensitizes CRH neurons in male mice to NE activation of 

presynaptic glutamate and GABA circuits by regulating ligand-dependent α1 adrenoreceptor 

trafficking, and that this specifically suppresses the HPA response to somatic but not 

psychological stress exposure. Our model of rapid glucocorticoid-induced desensitization 

of α1 adrenoreceptors via receptor internalization is supported by the following findings: 

(1) the NE response in CRH neurons is restored by inhibiting glucocorticoid synthesis 

during acute stress in vivo; (2) the NE response is preserved by inhibiting endocytosis 

during corticosterone exposure in vitro; and (3) corticosterone facilitates the ligand-induced 

internalization of the α1b receptor. That corticosterone by itself did not induce changes 

in membrane receptor trafficking in cultured cells and that the NE desensitization by 

corticosterone was blocked by blocking α1 adrenoreceptors during corticosterone exposure 

in brain slices suggest that corticosterone per se does not induce α1 receptor internalization, 

but rather that it facilitates ligand-induced α1 receptor internalization or regulates α1 

receptor trafficking following internalization. The CRH neurons were almost entirely 

desensitized to bath-applied NE within 5 min of corticosterone preexposure, which suggests 

that the membrane α1 adrenoreceptor undergoes nearly complete internalization and 

recycling within 5 min, and that corticosterone acts rapidly to prevent α1 receptor trafficking 

back to the membrane once it has been internalized.

The rapid regulation of α1 adrenoreceptor trafficking by corticosterone suggests a non-

genomic mechanism of action of the steroid, which was supported by the ineffectiveness of 

the transcription blocker actinomycin D to reverse the corticosterone effect. Nevertheless, 

the effect of the steroid was lost in CRH neurons from GR knockout mice, which 

suggests that it is dependent on the nuclear GR. We have reported a rapid glucocorticoid-

induced endocannabinoid suppression of excitatory synapses in PVN CRH neurons and 

magnocellular neurons that is also dependent on the GR, but does not require gene 

transcription and is mediated by an intracellular G protein-dependent signaling cascade 

(Di et al., 2003; Harris et al., 2019; Malcher-Lopes et al., 2006; Nahar et al., 2015). The 

rapid glucocorticoid suppression of excitatory synaptic inputs was also observed here and 

was also reversed in CRH neurons from GR knockout mice. It is reasonable to envision 

the membrane transduction mechanism responsible for the rapid glucocorticoid regulation 

of α1 receptor trafficking in CRH neurons as the same as or as a branch of the membrane 

GR signaling mechanism that leads to endocannabinoid synthesis at glutamate synapses 

(Harris et al., 2019), nitric oxide synthesis at GABA synapses (Di et al., 2009), and 
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ligand-independent nuclear translocation of the GR (Rainville et al., 2019), although further 

experiments are required to test this (Harrison and Tasker, 2022). An unexpected finding 

here was that the corticosterone suppression of the NE excitatory effect was reversed by 

inhibiting translation with cycloheximide (Figure S2), since this suggests that a component 

of the glucocorticoid regulation of α1 receptor trafficking may depend on constitutive 

protein synthesis.

Corticosterone has been shown to facilitate glutamate neurotransmission by regulating 

alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor trafficking 

in pyramidal neurons of the hippocampus and prefrontal cortex (Conboy and Sandi, 

2010; Groc et al., 2008; Yuen et al., 2011). Serum- and glucocorticoid-inducible kinase 

(SGK), guanosine nucleotide dissociation inhibitor (GSI), and Rab family small-molecule G 

proteins were reported to mediate the corticosterone regulation of AMPA receptor trafficking 

in the prefrontal cortex (Liu et al., 2010; Yuen et al., 2011). In hippocampal cell cultures, 

corticosterone stimulated the tyrosine kinases Pyk2 and Src to cause a rapid increase in 

PSD95 clustering and N-methyl-D-aspartate receptor surface expression by activating a 

membrane receptor and downstream signaling (Yang et al., 2013). It is reasonable, therefore, 

to envision that corticosterone may also regulate α1-adrenoceptor trafficking by triggering 

intracellular kinase cascades and/or destabilizing scaffolding proteins, although this remains 

to be determined.

Several lines of evidence support different stress modalities signaling through distinct 

neural circuits to the PVN CRH neurons. Psychosocial stressors and immune stressors, 

for example, have additive effects on plasma corticosterone levels (Gibb et al., 2008). 

The innate response to predator odor activates CRH neurons in the PVN through the 

amygdalo-piriform transition area and cortical amygdala, which does not require activation 

of brainstem noradrenergic neurons (Kondoh et al., 2016; Masini et al., 2009; Root et al., 

2014). The innate response to a predator usually happens within seconds (Daviu et al., 2020; 

De Franceschi et al., 2016; Yilmaz and Meister, 2013), presumably because instinctive 

and immediate reaction to danger is critical to survival. How systemic LPS activates 

CRH neurons is less well characterized, although it has been shown to be dependent on 

p44/42 mitogen-activated protein kinase activation (Singru et al., 2008). LPS increases 

norepinephrine release in the PVN dose dependently both in vivo and ex vivo, suggesting 

that LPS can act directly on the hypothalamus to increase NE release, which subsequently 

activates CRH neurons (Francis et al., 2000, 2001). Therefore, previous stress exposure that 

desensitizes the α1 adrenoceptors would be expected to make mice less responsive to LPS 

but have no impact on the innate response to predator odor, which is supported by our 

findings.

To our knowledge, this is the first direct demonstration of a stress modality-specific 

feedback inhibition of the HPA axis, which takes somatic stress signaling to the HPA axis 

largely offline and leaves psychological stress activation of the HPA axis intact. The somatic 

stress activation of the HPA axis is not entirely abolished, with about 50% of the response 

remaining following stress inactivation. We reported previously the possible co-release of 

glutamate with norepinephrine from NTS-derived noradrenergic afferents to the PVN CRH 
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neurons (Chen et al., 2019). The residual, stress-insensitive component of the response is 

likely to be mediated by these ascending monosynaptic glutamatergic inputs.

The question remains as to the functional significance of the selective suppression of 

the somatic stress response and sparing of the psychological stress response by prior 

stress exposure. Ascending noradrenergic afferents carry signals generated by somatic 

stress stimuli, such as immune system, glycemic, and blood pressure signals, whereas 

descending limbic afferents to the HPA axis carry emotional and cognitive signals largely 

from the amygdala, hippocampus, and prefrontal cortex. The ascending somatic afferents, 

therefore, signal long-lasting physiological/internal states of the organism. It is likely that 

desensitization of the noradrenergic afferents prevents the tonic activation of the HPA 

axis by protracted somatic stress signals, protecting the organism from the damaging 

effects of sustained glucocorticoid exposure, while maintaining the phasic activation of 

the HPA axis by descending limbic signals. The organism is thus able to continue to 

mount normal transient HPA responses to anticipated or programmed threats to its survival 

while limiting its exposure to sustained elevated glucocorticoids induced by somatic 

homeostatic perturbations. Note that systemic corticosterone injection failed to suppress 

the HPA response to the somatic stress induced by a salt load (Thrivikraman et al., 2000). 

Further study is required, therefore, to determine the physiological significance of the stress 

modality-specific regulation of the HPA axis in the context of susceptibility/resilience to 

somatic stressors. This is especially critical in light of the fact that prior stress exposure 

can sensitize, rather than desensitize, the HPA axis to a heterotypic stressor (Schmidt et al., 

1995). It will also be important to ascertain whether the dependence of the sensitivity of 

the HPA axis on the prior stress experience of the organism generalizes to other somatic 

stressors, such as glycemic, hydromineral, and pain stimuli.

Limitations of the study

Our study was limited to CRH neurons from male mice. PVN CRH neurons recorded in 

slices from female mice did not respond to NE (100 μM) with an increase in excitatory 

synaptic inputs (unpublished observation). Therefore, future studies need to be performed to 

characterize the noradrenergic modulation of PVN CRH neurons and to determine whether 

glucocorticoid feedback alters noradrenergic regulation of the CRH neurons in females. 

Additionally, some experiments could have been powered more by increasing the cell and/or 

animal sample size, although the effects were robust enough that we do not think this 

affected the interpretation of the results.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Jeffrey Tasker (tasker@tulane.edu).

Materials availability—This study did not generate new unique reagents.
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Data and code availability

• The published article includes all data generated or analyzed during this study.

• No code was used or generated in this study.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

We used 6–10-week-old male mice for these experiments; the mice were genotyped at 

2–3 weeks using the primer sets provided in Table S1. All animals and procedures were 

approved by the Tulane Institutional Animal Care and Use Committee (IACUC) according 

to National Institutes of Health (NIH) guidelines. Mice were housed in an AALAAC-

accredited animal facility on a 12:12 light/dark cycle (lights on at 7:00 AM) under controlled 

temperature and humidity and received food and water ad libitum.

Three mouse models were used in this study, a CRH-eGFP mouse, a triple transgenic 

sim1-cre::loxP-GR::CRH-eGFP mouse, and a tryrosine hydroxylase (TH)-cre mouse that 

expresses cre recombinase in catecholaminergic neurons. CRH-eGFP mice were obtained 

from the Mutant Mouse Resource and Research Center (MMRRC) (stock: Tg(Crh-

eGFP)HS57Gsat/Mm, RRID:MMRRC_017058-UCD) at the University of California at 

Davis; they were used to visualize individual CRH neurons as targets for patch-clamp 

recordings. CRH-eGFP mice were bred on a C57BL/6 background from BAC transgenic 

mice expressing enhanced green fluorescent protein (eGFP) controlled by the CRH promoter 

(CRH-eGFP mice). A previous study reported that a different strain of the CRH-eGFP 

BAC transgenic mouse from the MMRRC expresses eGFP ectopically (Chen et al., 

2015). We validated the eGFP expression in PVN CRH neurons in our mouse line by 

immunofluorescence in a previous study using rabbit anti-CRH (1:2000, T4037, Peninsula 

Laboratories (Chen et al., 2019) and reconfirmed the eGFP expression in CRH neurons in 

the current study using a different primary antibody to CRH, the X antibody (Figure S4). 

The immunofluorescence procedure performed for this purpose is described below.

Mice with a conditional knockout of GR in the PVN were generated by crossing a sim1-cre 

BAC transgenic mouse on a C57BL/6J background (Sim1-Cre, kindly provided by Dr 

Bradford Lowell, Beth Israel Deaconess Medical Center, Boston, MA) (Balthasar et al., 

2005) with a loxP-GR transgenic mouse (kindly provided by Dr. Louis Muglia, University 

of Cincinnati Children’s Hospital, Cincinnati, OH) (Laryea et al., 2013; Nahar et al., 2015; 

Solomon et al., 2015). Sim1-cre:loxP-GR (GRKO) mice show a deletion of GR in the PVN 

(Nahar et al., 2015; Solomon et al., 2015). We crossed the sim1-cre/loxP-GR mouse with the 

CRH-eGFP mouse to produce a sim1-cre::loxP-GR::CRH-eGFP triple transgenic mouse in 

order to visualize CRH neurons in our brain slices.

Tyrosine hydroxylase (TH)-Cre 1 mice (B6.Cg-7630403G23RikTg(Th-cre)1Tmd/J) were 

purchased from Jackson Laboratory (Strain # 008601) and bred in-house on a C57BL/6J 

background. They were genotyped at 2–3 weeks of age using the supplier’s suggested 

primer set (see Table S1).
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METHOD DETAILS

Acute stress paradigms

Restraint stress: Mice were immobilized for 20–30 min between 9 AM and 10 AM 

by placing them in a transparent, pliable tapered plastic cone open at the tip to allow 

for breathing (DecapiCones, Braintree Scientific). Immediately after the 30 min restraint 

stress, mice were decapitated in the plastic cone without anesthetic and brain slices were 

prepared. For experiments to block corticosteroids synthesis, metyrapone was administered 

(100 mg/kg, IP) 30 min prior to the restraint stress.

Predator odor stress: Mice were placed in a clean cage between 9 AM and 10 AM and 

a sponge soaked with bobcat (Lynx rufus) urine (Maine Outdoor Solutions) was placed 

in a dish in the cage’s water bottle holder. Mice had no direct access to or contact with 

the sponge. Following a 30-min exposure to the bobcat urine, they were then placed 

immediately into a decapicone and decapitated without anesthetic for brain slice preparation.

Immune stress/LPS: All animals receiving LPS injections were habituated to injection 

or handling for 7–10 days before beginning the experiments. A single lot of 

lipopolysaccharides (LPS) from Escherichia coli O26:B6 (≥10,000 EU/mg, Sigma-Aldrich) 

was used for all immune stress experiments. LPS powder was dissolved in sterile H2O at 

5 mg/mL and frozen until use. On the day of injection, the stock solution was diluted in 

sterile saline to yield the appropriate working concentration. LPS was administered via I.P. 

injection at a dose of 100 μg/kg in an injection volume of 10 mL/kg.

Serial stressors: Mice were first immobilized for 30 min between 9 AM and 10 AM and 

then returned to their home cage for 3 hours of recovery. They were then exposed to either 

predator odor for 30 min (see above) or they were injected I.P. with 100 μg/kg LPS 45 

min prior to blood collection for corticosterone measurement. Mice not undergoing restraint 

stress were exposed to predator odor or injected with LPS between 12:00 PM and 1:00 

PM to align with the animals that experienced restraint stress. Baseline corticosterone levels 

were taken from uninjected, naïve mice between 12:00 PM and 1:00 PM for the between-

subjects experiments. In the repeated-measures experiments, the same general timeline was 

used. A control group received only LPS injection between 12:00 PM and 1:00 PM on two 

separate days, one week apart. The experimental group underwent restraint stress the first 

week in the morning between 9 AM and 10 AM, followed by LPS injection the same day 

between 12 and 1 PM, then received an LPS injection I.P. between 12 PM and 1 PM seven 

days later, and finally received a saline injection I.P. between 12 PM and 1 PM seven days 

after that.

Brain slice preparation and electrophysiology

Acute brain slice preparation: Electrophysiological experiments were conducted in 

acutely prepared hypothalamic slices from 6–9-week-old male CRH-eGFP or Sim1-

cre::loxP-GR::CRH-eGFP mice. Mice were gently removed from their home cage to 

a transfer cage and transported to an adjacent room, where they were immobilized 

in a DecapiCone (Braintree Scientific) and decapitated without anesthesia. They were 

decapitated rapidly, within less than 2 min of removal from their home cage, to avoid 
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stress-elevated circulating corticosterone levels reaching the brain. Mice were killed without 

anesthesia because anesthetics activate the HPA axis and increase circulating ACTH and 

corticosterone (Vahl et al., 2005). Blood corticosterone levels remain low in our hands for >3 

min from the start of handling.

Following decapitation, the brain was quickly removed from the skull and cooled in 

oxygenated, ice-cold artificial cerebrospinal fluid (aCSF) containing (in mM): 140 NaCl, 

3 KCl, 1.3 MgSO4, 11 Glucose, 5 HEPES, 1.4 NaH2PO4, 3.25 NaOH, and 2.4 CaCl2, 

with a pH of 7.2–7.4 and an osmolarity of 290–300 mOsm. The base of the brain was then 

blocked and the caudal face of the block was glued to the chuck of a vibratome (Leica 

or Vibratome). Two or three 300-mm coronal slices containing the PVN were sectioned in 

cooled aCSF and the slices were bisected down the midline and transferred to an incubation 

chamber. They were maintained in oxygenated aCSF at room temperature for at least 1 h 

prior to beginning recording sessions to allow for recovery.

Whole-cell and loose-seal patch clamp recordings: Hemi-slices were transferred one-at-a-

time from the incubation chamber to the recording chamber, where they were submerged 

and perfused with aCSF at a rate of ~2 mL/min. eGFP-expressing CRH neurons in the 

PVN were located under fluorescence illumination and subsequently targeted for whole-cell 

patch clamp recordings using infrared light and differential interference contrast optics at 

room temperature on a fixed-stage, upright microscope (Olympus BXW51) equipped with 

a long working distance, water-immersion 40x objective. Patch pipettes with a resistance 

of 3–6 MΩ were fabricated from borosilicate glass (ID 1.2 mm, OD 1.65 mm; Garner 

Glass) on a horizontal puller (P-97, Sutter Instr.) and filled with an internal patch solution 

containing (in mM): 120 potassium gluconate, 10 KCl, 1 NaCl, 1 MgCl2, 0.1 CaCl2, 5.5 

EGTA, 10 HEPES, 2 Mg-ATP, 0.3 Na-GTP; the pH was adjusted to 7.3 with KOH and the 

osmolarity was adjusted to 300 mOsm with D-sorbitol. The GABAA receptor antagonist 

picrotoxin (PTX, 50 μM) was applied via bath perfusion to isolate sEPSCs; glutamate 

receptor antagonists 6,7-dinitroquinoxaline-2,3-dione (DNQX, 15 μM) and DL-2-amino-5-

phosphonopentanoic acid (AP5, 50 μM) were applied in the bath perfusion to isolate sIPSCs.

For loose-seal, cell-attached patch clamp recordings, glass pipettes with a resistance of 1–2 

MU filled with aCSF were used. Cells were recorded at resting potential with minimal 

current transfer and no exchange of intracellular ions (Haam et al., 2012, 2014). An 

extracellular aCSF with high [K+] (10 mM) was used to stimulate spontaneous spiking 

activity (in mM): 133 NaCl, 10 KCl, 1.3 MgSO4, 1.4 NaH2PO4, 2.4 CaCl2, 11 glucose, and 

5 HEPES; pH was adjusted to 7.2–7.4 with NaOH.

Only one cell was recorded from in each slice. Multiple cells from the same mouse were 

sometimes recorded, but they were each recorded in different slices. A minimum of three 

mice were used for all experiments. Cell numbers are designated as ‘n’ and mouse numbers 

as ‘N’.

Cell imaging—Immortalized embryonic mouse hypothalamic cells that express CRH 

and glucocorticoid receptors (mHypoE-N42, Cedar Lane, Cellutions Biosystems) (Dalvi 

et al., 2011; Rainville et al., 2019) were transiently transfected with pEGFP-ARα1b 

Jiang et al. Page 15

Cell Rep. Author manuscript; available in PMC 2022 November 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(generous gift from Dr. Chris Hague, University of Washington, Seattle, WA) using the 

Neon® Transfection System (Life Technologies) with 2 pulses, 10 ms, 1600 mV. Cells 

were placed on coverslips and the media was replaced with media containing charcoal-

stripped BSA to eliminate basal steroid content. The cells were treated with 1 μM NE, 

2 μM corticosterone:HBC, or both (Sigma Aldrich) for 20 min. Cells were then fixed 

immediately with 4% paraformaldehyde before staining for 30 s with WGA Alexa Fluor 

594 (ThermoFisher) to produce a plasma membrane-specific label. Image analysis was 

performed on a Nikon A1+ laser confocal microscope (Nikon Instruments, Inc) with a 28 

μm pinhole to capture an intracellular focal plane. The average Pearson’s coefficient was 

calculated in each transfected cell using Cell Profiler (Broad Institute, Cambridge, MA).

Stereotaxic injection—TH-cre mice (~ 6 wks old) were anesthetized with a mixture 

of ketamine (80 mg/kg) and xylazine (8 mg/kg) and placed in a stereotaxic frame. Each 

mouse received bilateral stereotaxic injections of excitatory DREADD AAVs (AAV8-hSyn-

DIO-hM3D(Gq)-mCherry, Addgene, 4 × 1012 vg/mL) in the NTS (400 nL at 100 nL/min) 

(coordinates: AP: 7.6 mm caudal to bregma, ML: ± 0.5 mm from the midline, DV: −4.6 mm 

from the brain surface) using a Hamilton syringe with 10 μL in the beveled tip connected to 

a microsyringe pump (UMP2; WPI) and controller (Micro4; WPI). The injection needle was 

maintained in place for 10 min following injections to minimize virus spread up the needle 

track. Mice were allowed to recover for 2–3 weeks prior to assays.

Plasma corticosterone assay—To measure serum corticosterone concentration, blood 

(~200 μL) was collected by decapitation (for terminal corticosterone measurement) or 

by submandibular vein puncture (for serial corticosterone measurement). The blood was 

allowed to coagulate at room temperature for 90 min and was centrifuged at 2000 × g for 15 

min. Serum was collected and samples were stored at −20°C until they were shipped to the 

University of Virginia Center for Research in Reproduction Ligand Assay and Analysis Core 

(terminal experiments), where corticosterone levels were measured by 125I corticosterone 

radioimmunoassay, or until they were assayed in-house using a corticosterone ELISA (Enzo 

Life Sciences, Farmingdale, NY) according to the manufacturer’s instructions (for serial 

measurement experiments).

Immunohistochemistry—To confirm that eGFP was expressed in CRH neurons in 

the CRH-eGFP transgenic mice, immunohistochemistry was performed on brains of four 

5-week-old CRH-eGFP mice. Each mouse received an intracerebroventricular stereotaxic 

injection of colchicine (20 μg in 2 μL saline, Cayman Chemical Company) into the lateral 

ventricle under isoflurane anesthesia 24 h before sacrifice. Mice were then anesthetized 

with ketamine/xylazine and transcardially perfused with ice-cold phosphate buffered saline 

(PBS) followed by 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS). Brains 

were dissected from the cranium and post-fixed with 4% PFA at 4°C overnight and 

then submerged in 30% sucrose/4% PFA/PBS. Forty μm-thick coronal sections of the 

hypothalamus containing the PVN were cut on a freezing microtome. The sections were 

pre-incubated in a blocking solution containing 1.5% BSA and 0.4% Triton X-100 in PBS 

for 1 h and then incubated with rabbit anti-human/rat CRF primary antibody (1:20,000, 

#PBL rC68; RRID:AB_2650435, Salk Institute for Biological Studies) at 4°C overnight 
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followed by incubation in a secondary antibody Alexa Fluor 647 donkey anti-rabbit (1:500, 

Abcam) at room temperature for 1 h. Sections were mounted on glass slides, coverslipped, 

and imaged on a laser scanning confocal microscope (Nikon A1).

Serum cytokine assay—Using a mouse ER stress colorimetric ELISA assay (Signosis, 

Cat # EA-1131), we conducted quantitative profiling and measures of the following 

cytokines: TNFα, IL-1β, IFNγ, IL-6, IGF-1, MCP-1, and TGFβ. Forty-five min following 

injections of LPS or saline, blood was collected from the submandibular vein. After clotting 

of blood samples for 90 min at room temperature, serum was isolated by centrifugation at 

4000 rpm for 20 min followed by removal of supernatant. The ELISA was run in duplicate 

on samples diluted 1:12. Absorbance was read at 450 nm on a SpectraMax iD3 microplate 

reader (Molecular Devices) and background values were subtracted from sample values.

Drugs used—The following drugs were kept at −20°C as stock solutions and dissolved 

in aCSF to their final concentrations on the day of experiments: L-(−)-norepinephrine 

(+)-bitartrate salt monohydrate (NE, 1 μM, 100 μM, Sigma-Aldrich), picrotoxin (PTX, 

50 μM, Tocris), corticosterone (2 μM, Tocris), 3-hydroxynaphthalene-2-carboxylic acid 

(3,4-dihydroxybenzylidene) hydrazide (Dynasore, 80 μM, Tocris). 2-Methyl-1,2-di-3-

pyridinyl-1-propa-none (metyrapone, Tocris) was dissolved in sterile saline, and injected 

intraperitoneally at a dose of 100 mg/kg body weight. Clozapine N-oxide (CNO, Sigma-

Aldrich) was made fresh daily by dissolving in DMSO (100 mg/50 μL) and then diluting in 

saline to a working concentration of 5 mg/mL.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as the mean ± standard error of the mean. Postsynaptic currents 

were selected and analyzed for changes in frequency, amplitude, and decay time with 

Minianalysis 6.0 (Synaptosoft Inc.). Baselines were calculated from the 3 min of recording 

prior to drug application. Statistical significance was determined with the two-tailed, paired 

Student’s t-test for within-cell drug effects and the two-tailed, unpaired Student’s t-test for 

between-group drug effects (Prism 7 and Prism 8, Graphpad, and SigmaPlot 11.0, Systat 

Software, Inc.). A one-way analysis of variance (ANOVA) with post-hoc Tukey’s tests were 

used for comparing corticosterone levels in vivo with multiple group comparisons. Animal 

numbers are designated as the “N” and cell numbers as the “n”. A minimum of 3 mice were 

used in all experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Stress-induced glucocorticoid suppresses norepinephrine activation of CRH 

neurons

• The rapid glucocorticoid effect is mediated by α1 adrenoreceptor 

desensitization

• The glucocorticoid effect is specific to somatic, not psychological, stress

• This reveals a stress modality-specific rapid glucocorticoid feedback 

mechanism
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Figure 1. The NE-induced facilitation of excitatory synaptic input to CRH neurons is sensitive to 
stress
(A) Representative traces of the effect of NE on sEPSCs recorded in CRH neurons from 

control mice and mice exposed to 30-min restraint or 30-min predator odor.

(B) Time course of mean normalized sEPSC frequency response (percent of baseline) to NE 

(100 μM) in CRH neurons from control, restraint-exposed, and predator odor-exposed mice. 

Baseline frequency = mean sEPSC frequency during 3 min prior to NE application.

(C) Summary of normalized mean sEPSC frequency response to NE in CRH neurons from 

control, restraint-exposed, and predator odor-exposed mice.

(D) Representative traces of the dual effect of activation and suppression of sIPSCs by NE 

in control PVN CRH neurons (NE(+) and NE(−), respectively), and of the NE response in 

a CRH neuron from a restraint-stressed mouse (Restraint). NE increased sIPSC frequency 

(NE(+)) in ~50% and decreased sIPSC frequency (NE(−)) in ~50% of control CRH neurons 

(Chen et al., 2019), but it only decreased sIPSC frequency in CRH neurons following 

restraint.

(E) Time course of the mean normalized sIPSC frequency responses (percent of baseline) to 

NE in CRH neurons from control mice (NE(+) and NE(−)) and mice subjected to a 30-min 

restraint. Restraint stress abolished the NE facilitation of sIPSCs (NE(+)) but not the NE 

suppression of sIPSCs (NE(−)).

(F) Summary of the normalized mean sIPSC frequency responses to NE showing the dual 

response in CRH neurons from control mice (NE(+) and NE(−)) and the block of the NE 

facilitation of sIPSCs by restraint (NE Restraint).
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(G) Representative loose-seal patch-clamp recordings of the NE effects on CRH neuron 

spiking in slices from control and restraint-stressed mice.

(H) Time course of the NE-induced increase in normalized mean spiking frequency in CRH 

neurons from control and restraint-stressed mice.

(I) Summary of the normalized mean spiking frequency response to NE (percent of 

baseline). Data are represented as mean ± SEM; numerals in bar graphs represent the 

numbers of recorded neurons. **p < 0.01.

See also Figure S1.
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Figure 2. Acute stress and glucocorticoid inhibit the NE-induced increase in excitatory synaptic 
inputs to CRH neurons
(A) Representative recordings of sEPSCs at baseline and following NE application in 

CRH neurons in slices from restraint-stressed mice after i.p. saline injection (Restraint) 

or metyrapone injection (Met + Restraint), and in slices from control mice that were 

preincubated for 5 min in corticosterone 2 h prior to NE application (Cort-pretreated).

(B) Summary of the NE-induced change in normalized mean sEPSC frequency (percent of 

baseline) in CRH neurons from unstressed control mice (NE), mice subjected to restraint 

stress following i.p. saline injection (Restraint/NE), and mice subjected to restraint stress 

following i.p. metyrapone injection (Met + Restraint/NE), and from slices from control 

mice preincubated for 30 min, R2 h earlier in corticosterone (Cort-pretreated/NE). The 

NE-induced increase in sEPSC frequency was blocked in CRH neurons following restraint 

in vivo and ex vivo preincubation in corticosterone, and it was partially rescued with 

metyrapone treatment prior to in vivo restraint.

(C) Representative recordings of the sEPSC response to NE in CRH neurons in the absence 

(NE) and presence of corticosterone (Cort + NE).
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(D) Time course of the change in the normalized mean sEPSC frequency (% of baseline) 

in CRH neurons in response to NE (Control) and to NE and corticosterone co-application 

(Cort). The NE-induced increase in sEPSC frequency was abolished in corticosterone.

(E) Summary of the changes in normalized mean sEPSC frequency elicited by NE in the 

absence of corticosterone (NE), in the presence of corticosterone (Cort + NE), and in 

corticosterone following preincubation in the transcription inhibitor actinomycin D (ActD + 

Cort + NE). Data are represented as mean ± SEM; numerals in bar graphs represent numbers 

of recorded neurons. *p < 0.05, **p < 0.01 compared to baseline sEPSC frequency; #p < 

0.05 compared to NE effect in CRH neurons from unstressed mice. n.s., not significant.

See also Figure S2.
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Figure 3. The corticosterone-induced desensitization of CRH neurons to NE excitation is 
dependent on ligand-mediated endocytosis
(A) Representative recordings of sEPSCs recorded in CRH neurons at baseline in the 

dynamin inhibitor dynasore and after NE application following dynasore and corticosterone 

co-application (dynasore + Cort + NE).

(B) Time course of the change in normalized mean sEPSC frequency showing restoration 

of the NE-induced increase in sEPSC frequency by dynasore preapplication prior to co-

application of Cort and NE.

(C) Summary of NE effect on normalized mean sEPSC frequency in corticosterone alone 

(Cort + NE) and in dynasore and corticosterone (Dyna + Cort + NE). Inhibiting endocytosis 

reversed the corticosterone blockade of the NE-induced increase in sEPSC frequency.

(D) Representative recordings of the sEPSC response to NE 3 h following preincubation 

of slices in corticosterone (Cort) and in the α1 adrenoreceptor antagonist prazosin and 

corticosterone (Prazosin + Cort).

(E) Time course of the normalized mean sEPSC frequency response to NE following 

corticosterone preapplication alone (Cort) and prazosin and corticosterone (Prazosin + Cort).

(F) Summary of the sEPSC frequency response to NE following pretreatment with 

corticosterone (Cort + NE) or with prazosin and corticosterone (Praz + Cort + NE). 

The corticosterone desensitization of the NE response was reversed by blocking α1 

adrenoreceptors during corticosterone exposure. Data are represented as mean ± SEM; 

numerals in bar graphs represent numbers of recorded neurons. *p < 0.05, **p < 0.01.

See also Figure S2D.
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Figure 4. Corticosterone facilitates ligand-mediated α1b adrenoreceptor internalization
(A) Serum-stripped N42 hypothalamic cells were transiently transfected with ARα1b-eGFP 

(green) and co-stained with the membrane marker wheatgerm agglutinin (WGA-594, red) 

and the chromatin marker DAPI (blue). Vehicle: Expression of ARα1b-eGFP is localized 

largely in the plasma membrane under baseline conditions. Cort: ARα1b-eGFP localization 

is maintained in the membrane following corticosterone treatment. NE: NE treatment 

increased ARα1b-eGFP localization in the cells, seen as eGFP staining in intracellular 

“hotspots” (white arrows) and a decrease in membrane co-localization with WGA-594. Cort 

+ NE: Co-application of corticosterone with NE increased the ARα1b-eGFP concentrated in 

intracellular hotspots (white arrows) and decreased ARα1b-eGFP and WGA-594 membrane 

co-localization.

(B) Summary of the relative ARα1b membrane localization in N42 cells in vehicle and after 

incubation in corticosterone alone (Cort), NE alone (NE), and corticosterone and NE (Cort + 

NE), normalized to vehicle. Co-localization of ARα1b-eGFP with WGA was calculated as a 

Pearson’s coefficient comparing pixel intensity normalized to vehicle. Data are represented 

as mean ± SEM. **p < 0.01.
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Figure 5. Prior stress exposure differentially suppresses the HPA response in a stress modality-
specific manner via desensitization to noradrenergic activation
(A) Experimental protocol used for sequential stress exposures shown in (B). An initial 

restraint stress (Restraint) or home cage control (No restraint) was followed 3 h later by i.p. 

LPS injection or predator odor exposure for 30 min and plasma corticosterone was measured 

by ELISA.

(B) The LPS-induced increase in corticosterone (LPS) was suppressed when preceded 

by a restraint stress (Restraint/LPS). The predator odorinduced increase in corticosterone 

(Predator) was unaffected by prior restraint stress (Restraint/Predator). Handled mice were 

used to measure baseline corticosterone (Non-stressed).

(C) The mean level of plasma corticosterone in LPS-treated mice (LPS Day 8) was 

unchanged in a within-subject comparison with the mean corticosterone level evoked by 

a previous LPS treatment in the same mice 7 days earlier (LPS Day 1).

(D) Plasma corticosterone levels measured using a within-subject analysis after i.p. saline 

injection (Baseline), i.p. LPS injection (LPS) alone, and LPS injection 3 h after a 30-min 

restraint (restraint/LPS). The corticosterone response to LPS injection following restraint 

was significantly smaller than that following LPS injection without prior restraint.
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(E) Cre-dependent Gq-coupled DREADD ((hM3Dq)/mCherry)-expressing AAV8 injected 

bilaterally into the NTS of a TH-Cre mouse expressed mCherry in neurons of the A2 

noradrenergic region of the solitary tract nucleus after 3 weeks.

(F) In mice in which Gq-DREADD expression was detected in the NTS in post hoc 

histological controls, CNO injection stimulated an HPA corticosterone response (CNO) 

compared to vehicle injection (Veh), and this was suppressed by prior restraint stress 

(Restraint/CNO). Vehicle injections and CNO injections in mice in which no virus was 

detected in post hoc brain sections (Veh/No Expression and CNO/No Expression) failed to 

elicit an increase in corticosterone. Data are represented as mean ± SEM; numerals in bar 

graphs represent the numbers of animals tested. **p < 0.01, *p < 0.05, n.s., not significant, 

Tukey’s multiple comparisons following one-way ANOVA.

See also Figure S3.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

pAAV-hSyn-DIO-hM3D(Gq)-mCherry(AAV8) Addgene RRID: Addgene_44361

Chemicals, peptides, and recombinant proteins

L-(−)-norepinephrine (+)-bitartrate salt monohydrate (NE) Sigma-Aldrich A9512, CAS 108341-18-0

Picrotoxin Tocris Cat# 1128, CAS 124-87-8

Corticosterone Tocris Cat# 3685, CAS 50-22-6

Bobcat urine Maine Outdoor Solutions 91412-1

Lipopolysaccharides from Escherichia coli O26:B6 Sigma-Aldrich Cat# L2654

2-Methyl-1,2-di-3-pyridinyl-1-propa-none(metyrapone) Tocris Cat# 3292, CAS 54-36-4

3-hydroxynaphthalene-2-carboxylic acid (3,4-
dihydroxybenzylidene) hydrazide (Dynasore)

Tocris Cat# 2897, CAS 304448-55-3

corticosterone:HBC Sigma-Aldrich C174, MDL MFCD00163376

WGA Alexa Fluor 594 ThermoFisher W11262

Critical commercial assays

Corticosterone RIA University of Virginia Center 
for Research in Reproduction 
Ligand Assay and Analysis 
Core

RRID:SCR_004318

corticosterone ELISA Enzo Life Sciences ADI-900-097

Experimental models: Cell lines

Hypothalamic cell line mHypoE-N42 Cellutions Biosystems, Inc. RRID:CVCL_D443

Experimental models: Organisms/strains

Mouse: Tg(CRH-EGFP)HS57Gsat/Mm MMRRC RRID:MMRRC_017058-UCD

Mouse: Sim1-cre Jackson Laboratory RRID:IMSR_JAX:006451

Mouse: Loxp-GR (Laryea et al., 2013) N/A

Mouse: B6.Cg-7630403G23RikTg(Th-cre) 1Tmd/J Jackson Lab RRID:IMSR_JAX:008601

Oligonucleotides

For genotyping primer sequences, please see Table S1 This paper N/A

Software and algorithms

Mini Analysis Synaptosoft, Inc. http://www.synaptosoft.com/
MiniAnalysis/

Graphpad Prism Graphpad https://www.graphpad.com/scientific-
software/prism/

SigmaPlot 11.0 Systat Software https://systatsoftware.com/products/
sigmaplot/
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