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Abstract 
The hypothalamic pituitary adrenal (HPA) axis is a critical regulator of physiologic and 
psychological responses to acute and chronic stressors. HPA axis function is control by 
numerous feedback inhibitory mechanisms, disruptions of which can lead to various psychiatric 
conditions, such as depression, posttraumatic stress disorder, and schizophrenia. Vagus nerve 
stimulation has been shown to be efficacious in the treatment of in these various mental health 
issues potentially via modulation of HPA axis function, but the mechanisms by which the vagus 
nerve may regulate HPA function has not been fully elucidated. In the present studies, we 
sought to test the hypothesis that the vagus nerve is a critical regulator of HPA function.  
Neuroendocrine function and neurocircuit changes in corticotropin releasing factor (CRF) 
neurons in the paraventricular nucleus of the hypothalamus (PVN) were examined following 
acute stress after subdiaphragmatic left vagotomy (VX) in adult male Sprague-Dawley rats. We 
found that VX mimics HPA activation seen in sham surgery animals exposed to acute restraint 
stress, particularly increased plasma corticosterone levels, elevated PVN CRF mRNA, and 
increased action potential firing of putative CRF neurons in PVN brain slices. Furthermore, VX 
animals exposed to acute restraint stress showed increased elevations of plasma corticosterone 
and PVN CRF mRNA which may be due to lack of compensatory PVN GABAergic signaling in 
response to acute stress. Both Sham/Stress and VX/no stress conditions increased action 
potential firing in putative PVN CRF neurons, but this effect was not seen in the VX/stress 
condition, suggesting that not all forms of stress compensation are lost following VX. Overall, 
these findings suggest that the vagus nerve may play a critical role in regulating HPA axis 
function via modulation of local PVN neurocircuit activity. 
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Introduction 
 The hypothalamic-pituitary-adrenal (HPA) axis is a critical central regulator of behavior, 
neuroendocrine, and physiologic response to stress in mammals. HPA axis responses to stress 
are set by activity of corticotropin releasing factor (CRF) neurons in the medial parvocellular 
region of the paraventricular nucleus of the hypothalamus (PVN). PVN CRF neurons project to 
the median eminence and upon stimulation release CRF and other peptides into the 
hypophysial portal vein ending in the anterior pituitary causing the release of 
adrenocorticotrophic hormone (ACTH). ACTH is released into the systemic circulation and 
activates cells in the adrenal cortex to synthesize glucocorticoids (cortisol in humans, 
corticosterone in rodents, CORT) and mineralocorticoids. These hormones perform many 
functions including providing negative feedback regulation of PVN CRF neuron excitability to 
return HPA axis function back to homeostatic levels [for reviews of HPA system see (Herman et 
al, 2016, 2020; Smith and Vale, 2006; Spencer and Deak, 2017)]. PVN CRF neuron excitability is 
controlled by a balance of excitatory glutamatergic and inhibitory GABAergic neurotransmission 
that arises from a number of upstream brain regions involved in integrating memory and 
sensory stimuli via both direct and indirect pathways as well as local neurotransmitter and 
neuropeptide systems. In addition to these pathways, PVN CRF neuron excitability can also be 
modulated by other neurotransmitter systems such as serotonin, norepinephrine, 
acetylcholine, and dopamine (Sunstrum and Inoue, 2019). Disruption of these various 
neurotransmitter and neuropeptide regulators of PVN CRF neuron excitability has been 
implicated in a myriad of mental health disorders, such as addiction, depression, schizophrenia, 
and post-traumatic stress disorder (Cáceda et al, 2007; Jiang et al, 2019).  
 Another source of HPA axis regulation is the vagus nerve. The vagus nerve, also known 
as the tenth cranial nerve, is the longest cranial nerve and provides widespread innervation of 
many organ systems, muscles, and fat depots. The vagus nerve is a mixed nerve comprised of 
roughly 80% afferent and 20% efferent fibers. As such, the vagus nerve provides a critical 
interface between the body and the brain, serving as a key point for interoception (Kenny and 
Bordoni, 2019; Mandalaneni and Rayi, 2020). Previous research suggests an inverse relationship 
between vagal function and HPA axis activation by stress such that low vagal tone is associated 
with increased HPA activity in response to stress (Marca et al, 2011) and impaired recovery 
from stress (Weber et al, 2010) observed in clinical studies. Compatible with such role, vagus 
nerve stimulation has been shown to reduce HPA axis function in animal models (Chen et al, 
2021) and improve clinical outcomes in treatment resistant depression (Sackeim et al, 2020) 
and epilepsy (Mandalaneni and Rayi, 2020). Vagus nerve stimulation has been investigated as 
experimental treatments for posttraumatic stress disorder and other psychiatric conditions 
(Cimpianu et al, 2017), autoimmune disorders, and chronic inflammatory 
disorders(Mandalaneni and Rayi, 2020), disorders that often include HPA axis dysregulation. 
Together, these findings suggest that the vagus nerve may bidirectionally modulate HPA axis 
function.  

The precise mechanisms of how the vagus nerve modulates HPA axis function, however, 
remains unknown. In particular, how disruption of vagus nerve activity might alter local 
neurocircuit function in PVN CRF neurons had not been previously characterized. Therefore, the 
experiments presented here sought to test the hypothesis that damage to the vagus nerve will 
result in enhanced physiologic stress-responsiveness in adult male rats due to altered 
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neurotransmission and excitatory activity of PVN CRF neurons. To test this hypothesis, we 
performed subdiaphragmatic vagotomy and examined plasma CORT and CRF mRNA in the PVN 
and how these change in response to a subsequent acute stress. We further examined how VX 
and stress conditions modulate putative PVN CRF neuron activity utilizing whole cell patch 
clamp electrophysiology. We found that VX reduces the ability of local PVN circuits to modulate 
GABAergic transmission in response to restraint stress. VX was also associated with higher rates 
of PVN CRF neuron action potential firing. Overall, our findings demonstrate that the vagus 
nerve plays a role in mediating negative feedback modulation of PVN CRF neurons. 

 
 
Methods 
Animals: Male Sprague Dawley rats (260-450 g), obtained from Charles River Laboratories 
(Horsham, PA, USA), were used in this study. Animals were group housed (3/group) in mesh 
floored, stainless steel hanging cages in a temperature-controlled vivarium while maintained on 
a constant 12:12 h light-dark cycle (lights on at 0700). Animals were maintained on pelleted 
normal rat chow ad libitum. Filtered tap water also was available ad libitum throughout the 
experiments. All animal procedures were approved by the Pennsylvania State University College 
of Medicine Institutional Animal Care and Use Committee and conformed to National Institutes 
of Health guidelines for the care and use of laboratory animals. Two cohorts were used. The 
first cohort was utilized for qPCR and ELISA assays while the second cohort was utilized for 
electrophysiology experiments. Experimenters were blinded to treatment conditions until raw 
data analysis was completed.  
 
Subdiaphragmatic vagotomy: All rats received either the vagotomy (VX) or Sham surgery. Rats 
were given the antibiotic Ceftriaxone (30 mg/kg SC) and Buprenorphine SR (1 mg/kg SC, for pain 
control) 15 minutes before the surgical incision. Rats were anesthetized with isoflurane (3-5% 
for induction, 1.5-3% for maintenance). Depth of isoflurane anesthesia was checked by absence 
of palpebral reflex and by checking for the absence of a toe-pinch. Surgical site was shaved, 
cleaned with 3 alternating scrubs of Nolvasan/alcohol. During surgery the rat was placed upon a 
clean, absorbent pad and temperature is maintained at 37 degrees C by the use of circulating 
warm water blankets. The animal was placed in dorsal recumbency and a midline abdominal 
skin incision was made. The lobes of the liver were retracted cranially while the stomach was 
retracted caudally to expose the animal's diaphragm. Each branch of the main vagus nerve was 
carefully isolated from the surrounding connective tissue. In VX but not the Sham rats, a small 
section was excised from the isolated anterior and posterior gastric branches of the vagal 
nerve. Closure was done in two layers, muscle and skin. The muscle layer was closed using 
interrupted 3-0 silk suture and the skin was closed using 4-0 nylon (Ethilon monofilament) 
suture. Postoperatively, Carprofen (30 mg/kg SC) was administered 3 hours after surgery and 
every day thereafter for 3 days. Rats were then singly housed and allowed to recover for at 
least 2 weeks before being further utilized. 
 
Restraint Stress: Rats were immobilized in a plastic restraint bags (AIMSTM Body-ContourTM 
Cone Shape Rodent Restraint Bags and left undisturbed for 1 hr. Following restraint stress, rats 
were moved back in their home cage for 1 hour then lightly anesthetized with isoflurane and 
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euthanized by rapid decapitation. Trunk blood was collected for plasma corticosterone assay 
and brain tissue dissected and flash frozen in liquid nitrogen and stored at -80C for PCR assays. 
Non-stress animals were similarly handled but not placed in the restraint bag. 
 
Plasma corticosterone assay: Plasma corticosterone ELISA assay was performed according to 
manufacturer recommendations (R&D Systems, KGE009). Blood was collected in 15 ml conical 
tubes and allowed to clot for 2 hrs at room temperature before being centrifuged for 20 min at 
2000x g. Serum was removed, aliquoted, and stored at -20 C until assay was performed.  
 
qPCR: The paraventricular nucleus of the hypothalamus was micro-dissected, flash frozen in 
liquid nitrogen, and stored at -80 C until use. Frozen tissue was homogenized in QIAzol Lysis 
Reagent using a TissueLyser II, with total RNA extracted using RNAeasy Lipid Tissue Mini kits 
and QIACube automated processing (Qiagen; Germantown, MD). RNA concentration was 
measured with a NanoDrop spectrophotometer (ND-1000, Thermo Fisher Scientific; Waltham, 
MA). cDNA was synthesized from total RNA using a high-capacity cDNA reverse transcription kit 
(ThermoFisher Scientific; Waltham, MA). Quantitative real-time polymerase chain reaction 
(qPCR) was performed on a QuantStudio 12K Flex system (Applied Biosystems; Foster City, CA) 
using rat-specific Taqman gene primers (ThermoFisher Scientific; Waltham MA). The primers 
used were CRF (Rn01462137_m1) and beta-actin (Rn00667869_m1). Each sample was 
measured in triplicate with cycle threshold (CT) values normalized to beta-actin. Relative gene 
expression was determined using the 2–∆∆CT method.  
 
 
Electrophysiology: Rats were lightly anesthetized with isoflurane and euthanized via rapid 
decapitation. Brains were immediately removed and placed in ice-cold sucrose-based artificial 
cerebrospinal fluid (ACSF). Two hundred and fifty-micrometer-thick coronal brain slices 
containing the PVN (-1.4 to -2.12 from Bregma) were then prepared in ice-cold sucrose 
ACSF using a Leica VT1200s vibroslicer with ceramic blades (part#7550/1/C, 
batch#1710, Campden Instruments Limited). Sucrose based ACSF contained the following 
(in mM): 183 sucrose, 20 NaCl, 0.5 KCl, 1 MgCl2, 1.4 NaH2PO4, 2.5 NaHCO3, and 1 
glucose. Following dissection, slices were transferred to a holding chamber with Modified ACSF 
[containing (in mM): 100 sucrose, 60 NaCl, 2.5 KCl, 1.4 NaH2PO4, 1.1 CaCl2, 3.2 MgCl2, 2 
MgSO4, 22 NaHCO3, 20 glucose, 1 ascorbic acid] at 28°C for 20-30 min and then moved to a 
separate holding chamber with oxygenated standard ACSF [containing (in mM): 124 NaCl, 
4.4 KCl, 2 CaCl2, 1.2 MgSO4, 1 NaH2PO4, 10 glucose, 26 NaHCO3] at 28°C for at least 30 min 
prior for use in electrophysiology experiments. For electrophysiology recordings, slices 
were transferred to the submersed recording chamber where they were constantly perfused 
with standard ACSF with 50 uM APV (to block NMDA-receptor mediated currents) at a 
rate of 2mL/min at room temperature and allowed to equilibrate for at least 15 min 
prior to recordings. Electrophysiology recordings were made using SutterPatch 7/8 
software utilizing Sutter Integrated Patch Clamp Amplifier and Data Acquisition System (Sutter 
Instruments). Pipette solution contained (in mM): 135 K+-gluconate, 5 NaCl, 2 MgCl2, 10 HEPES, 
0.6 EGTA, 4 Na-ATP, 0.4 Na-GTP, pH 7.2–7.3, 280–290 mOsmol). Whole-cell, voltage-clamp 
recordings of AMPA receptor-mediated spontaneous excitatory postsynaptic currents (sEPSCs) 
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were made at -55 mV (reversal potential for GABAA currents) while whole-cell voltage clamp 
recordings of GABA mediated spontaneous inhibitory postsynaptic currents (sIPSCs) in the same 
cell were made at +10mV (reversal potential for AMPA currents). Cells were allowed to 
equilibrate to whole-cell configuration for 3–5 min before recordings began and access 
resistance was monitored continuously. Those experiments in which the access resistance 
changed by >20% were not included in the data analyses. Cells were then switched to the 
current-clamp configuration, allowed to equilibrate to their resting membrane potentials for 3-
5 minutes, and membrane voltage changes in response to incremental current steps (ranging 
from −120 pA to +120 pA of 350 ms in duration) were assessed. Three to five cells were used 
per slice, with each cell being an individual n per experimental group. Putative CRF neurons 
were targeted by location within the slice and identified post-hoc by electrophysiologic 
properties (Hoffman et al., 1991; Luther et al., 2002; Luther & Tasker, 2000; Tasker & Dudek, 
1991). Recorded neurons that did not correspond to these predefined parameters were 
excluded from analysis. 
  
Statistical analyses: Statistical analyses were performed using Microsoft Excel 2016 
and GraphPad Prism 8. GraphPad Prism 8 and Microsoft PowerPoint 2016 were used for figure 
preparation. Specifically, when comparing across treatment groups, a one-way ANOVA was 
used followed by Tukey’s post-hoc analysis to determine any significance of specific 
comparisons between groups. All values throughout the study are presented as mean ± SEM.  
 
Reagents: All reagents used were purchased from Sigma-Aldrich or Fischer Scientific unless 
otherwise noted in the text.  
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Results 
Vagotomy enhances plasma corticosterone response to acute restraint stress 
We sought to test the hypothesis that the vagus nerve is required for regulation of HPA stress 
responses. To test if the vagus nerve plays a critical role in regulating HPA responses to acute 
stress, sham and VX rats were exposed to a 1 hr restraint stress and plasma was collected 30 
min after stress conclusion for assessment of CORT levels via ELISA. Control animals were 
similarly handled but did not receive restraint. One-way ANOVA indicated a significant 
difference between groups (F(3,33)=3.48, p<0.05, Fig 1) with Tukey’s post hoc analysis showing a 
significant difference between VX/Stress and Sham/non-stress (NS) rats. 

  
Vagotomy enhances PVN CRF mRNA response to acute restraint stress 
To test if the enhanced stress evoked plasma CORT elevation by VX was due to changes in HPA 
function, we assessed CRF mRNA in PVN tissue in the animals above. One-way ANOVA indicated 
a significant difference between groups (F(3,25)=5.330, p<0.01, Fig 2) with Tukey’s post hoc 
analysis showing a significant difference between VX/Stress and Sham/NS rats. 
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Fig 1. Vagotomy enhances stress-induced 
corticosterone release. Rats were given either vagotomy 
(VX) or sham surgery. At least two weeks post-surgical 
recovery, rats were physically restrained for 1 hr and then 
plasma CORT collected 1 hr later. One-way ANOVA 
indicates a significant effect of VX and stress on CORT 
levels after restraint stress. * indicates p<0.05. 

Fig 2. Vagotomy enhances stress-induced CRF mRNA 
in the PVN. From the same rats were given either 
vagotomy (VX) or sham surgery as Fig 1. At least two 
weeks post-surgical recovery, rats were physically 
restrained for 1 hr and PVN tissue collected 1 hr later. One-
way ANOVA indicates a significant effect of VX and stress 
on PVN CRF mRNA expression after restraint stress. * 
indicates p<0.05. 
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Vagotomy and stress modulate excitatory and inhibitory neurotransmission and action potential 
firing in putative PVN CRF neurons 
We next sought to determine if VX and stress altered excitatory and inhibitory 
neurotransmission in PVN CRF neurons. Putative PVN CRF neurons were recorded via whole-cell 
patch clamp and spontaneous excitatory postsynaptic currents (sEPSC) and spontaneous 
inhibitory postsynaptic currents (sIPSC) were recorded in the same cell by altering the holding 
potential. There were no significant differences in sEPSC frequency between groups 
(F(3,42)=0.181, p>0.05) but there was a significant difference in sEPSC amplitude (F(3,42)=5.582, 
p<0.01). Post-hoc analysis showed a significant difference between VX/NS group compared to 
the Sham/Stress and VX/Stress groups (p<0.05). There was a significant difference in sIPSC 
frequency (F(3,42)=2.844, p<0.05) but no significant difference in sIPSC amplitude (F(3,42)=0.636, 
p>0.05) between groups. We then assessed the ratio of excitatory and inhibitory current 
frequencies (E/I ratio) changes across groups and found a significant difference across groups 
(F(3,42)=5.379, p<0.01). Post hoc analysis showed a significant difference between VX/Stress 
compared to all other groups (p<0.05).   

 
 
 
  
 
 

 
  

Fig 3. Vagotomy reduces inhibitory 
neurotransmission in the PVN after stress. 
Rats were given either vagotomy (VX) or 
sham surgery. At least two weeks post-
surgical recovery, rats were physically 
restrained for 1 hr and PVN tissue collected 1 
hr later. A-C) Spontaneous excitatory 
postsynaptic currents (sEPSCs) and (D-E) 
spontaneous inhibitory postsynaptic currents 
(sIPSCs) were recorded from putative CRF 
neurons in the PVN. One-way ANOVA 
indicates no significant effect of VX and stress 
on sEPSC frequency, but a significant 
increase sEPSC amplitude only in the vX/NS 
group.  One-way ANOVA indicates a 
significant effect of VX and stress on sIPSC 
frequency, with no significant effects of sIPSC 
amplitude. * indicates p<0.05. 

Fig 4. Vagotomy alters 
excitatory/inhibitory ratio in the 
PVN after stress. From data 
shown in Fig 3, 
excitatory/inhibitory (E/I) ratio was 
determined by dividing sEPSC 
frequency by sIPSC frequency. 
One-way ANOVA indicates a 
significant effect of VX and stress 
on E/I ratio. * indicates p<0.05. 
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In the same neurons as above, we then examined action potential firing rates evoked by 
different current steps. Two-way ANOVA indicated a significant main effect of groups on action 
potential firing rates (F(3,317)=8.03, p<0.001).  
  

  
 
 
 
Discussion 

Vagus nerve activity is inversely correlated with HPA activity although the mechanisms 
behind this phenomenon are not clear. Here, we sought to elucidate if the vagus nerve plays a 
role in resting and stress induced activity of the HPA axis and putative CRF neurons in the PVN 
by surgically ablating the subdiaphragmatic vagus nerve. Our findings indicate that 
subdiaphragmatic VX increases basal and stress-induced plasma CORT and PVN CRF mRNA. At 
the cellular and circuit level, VX induced an increase in putative CRF neuron action potential 
firing, likely accounting in part for elevated PVN CRF mRNA and plasma CORT. Together, these 
findings suggest that VX induced a condition similar to a chronic, non-habituating stress 
exposure. Further, VX increased presynaptic GABAergic transmission, which we propose to be 
involved in an attempted compensatory mechanism to inhibit over-activated PVN CRF neuron 
function. VX animals however are unable to mount a compensatory GABAergic response to 
stress. Overall, these results suggest that the vagus nerve may be a critical component for 
regulation of PVN CRF neuron activity and HPA axis function following acute stress. 

Our results show that stress increases plasma CORT levels in Sham rats, a common 
occurrence after restraint stress. VX/NS rats had higher basal CORT levels than Sham/NS rats to 
a level similar to that seen in Sham/stress rats, suggesting VX may induce a state of chronic HPA 
axis activation. From this elevated basal state, VX/stress rats had higher CORT levels than all 
other groups, suggesting the chronic stress-like state of VX does not habituate like a repeated 
homotypic stressor. These findings suggest that VX may induce a stress-like state similar to 
chronic variable stress or similar heterotypic stress exposures. One limitation of the current 
study is that CORT was only examined at one time point following a 1 hr restraint. Future 
studies will need to address this limitation utilizing within subject design with repeated CORT 
sampling over a longer time frame. Similar to the effects seen with plasma CORT, our data show 
significant increases in CRF mRNA expression in PVN tissue samples in the VX/Stress group 
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Fig 5. Vagotomy increases putative CRF 
neuron action potential firing similarly to 
acute stress. Following recordings of sEPSC 
and sIPSCs, action potential firing was 
recorded in the neurons above. A-D) Example 
recordings of membrane potentials in 
response to hyperpolarizing and depolarizing 
currents in the various VX and stress 
conditions. The positive 60pA step for each 
neuron in shown in red. E) Summary graph of 
average number of action potentials per 
depolarizing step Two-way ANOVA indicates 
a significant main group effect on action 
potential firing. ** indicates p<0.01. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted June 3, 2021. ; https://doi.org/10.1101/2021.06.03.446790doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.03.446790
http://creativecommons.org/licenses/by-nc-nd/4.0/


compared to Sham/NS rats. Previous research has shown that most stressors increase PVN CRF 
mRNA [for review see (Herman and Tasker, 2016)]. Such increased CRF mRNA expression has 
been shown to result in increased CRF peptide production in the PVN and increased CRF 
turnover in the median eminence (Chappell et al, 1986).   

The current findings that VX increases plasma CORT and PVN CRF mRNA are in contrast to 
previous research showing that subdiaphragmatic VX does not alter stress stimulated CORT in 
rats (Klarer et al, 2014). It should also be noted that the previous study performed both a left 
subdiaphragmatic VX and a left cervical vagus rhizotomy. This same study also showed that VX 
reduced anxiety-like behavior in the elevated plus maze and open field and reduced latency to 
eat in a second trial of a novelty suppressed feeding test. However, these animals also showed 
reduced ability to extinguish freezing behaviors in an auditory fear conditioning task suggesting 
a complex role for vagal function in stress-related behaviors both in basal and stimulated 
conditions. Other studies further suggest that VX induces anhedonia-like behavior in multiple 
behavioral tasks (Klarer et al, 2019). However, previous studies utilizing the same limited VX 
surgery model used here showed increased alcohol intake (Orellana et al, 2021). Overall, future 
studies will be needed to address these disparities to determine the independent roles of both 
afferent and efferent vagal fibers in stress-related behaviors and PVN responsively.  

The effects of stress on PVN CRF neurocircuit activity and intrinsic excitability are complex 
and show distinct modulation of glutamatergic and GABAergic input to PVN CRF neurons as well 
as intrinsic excitability following acute stressors of various types or repeated homotypic vs 
heterotypic stressors (Herman et al, 2002, 2004; Levy and Tasker, 2012). Glutamatergic 
stimulation increases PVN CRF neuron activity (Feldman and Weidenfeld, 1997). Previous work 
shows that acute stress rapidly decreases AMPA mediated glutamatergic transmission in the 
PVN in a glucocorticoid dependent mechanism that may require endocannabinoid signaling (Di 
et al, 2003; Levy and Tasker, 2012; Malcher-Lopes et al, 2006; Nahar et al, 2015). Chronic stress 
appears to increase functional AMPA mediated glutamatergic signaling in PVN CRF neurons 
(Flak et al, 2009; Franco et al, 2016). Therefore, it is surprising that we saw no change in 
glutamatergic signaling across the acute stress or VX conditions, except for a small but 
significant change in sEPSC amplitude in the VX/NS rats. Future work will be needed to examine 
the discrepancies between the current work and previous studies, but one possibility is the 
anesthesia from the surgical procedure may have altered glutamate plasticity in this region. 
Other work has also previously indicated NMDA receptor modulation following acute and 
chronic stress (Bartanusz et al, 1995; Kuzmiski et al, 2010; Ziegler et al, 2005); however, NMDA 
receptors were blocked during these recordings so such findings cannot be confirmed in the 
current studies. 

GABAergic receptor activation is thought to reduce PVN CRF neuron activity by both tonic 
and phasic inhibition (Boudaba et al, 1996; Cole and Sawchenko, 2002; Ziegler and Herman, 
2002). Although tonic inhibition was not examined in this study, previous research indicates 
that stress upregulates GABAergic mRNA expression in multiple presynaptic neurons that 
project to the PVN as part of a compensatory mechanism to return PVN CRF neuron activity to 
homeostatic levels. For review of GABAergic effects on PVN CRF neuron activity please see 
(Cullinan et al, 2008). In this study, VX/stress animals showed heightened plasma CORT, 
heightened PVN CRF mRNA expression, and a reduction in GABAergic signaling at the time point 
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tested, suggesting that these animals may not be able to appropriately respond to stressor due 
to a lack of dynamic GABAergic compensation. 

It should be noted, however, that stress can modulate PVN GABAergic signaling in other 
ways not examined here. In particular, both acute and chronic stress have been shown to alter 
the chloride gradient in PVN CRF neurons such that GABAergic transmission can lead to GABA-
mediated enhancement of neuronal activity as opposed to the typical inhibitory response to 
GABA (Gao et al, 2016; Hewitt et al, 2009). Additionally, both acute and chronic stress have also 
been shown to reduce GABAergic inputs to PVN parvocellular, putative CRF, neurons (Joëls et 
al, 2004; Verkuyl et al, 2004); which is likely due to stress induced elevations in glucocorticoids 
(Herman et al, 1995; Miklós and Kovács, 2002; Verkuyl et al, 2004). The reason for this apparent 
discrepancy between studies is unclear, but it might have to do with the timing of recordings. In 
these studies, rats were restrained for 1 hr and allowed to rest for 1 hr prior to brain slice 
preparation. It is important to note that all animals had undergone either a VX or Sham surgery, 
so it is possible that the initial surgical procedures and/or anesthesia may have influenced 
stress adaptation of PVN GABAergic signals. Overall, the increase in GABAergic signaling 
following stress may be due to a form of compensation allowing PVN CRF neurons to return to 
homeostatic activity in the face of elevated plasma CORT. Under these conditions, the lack of 
enhanced GABAergic signaling in VX/Stress rats in response to further elevations of plasma 
CORT suggests that the vagus may play a critical role in this potential mechanism of acute stress 
compensation. This lack of GABAergic signaling change in these rats resulted in a large 
alteration in E/I ratio not seen in other animals, further supporting the hypothesis that VX 
results in lack of stress adaptation in these studies. Indeed, the high E/I ratio in the VX/Stress 
rats is similar to the elevated mEPSC frequency and reduced mIPSC frequency seen in PVN CRF 
neurons from rats exposed to chronic variable stress, another model of non-adaptive stress 
(Franco et al, 2016). 

Our data indicate that acute restraint stress increases action potential firing of putative PVN 
CRF neurons in brain slices from sham rats. Previous research indicates that acute stress 
increases PVN CRF neuron activity in vivo although other work has shown minimal changes to 
PVN CRF neuron action potential firing in brain slices(Kim et al, 2019b, 2019a). Supporting our 
hypothesis that VX-induced a non-habituating stress-like condition, action potential firing in VX 
rats was also increased compared to Sham/NS rats. Surprisingly, although VX/Stress rats had 
higher plasma CORT and higher CRF mRNA, action potential firing rates in VX/Stress rats were 
essentially the same as Sham/NS rats. Together, these findings suggest that VX rats can 
undergo an acute stress response and allow for some form of compensation in an attempt to 
return back to homeostatic levels that does not require GABAergic transmission. This 
potentially represents a novel form of stress compensation dependent on vagus nerve 
activation, suggesting that the vagus nerve can modulate PVN CRF neuron function via 
GABAergic signaling and other, currently unknown, mechanisms.  

There are a number of potential mechanisms that may account for VX regulation of HPA 
axis function (Herman et al, 2008, 2020; Herman and Tasker, 2016). The first central relay of the 
vagus nerve is the nucleus of the tractus solitarius (NTS) (Bonaz et al, 2018; Kenny and Bordoni, 
2019), a medullary region known to send a variety of projections to the PVN (Herman, 2018). 
These NTS projections contain numerous neurotransmitters and neuropeptides such as 
glutamate, norepinephrine, and glucagon-like peptide 1 (GLP1). Among these, norepinephrine 
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(NE) has been most widely studied, showing that NE typically increases HPA stress responses, 
although this may depend on context, adrenergic receptor subtype activation, and type of 
stress. Chronic stress has also been shown to increase dopamine beta hydroxylase-positive 
connections with PVN CRF neurons, suggesting NE may play an important role in HPA axis 
regulation. However, the NTS is not the sole source of PVN NE as the locus coeruleus also sends 
NE projections to the PVN that may provide a distinct source of stress-stimulated PVN NE 
signaling (Itoi and Sugimoto, 2010). Additionally, while NE in the PVN is generally thought to be 
a pro-stress signal via stimulation of CRF neurons, NE can also activate other PVN neurons, such 
as oxytocin neurons (which increase GABAergic signaling in the PVN), or influence other PVN 
inputs to reduce stress-responding (Maniscalco and Rinaman, 2018).  

In summary, here we show that the vagus nerve is critical in multiple aspects of HPA axis 
function by modulating both intrinsic PVN CRF neuron excitability and local GABAegric 
signaling. Although more research is needed to determine the precise mechanisms, these data 
may help explain, at least in part, how vagus nerve stimulation may improve various psychiatric 
pathologies that include HPA axis dysfunction.  
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