
High Salt Intake Enhances Swim Stress-Induced PVN 
Vasopressin Cell Activation and Active Stress Coping

NC Mitchella, TL Gilmana,b, LC Dawsa,b,c, and GM Toneya,d

aDepartment of Cellular and Integrative Physiology, University of Texas Health Science Center at 
San Antonio, San Antonio, TX, USA

bAddiction Research, Treatment & Training Center of Excellence, University of Texas Health 
Science Center at San Antonio, San Antonio, TX, USA

cDepartment of Pharmacology, University of Texas Health Science Center at San Antonio, San 
Antonio, TX, USA

dCenter for Biomedical Neuroscience, University of Texas Health Science Center at San Antonio, 
San Antonio, TX, USA

Abstract

Purpose—Stress contributes to many psychiatric disorders; however, responsivity to stressors 

can vary depending on previous or current stress exposure. Relatively innocuous heterotypic 

(differing in type) stressors can summate to result in exaggerated neuronal and behavioral 

responses. Here we investigated the ability of prior high dietary sodium chloride (salt) intake, a 

dehydrating osmotic stressor, to enhance neuronal and behavioral responses of mice to an acute 

psychogenic swim stress (SS). Further, we evaluated the contribution of the osmo-regulatory 

stress-related neuropeptide arginine vasopressin (VP) in the hypothalamic paraventricular nucleus 

(PVN), one of only a few brain regions that synthesize VP. The purpose of this study was to 

determine the impact of high dietary salt intake on responsivity to heterotypic stress and the 

potential contribution of VPergic-mediated neuronal activity on high salt-induced stress 

modulation, thereby providing insight into how dietary (homeostatic) and environmental 

(psychogenic) stressors might interact to facilitate psychiatric disorder vulnerability.
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Approach—Salt loading (SL) with 4% saline for 7 days was used to dehydrate and osmotically 

stress mice prior to exposure to an acute SS. Fluid intake and hematological measurements were 

taken to quantify osmotic dehydration, and serum corticosterone levels were measured to index 

stress axis activation. Immunohistochemistry (IHC) was used to stain for the immediate early gene 

product c-Fos to quantify effects of SL on SS-induced activation of neurons in the PVN and 

extended amygdala – brain regions that are synaptically connected and implicated in responding to 

osmotic stress and in modulation of SS behavior, respectively. Lastly, the role of VPergic PVN 

neurons and VP type 1 receptor (V1R) activity in the amygdala in mediating effects of SL on SS 

behavior was evaluated by quantifying c-Fos activation of VPergic PVN neurons and, in functional 

experiments, by nano-injecting the V1R selective antagonist dGly[Phaa1,d-tyr(et), Lys, Arg]-VP 

bilaterally into the amygdala prior to the SS.

Findings—SL increased serum osmolality (P < 0.01), which positively correlated with time spent 

mobile during, and time spent grooming after a SS (P < 0.01, P < 0.01), and SL increased serum 

corticosterone levels (P < 0.01). SL alone increased c-Fos immunoreactivity among PVN neurons 

(P = 0.02), including VP positive neurons (P < 0.01). SL increased SS-induced c-Fos activation of 

PVN neurons as well (P <0.01). In addition, SL and SS each increased the total number of PVN 

neurons that were immunoreactive for VP (P < 0.01). An enhancing effect of SL and SS was 

observed on c-Fos positive cell counts in the central (P = 0.02) and basolateral (P < 0.01) nuclei of 

the amygdala and bilateral nano-injections of V1R antagonist into the amygdala reduced time 

spent mobile both in salt loaded and control mice during SS (P < 0.05, P < 0.05).

Summary—Taken together, these data indicate that neuronal and behavioral responsivity to an 

acute psychogenic stressor is potentiated by prior exposure to high salt intake. This synergistic 

effect was associated with activation of PVN VP neurons and depended, in part, on activity of V1 

receptors in the amygdala. Findings provide novel insight into neural mechanisms whereby prior 

exposure to a homeostatic stressor such as osmotic dehydration by excessive salt intake increases 

responsivity to a perceived stress. These experiments show that high dietary salt can influence 

stress responsivity and raise the possibility that excessive salt intake could be a contributing factor 

in the development of stress-related psychiatric disorders.
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Salt diet; stress coping; arginine vasopressin; psychiatric; paraventricular nucleus; 
hyperosmolality; dehydration

1. INTRODUCTION

Although stress is an established risk factor for development of psychiatric disorders, many 

individuals experiencing one or more major life stressors do not develop a mental health 

condition. A number of factors have begun to emerge as determinants of how responsive 

individuals are to stress. These include unique genetic profiles, early traumatic life 

experiences and recent psychological or physiological stress events (Cohen et al., 1995; 

Heim and Nemeroff, 2001). High intake of dietary sodium chloride (salt) is a common 

physiological osmotic stressor that is known to dramatically increase the risk and severity of 

multiple disease modalities, most notably cardiovascular diseases such as high blood 

pressure (Toney et. al., 2003; Osborn et. al., 2007; Toney and Stocker, 2010; He et al., 2013). 
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How excessive dietary salt intake may enhance one’s responsivity to psychological stress is, 

however, not well understood. In the United States, people consume ~3,400 mg of sodium a 

day - more than twice the recommended daily allowance according to the American Heart 

Association (American Heart Association, 2017) - a clear need exists to explore if high salt 

intake negatively affects psychological health as dramatically as it does cardiovascular 

health.

Animal models of psychiatric disorders often deploys osmotic stressors, such as water 

deprivation, as well as psychological stressors, such as swim stress (SS), to investigate 

neural mechanisms involved in maladaptive stress coping (Monteiro et al., 2015). These 

studies reveal that a relatively innocuous stimulus experienced on a daily basis can become 

psychologically damaging if paired with a heterotypic stressor, i.e. a different type of stress. 

High salt intake is an osmotic stress that activates arginine vasopressin (VP)-synthesizing 

neurons of the hypothalamic paraventricular nucleus (PVN), one of a few brain regions that 

produces this osmo-regulatory stress-related neuropeptide (Brown et al., 2013). VP release 

may then further increase sympathetic neural outflow and induce activation of the endocrine 

hypothalamic-pituitary-adrenal (HPA) stress axis, both hallmarks of the integrated stress 

response (Smith and Vale, 2006).

SS is a psychological stressor that activates PVN neurons and stimulates release of VP 

within not only the PVN, but also limbic forebrain regions such as the amygdala (Wotjak et 

al., 2001; Ebner et al., 2002; Hernández et al., 2016). Increased extracellular VP within the 

amygdala binds to its type 1 receptor (V1R) – a receptor implicated in development of 

stress-related psychiatric disorders (Stoop et al., 2015). Given that amygdalar V1R activation 

modulates behavioral coping responsivity to stress stimuli, it is possible that activation of VP 

neurons by multiple stress stimuli could yield exaggerated neuronal and behavioral 

responses (Ebner et al., 2002). By acting upon stress-sensitive neurons within, and circuits 

emanating from the PVN, osmotic stressors may have the capacity to promote exaggerated 

responses to heterotypic stressors, especially if the latter also are capable of exciting those 

specific PVN neurons responsive to osmotic stress.

The purpose of the current study was to expand upon research investigating heterotypic 

stress synergism by determining the impact of excessive intake of dietary salt (a 

physiological osmotic stress) on behavioral and neuronal responsivity to an acute 

psychological stressor. To test the hypothesis that activation of stress sensitive neural circuits 

by high dietary salt enhances responsivity to an acute psychogenic stressor, we utilized 

chronic salt loading (SL) as an osmotic stressor and SS as an acute psychogenic stressor. 

Literature evidence not only indicates that SL and SS activate the PVN and stimulate VP-

synthesizing neurons, but also directly implicates VP as a significant modulator of 

swimming behaviors (Ebner et. al., 2002; Choe et. al., 2015). Time spent mobile during SS 

was evaluated as a primary measure of active behavioral stress coping (de Kloet and 

Molendjik, 2016; Commons et. al., 2017). Others have shown that increased mobility time 

during a SS is indicative of increased stress responsivity (Lu et. al., 2008), and active stress 

coping is associated with aggression, irritability, impaired impulse control, and hypertensive 

cardiovascular responses to stress (Keay and Bandler, 2001). It should be noted that other 

inescapable psychogenic stressors that allow quantification of behavior response, such as tail 
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suspension, cause profound physiological stress by spiking cerebral blood pressure and 

altering baroreceptor sensitivity (Brizzee and Walker, 1985; Wilkerson et. al., 2002). 

Therefore, SS was determined to be a psychogenic stressor well suited to testing our 

working hypothesis. We additionally sought to determine osmotic and psychological stress 

sensitive brain regions involved in potentiating behavioral responses to stress, and we 

investigated VP as a mediator of neural responses to osmotic stress, psychological stress, 

and their combination. Ultimately, a greater understanding of neural mechanisms that cross-

sensitize stress responsivity could aid development of new treatments for stress related 

psychiatric disorders that consider high dietary salt as a major environmental potentiating 

stressor.

2. MATERIALS AND METHODS

2.1 Animals

Studies used adult C57BL/6J male mice (3 – 5 months post-natal) acquired from Jackson 

Laboratories that were housed with same sex peers in a temperature-controlled (24°C) 

vivarium maintained on a 14-hour/10-hour light/dark cycle in plastic cages (29 cm × 18 cm 

× 13 cm) containing rodent bedding (Sani-chips; Harlan Teklad, Madison, WI). Animals had 

ad libitum access to food (irradiated rodent sterilizable diet; Harlan Teklad) and to tap water 

except where noted.

Experimental procedures conformed to the National Institutes of Health Guide for the Care 

and Use of Laboratory Animals, 8th Ed., and were approved by the Animal Care and Use 

Committee of the University of Texas Health Science Center at San Antonio.

2.2 Salt Loading

SL of mice was accomplished by providing only 2% or 4% saline (NaCl) drinking solution 

ad libitum for 7 consecutive days. Control mice drank tap water ad libitum.

2.3 Swim Stress and Grooming

Behavioral experiments were conducted on the seventh day of the SL protocol. Mice were 

transferred from the animal colony to the procedure room at least one hour prior to testing. 

Mice were then subjected to a five minute SS. Cylindrical acrylic tanks, each with a 20 cm 

inner diameter and a height of 25 cm, were used for the SS. Tanks were filled to a height of 

18 cm with tap water (~25°C) and placed in a white container with three walls (L: 27 cm, W: 

27 cm, H: 61 cm) and a transparent acrylic top to shield mice from possible ambient 

disturbances during the swim. A digital camera was positioned directly above the acrylic top 

and used to record swimming behavior for offline scoring. Mobility was defined as active 

leg movement beyond that required to prevent submersion below the surface, and was 

assessed by an observer blinded to the treatment condition. After five minutes, mice were 

thoroughly dried using an absorbent laboratory pad.

Once dried, grooming behavior was assessed. Mice were placed in a clean transparent cage 

(29 cm × 18 cm × 13 cm) containing fresh rodent bedding. A plastic filtered top was placed 

on the cage without a chow rack, water, or chow. Behavior was recorded for five minutes 
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using a digital camera positioned along the 29 cm-long side of the cage. Grooming behavior 

was defined as stroking or licking of the nose, paws, face, or body and was scored by an 

observer blinded to the treatment condition.

2.4 Brain Histology and Immunohistochemistry

Approximately 2 h after exposure to the SS, mice were anesthetized with ~3% isoflurane 

and perfused transcardially with 20 mL of 0.1 M phosphate-buffered saline (PBS) followed 

by 50 mL of 4% paraformaldehyde (PFA) in 0.1 M PBS. Brains were removed and post 

fixed in 4% PFA for 4 h at room temperature (~22.5 °C), then transferred to 30% sucrose in 

0.1 M PBS at 4 °C for ≥ 2 days. Brains were sectioned at 30 μM in the coronal plane using a 

sliding microtome (Leica) and saved as three sets of alternate sections. Prior to staining, 

sections were stored at − 20°C in polyvinyl-pyrrolidone (PVP-40) cryoprotectant.

Immunohistochemical staining for the immediate early gene product c-Fos was performed as 

previously described (Bardgett, et al., 2014b) and was used to detect activated neurons in the 

PVN and amygdala. Sections were removed from cryoprotectant, rinsed (3×, 5 min in 0.1 M 

PBS) and incubated for 30 min in 0.5% sodium borohydride in 0.1 M PBS to remove auto 

fluorescent aldehydes generated during fixation. After additional rinsing (3×, 5 min in 0.1 M 

PBS), sections were incubated in 0.1 M PBS containing 3% goat serum and 0.3% Triton-X 

100 (blocking solution) for 2 h. Sections were then incubated in blocking solution 

containing polyclonal rabbit anti-c-Fos antibody (1:10,000; Millipore) and polyclonal guinea 

pig anti-VP (1:1,000: Peninsula Labs) for 72 h at 4 °C on an oscillating platform. After 

rinsing (3×, 5 min in 0.1 M PBS), sections were transferred to blocking solution containing 

biotinylated goat anti-rabbit IgG secondary antibody (1:250; Thermofisher) and goat anti-

guinea pig IgG secondary antibody (1:250; Thermofisher) conjugated to AlexaFluor-488 and 

incubated (~22.5 °C) for 2 h. Sections were then rinsed (3×, 5 min in 0.1 M PBS) and c-Fos 

immunoreactivity revealed by incubation in streptavidin-AlexaFluor-594 conjugate (1:250; 

Thermofisher) for 10 min at room temperature. Sections underwent three final rinses (5 min 

in 0.1 M PBS) and were mounted on slides using ProLong Diamond to preserve 

fluorescence.

Tissue sections stained for c-Fos and VP were examined with a scanning confocal 

microscopy system (Prairie Technologies) using a 43 series ion laser (Melles Griot) and 

Sapphire 561 laser (Coherent) to emit 488 and 561 nm wavelengths. Images were captured 

using a 16-bit Cascade II digital camera (Photometrics, Inc.) and analyzed using NIS-

Elements Advanced Research 3.2 software. Nuclei expressing c-Fos were declared “c-Fos 

positive” if peak fluorescence intensity was ≥ 10,000 (A.U.). c-Fos positive cells were 

counted and compared between control and SL mice with and without exposure to SS. 

Among PVN neurons, co-localized c-Fos and VP immunoreactivity was also quantified for 

statistical analysis.

2.5 Hematology

As previously described (Stocker et al., 2005; Bardgett el. al., 2014a), blood for hematology 

analysis was collected via a cardiac puncture while mice were anesthetized with isoflurane 

immediately prior to perfusion fixation. Blood samples were taken from behaviorally naïve 
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mice, and from SS exposed mice two hours after behavioral testing. In all cases, blood was 

drawn immediately prior to transcardiac perfusion. Hematocrit was measured by loading 

microhematocrit capillary tubes with fresh blood and spinning on a micro centrifuge 

(Damon IEC Division) for 3 min. The remaining blood samples were spun for 8 minutes at 

5000 RPM and the serum was collected to measure serum osmolality using a Model 3320 

Osmometer (Advanced Instruments Inc.) and protein levels using a Master Refractometer 

(Atago). Bonferroni’s multiple comparisons tests after a two-factor ANOVA (salt loading, 

swim stress) relieved SS did not alter serum osmolality between SL or not SL mice (P > 

0.05), so these data were combined (Table 1).

2.6 Corticosterone ELISA

Behaviorally naïve mice were SL with either 2% or 4% saline for one week as described 

above. Under isoflurane anesthesia mice were decapitated and trunk blood was collected. 

After clotting for 1 h at room temperature, samples were centrifuged at 3500 rpm for 1 h at 

4 °C. Serum was stored at −80 °C until analysis. All serum collection occurred between 

1100 and 1500 h.

Serum corticosterone was measured using an enzyme-linked immunosorbent assay (ELISA) 

kit (Enzo Life Sciences, Farmingdale, NY). Spectroscopic measurements of absorbance at 

405 nm with correction at 595 nm was quantified using a Varioskan Flash plate reader 

(Thermo Scientific).

2.7 Indwelling Amygdala Cannulae

Mice were anesthetized with 2 – 3% isoflurane in oxygen and mounted in a stereotaxic head 

frame (Kopf). Stainless steel guide cannulae (25G) were lowered into the amygdaloid 

complex bilaterally at the following stereotaxic coordinates with respect to bregma: AP; 

−1.6 mm, ML; ± 3.1, DV; −4 mm. Cannula were anchored in place with two small screws 

and cranio-plastic cement as previously described by our laboratory (Toney and Porter, 

1993). A 32G stainless steel obturator was placed in the lumen of each guide cannula and 

secured in place. Each mouse received post-operative injections of Combi-Pen-84® 

antibiotic (30,000 U, subcutaneous inj.) and buprenorphine (0.1 mg/kg, intraperitoneal inj.), 

and Neo-Predef® topical antiseptic powder at skin tissue surrounding the guide cannula. 

Prior to experiments, mice were singly housed in the animal facility for 2-5 days of post-

operative recovery.

Cannulated mice were provided either 4% saline or tap water as described in the SL 

protocol. All injections of the VP V1 receptor antagonist dGly[Phaa1,d-tyr(et), Lys, Arg]-

VP (Bachem, Inc.) were bilaterally delivered into the amygdala by inserting a stainless-steel 

injection cannula (32G) of a predetermined length through indwelling guide cannulae. 

Antagonist was dissolved to a concentration of 100 nM in sterilized saline. Antagonist 

concentration was determined as a dose (0.02 pmol or 22 pg) that alone did not alter animal 

behavior. All injections into the amygdaloid complex were in a volume of 200 nL delivered 

over a period of 1 min using a 1 μL Hamilton glass syringe connected to the injector by 

polyethylene (PE-10) tubing.
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Immediately after bilateral amygdala injections, each mouse was placed in a transparent 

observation chamber (L: 18 cm, W: 13 cm, H: 11 cm) with a transparent top. Each chamber 

was a three-walled white acrylic shield (L: 27 cm, W: 27 cm, H: 61 cm) prevent ambient 

activity from influencing behavior during the observation time. Activity was recorded with a 

digital camera for 15 min while viewing through the 18 cm side of the observation chamber. 

To evaluate general locomotor activity, the number of times mice crossed from one side of 

the cage to the other (cage crosses) was quantified. Rearing behavior, and time spent 

grooming were also assessed at a later time by an observer blinded to treatment conditions.

After 15 minutes, mice were removed from their observation chambers and immediately 

subjected to an acute 5 min SS as described above. Upon completion, mice were thoroughly 

dried and briefly anesthetized 30 min later to collect trunk blood samples as described 

above. For histological confirmation of amygdala injection sites, 75 nL of 0.2% rhodamine 

fluorescent latex nanospheres was delivered with the same injector used to deliver VR1 

antagonist or vehicle.

2.8 Data Analysis

Statistical analysis was performed using Prism 7.0 (GraphPad, San Diego, CA). Drinking 

solution consumed by each animal was estimated as the volume difference before and after 

the 7-day SL protocol divided by the number of mice per cage (Table 1). Hematology data 

were compared using a one-factor analysis of variance (ANOVA), followed by Dunnet’s 

multiple comparisons tests (Table 1). Time spent mobile during (Figure 1.A) and time spent 

grooming after (Figure 1.B) SS were analyzed using an unpaired Student’s t-test. Pearson’s 

Correlation was used to evaluate the relationship between serum osmolality and time spent 

mobile during the SS (data not shown).

Neuronal nuclei stained for c-Fos and somata stained for VP or both (c-Fos/VP double 

labeling) in the PVN (Figure 2) and supraoptic nucleius (SON; Supplemental table 1) were 

counted from a representative section through each nucleus. c-Fos positive neuronal nuclei 

in the basolateral and central sub-regions of the amygdala were similarly counted (Figure 3). 

Distribution of immunoreactive staining within the PVN and SON (plate 38) and basolateral 

and central amygdala (plate 43) was determined according to histological plates in the 

mouse brain atlas of Paxinos and Franklin (1997). For each brain region, nuclei from each 

hemisphere were counted and averaged. Data were analyzed using a two-factor ANOVA 

(SL, swim stress) followed by a Dunnett’s or Bonferroni’s multiple comparison test.

Data from mice with indwelling amygdala cannulae, including cage crosses, time spent 

grooming, rearing events, and time spent mobile during SS were analyzed using a two-factor 

ANOVA (SL, vehicle/V1R antagonist) followed by Bonferroni’s multiple comparison test 

(Figures 4.A–C, Supplemental Figure 1.A,B). Post SS corticosterone levels from tap water 

treated mice that received either nanoinjections of vehicle or V1R antagonist were analyzed 

with student’s T- test (data in text). All data are expressed as mean ± SEM. P ≤ 0.05 was a 
priori considered statistically significant.
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3. RESULTS

3.1 SL induced osmotic dehydration and corticosterone release

Initial experiments confirmed intake of drinking solutions and hematological effects of SL in 

mice treated with 2% or 4% saline (Table 1). Mice that drank 2% saline ingested a greater 

volume than control mice that drank tap water (P < 0.01). Mice that drank 4% saline showed 

a non-significant trend to ingest less than tap water controls (P = 0.10). Hematological 

measures revealed that SL with 2% and 4% saline significantly increased hematocrit 

compared to mice consuming tap water (P = 0.05, P < 0.01; respectively), and serum protein 

concentrations trended upward with 2% saline (P = 0.06), reaching significance in the group 

treated with 4% saline (P < 0.01). These data suggest SL with 2% and 4% saline induced 

hypovolemia. Unlike hematocrit, serum osmolality and corticosterone concentration 

increased only with 4% saline treatment in comparison to tap water treatment (P < 0.01, P < 

0.01; respectively). These data suggest that SL with 4% saline induced osmotic dehydration, 

a substantial physiological stress. Because a major goal of this study was to investigate the 

role of dietary salt as a stress stimulus, remaining experiments focused on effects of SL with 

4% saline as it induces a robust increase in serum corticosterone levels.

3.2 SL increased active stress coping during acute SS

To determine enhancing effects of high dietary salt intake on responsivity of mice to a 

psychogenic stressor, stress coping behaviors of mice that underwent SL were determined 

during and after SS. SL increased time spent mobile during (p < 0.01) and time spent 

grooming after (P < 0.01) an acute SS (Figure 1.A, B). Both behaviors indicate an increase 

in active stress coping (Commons, et. al., 2017; Kalueff et al., 2016). Further, positive 

correlations between serum osmolality and time spent mobile during SS (r = 0.92, P < 0.01) 

or time spent grooming after SS (r = 0.69, P = 0.02) were identified (data not shown). These 

correlations suggest that SL-induced body fluid hyperosmolality (and/or accompanying 

hypovolemia) is linked to enhanced active stress coping responses to a psychogenic stress, 

potentially by activation of brain regions such as the PVN where neurons respond both to 

hyperosmolality and to SS (Ebner et al., 2002; Bourque, 2008; Toney et. al., 2012). Of note, 

Bonferroni’s multiple comparisons tests after a two-factor ANOVA (SL, SS) indicated no 

difference in serum osmolality among salt loaded mice that underwent a SS compared to 

those that did not (P > 0.05). Therefore, it is highly unlikely that greater swimming and 

grooming was for the purpose of water consumption, as increased fluid intake during the SS 

would yield reduced serum osmolality.

3.3 SL enhances PVN neural circuit recruitment in response to acute SS

To investigate possible limbic neural circuits participating in increased active stress coping 

effects of SL, c-Fos immunoreactive neurons (c-Fos positive) were counted in mice that 

underwent SL alone (Figure 2.A) and mice that underwent SL followed by exposure to SS 

(Figure 2.B). Because the PVN serves as a central hub for integration of stress inputs, this 

region was of particular interest. In the PVN, SL and swim stress each significantly 

increased the number of c-Fos positive neuronal nuclei [F(1,13) = 20.2, P < 0.01, F(1,13) = 

16.5, P < 0.01; respectively]. A significant interaction showed SL potentiated the effect of 

SS on c-Fos activation [F(1,13) = 6.62, P = 0.02] (Figure 2.C). Specifically, mice that drank 
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4% saline showed greater swim stress-induced c-Fos labeling compared to those that drank 

tap water prior to SS (P < 0.01) (Figure 2.C). Therefore, our data implicate neural circuits 

sensitive to osmotic dehydration in the recruitment of psychogenic SS activated PVN 

neurons.

We next sought to determine the neuropeptide phenotype of c-Fos positive PVN neurons by 

co-staining for the stress neuroactive peptide VP, the release of which is stimulated both by 

body fluid hyperosmolality and by SS (Ebner et al., 2002; Bourque, 2008). We found that 

VP positive PVN cell counts increased both with SL and acute SS [F(1, 13)= 8.74, P = 0.01, 

F(1, 13) = 6.99, P = 0.02; respectively] (Figure 2.D), suggesting that SL and acute SS each 

can induce non-VP neurons to express VP to immune-detection threshold, likely by stress 

induction of VP gene expression. Analysis further revealed that SL also increased the 

percent of VP positive neurons co-labeled with c-Fos [F(1, 19) = 53.18, P < 0.01] (Figure 

2.E), suggesting that neurons induced to express VP were among the population of neurons 

activated by SS. Within swim group comparisons showed that a greater percentage of VP 

neurons were co-labeled with c-Fos in mice that drank 4% saline compared to tap water 

controls (P < 0.01, P < 0.01; respectively). These data suggest that SL likely drives VP 

production to enable sustained VP release and therefore persistent receptor tonus at 

downstream synaptic targets of SS-sensitive neurons in the PVN.

To determine if the effect of SL and SS-induced c-Fos activation was specific to the PVN or 

simply reflected a general increase in activation of body fluid regulating brain regions that 

synthesize VP, c-Fos activated cells were evaluated in the supraoptic nucleus (SON) 

(Supplemental Table 1). In the SON, SL alone increased c-Fos positive cell counts [F(1, 10) 

= 106.2, P < 0.01], while swim stress showed no effect [F(1, 10) = 0.11, P = 0.75] 

(Supplemental Table 1). SL increased VP positive cell counts and VP positive neurons co-

labeled with c-Fos [F(1, 10) = 25.9, P < 0.01; F(1, 10) = 107, P < 0.01], while swim stress 

had no effect on either measure [F(1, 10) = 1.25, P = 0.29; F(1, 10) = 0.04, P = 0.84]. Using 

the SON as a hypothalamus specific control indicates that the PVN is likely an especially 

important brain region for integration of heterotypic stress sensitive inputs.

3.4 SL enhances amygdala recruitment by acute SS

Because PVN neurons project monosynaptically to the amygdala to influence behavioral 

responses to stress, we evaluated c-Fos activation in the basolateral amygdala (BLA) (Figure 

3.A) and central nucleus of the amygdala (CeA) (Figure 3.C) in mice after SL and/or swim 

stress exposure. In the BLA, SL and swim stress each significantly increased c-Fos positive 

cell counts [F(1, 9) = 5.97, P = 0.04, F(1, 9) = 18.79, P < 0.01; respectively]. A trend toward 

an interaction suggests that SL may have potentiated swim stress induced c-Fos induction in 

the BLA [F(1, 9) = 3.90, P = 0.08] (Figure 3.B), as c-Fos cell counts following SS were 

greater in mice that drank 4% saline compared to tap water drinking controls (P < 0.01). 

Evaluation of the CeA showed swim stress and SL increased c-Fos-activation [F(1, 9) = 

5.36, P = 0.05; F(1, 9) = 5.11, P = 0.05] (Figure 3.D). In the 4% saline group, SS again 

resulted in a greater increase in c-Fos counts compared to tap water controls (P = 0.05). 

These data suggest that the combination of SL and SS lead to exaggerated amygdala 

activation, which may contribute to enhanced active stress coping behavior.
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3.5 V1R antagonist injections into the amygdala attenuate active coping behavior during 
SS

Given that VP positive projections from the PVN have been identified in the amygdala 

(Brown et al., 2013), we sought to determine if SL induced increases in VP signaling within 

the amygdala contributed to observed increases in active coping behavior during acute SS. 

Indwelling cannulae were surgically implanted for bilateral nano-injections of vehicle or VP 

receptor 1 (V1R) antagonist into the amygdaloid complex of awake mice. The CeA and 

BLA were simultaneously targeted as both regions showed greater c-Fos expression when 

SL and SS were combined (Figure 4.C). Data from vehicle injection studies revealed that SL 

with 4% saline increased time spent mobile during SS [F(1, 21) = 29.54, P < 0.01], 

replicating our earlier finding (Figure 1.A). A main effect of V1R antagonist showed a 

reduction in time spent mobile during SS [F(1, 21) = 8.12, P = 0.01]. Within drug group 

comparisons showed more mobility in 4% saline treated mice compared to tap water 

controls (P < 0.01) (Figure 4.A). Interestingly, no interaction between SL and V1R 

antagonist treatment was observed [F(1, 21) = 0.03, P = 0.86]. This suggests that VP 

receptor activation within the amygdala broadly mediates swimming behavior, which is 

consistent with literature evidence (Ebner et. al., 2002). However, data also indicate that 

V1R activation is not solely responsible for SL-induced enhancement of active coping 

during SS.

To determine if effects of SL on SS behavior were due to a general increase in locomotor 

activity or if effects of amygdala V1R blockade were due to a generalized suppression of 

activity, mouse behavior in an observation chamber was analyzed immediately after nano- 

injections of vehicle or V1R antagonist. No effect of SL [F(1, 22) = 0.45, P = 0.51] or V1R 

antagonist was observed [(1, 22) = 0.96, P = 0.34] on locomotor activity as assessed by 

evaluating cage crossing events within the observation chamber (Figure 4.B). In addition, 

neither grooming time nor rearing events were altered by SL [F(1,22) = 0.14, P = 0.71; 

F(1,22) = 1.58, P = 0.22; respectively] or intra-amygdala injections of V1R antagonist 

[F(1,22) = 2.01, P = 0.16; F(1,22) = 1.00, P = 0.33] (Supplemental figures 1.A, B). These 

data suggest that effects of SL and V1R antagonist were specific to active coping behaviors 

during acute SS. To certify that V1R antagonism in amygdala was not reducing time spent 

mobile during a SS in a SL- independent manner by altering serum corticosterone, we 

measured serum levels after a SS in water treated mice alone. V1R antagonism did not alter 

corticosterone levels in mice treated with vehicle (Mean ± SEM: 210 ± 32, n = 5) compared 

to mice treated with V1R after SS (Mean ± SEM: 186 ± 11, n = 4) (P = 0.53, Student’s T-

test). Lastly, injection site placement in the amygdala was verified by histology (Figure 4.C).

4. DISCUSSION

Psychological stress is a contributing factor to the development of many psychiatric 

disorders, notably anxiety, post-traumatic stress disorder, and depression (Heim and 

Nemeroff, 2001; Shin and Liberzon et. al., 2010; Pittenger and Duman, 2007). A greater 

understanding of neural mechanisms that mediate stress responsivity and coping, and the 

environmental factors that enhance these mechanisms, could aid prevention or treatment of 

stress-related mental health disorders. Toward that end, we have shown that l osmotic 
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dehydration stress, induced by chronic SL through ingestion of hypertonic saline, can 

increase serum osmolality and corticosterone levels in mice (Table 1), and increase time 

spent mobile during and time spent grooming after a psychogenic SS (Figure 1.A, B). 

Increased active stress coping responses to SS positively related with recruitment of PVN 

neurons in mice that underwent SL prior to exposure to SS (Figure 2.C). The total number of 

VP positive PVN neurons increased both with SL and SS (Figure 2.D), and PVN-VP neuron 

activation was pronounced in all animals that underwent SL (Figure 2.E). The latter is 

consistent with a high level of VP release and receptor tonus downstream of the PVN. 

Activation of the basolateral and central amygdaloid nuclei was found in mice that 

underwent SL and SS (Figure 3.B, D), potentially due to an increase in amygdala VP 

activation of V1R. Blockade of V1R in the amygdala reduced time spent mobile during the 

SS; however, reduced swimming behavior was observed in mice regardless of whether they 

did or did not undergo SL (Figure 4.A). This supports the conclusion that VP receptor 

activation within the amygdala mediates swimming behavior in manner not specific to SL. 

Together these data indicate that excessive dietary salt intake increases stress responsivity by 

increasing active coping to an acute psychogenic stress. The underlying mechanism 

potentially involves increased VPergic neurotransmission, which likely participates in 

conjunction with yet to be identified mechanisms including intrinsic neuroadaptions and 

potentiation of other neurotransmitters systems.

Consumption of hypertonic saline is a potent physiological stressor that can induce osmotic 

dehydration (Choe et al., 2015), which is consistent with our results showing that chronic SL 

with 4% saline significantly increased serum osmolality, plasma protein concentration, and 

hematocrit (Table 1). Unlike in rats, SL with just 2% saline is insufficient to induce osmotic 

dehydration in mice (Choe et al., 2015; Krause et al., 2017). This species difference is likely 

due to superior renal sodium excretory capacity of mice, making them more resistant to 

dehydration compared to rats (Bankir and de Rouffignac, 1985). Of note is that 4% saline 

treated mice showed the highest osmolality yet consumed less fluid than 2% saline treated 

mice. Consumption of 4% saline is likely aversive and mice in this treatment condition were 

likely hypovolemic and hyperosmotic due to a combination of reduced fluid intake and 

consumption of hypertonic solutions.

To further index the effect of SL as a stressor, circulating levels of corticosterone were 

measured to assess HPA axis activation (Table 1). Mice that drank 4% saline had increased 

corticosterone, suggesting that SL itself constituted an osmotic stressor (Smith and Vale, 

2006). This is consistent with reports that hyperosmotic stimuli can induce robust increases 

in plasma corticosterone levels (Lauand et. al., 2007). Of note is that mice consuming 4% 

saline presented with hypovolemia, as well as hyperosmolality. Therefore, increased 

concertation of serum corticosterone observed in 4% salt loaded mice could involve 

concentration of the hormone due to reduced blood volume. However, mice treated with 2% 

saline also presented with hypovolemia without hyperosmolality or high corticosterone. This 

suggests that hypovolemia is not sufficient to elevate serum corticosterone. It is granted that 

there could be threshold effects such that the greater degree of hypovolemia and 

hyperosmolality in 4% salt loaded mice might have been necessary to support a significant 

increase of serum corticosterone. In rats, chronic SL with 2% saline has been shown to 

increase, decrease, or not alter corticosterone levels (Dohanics et al., 1990; Amaya et al., 
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2001; Elias et al., 2002). A possible explanation for these discrepancies is that effects of 

dietary salt on HPA axis activation might be transient, phasic, or function in a “dose”-

dependent manner. It is important, however, to recognize that corticosterone levels can rise 

in response to numerous stimuli including innocuous stimulants such as feeding, novelty, 

and social support (Shin and Liberzon, 2010). Therefore, increased serum corticosterone in 

the current study is interpreted only as a positive indicator of HPA axis activation by our SL 

protocol.

After first establishing that SL with 4% saline was an effective stressor, we next sought to 

identify the enhancing effect of SL on behavioral responses to a psychogenic stress, 

specifically using SS. While originally developed as a predictive screen for antidepressants, 

SS serves as an effective psychogenic stressor that allows behavioral responsiveness to stress 

and coping styles to be quantified (de Kloet and Molendjik, 2016; Commons et. al., 2017). 

Increased time spent mobile during a swim stress is indicative of enhanced active stress 

coping. We found that 4% SL increased time spent mobile during and time spent grooming 

after SS (Figure 1.A, B), both signs of enhanced active coping responses to a stressful 

experience (Commons et al. 2017; Kalueff et al., 2016; Lu et al., 2008). Physiological 

stressors that drive endocrine and sympathetic nervous system limbs of the stress response 

tend to increase active coping behaviors. Water deprivation and exposure to cold stress are 

two examples of physiological stressors that increase stress axis and sympathetic activity as 

well as time spent mobile during SS (Hata et al., 1999; Zhang et al., 2016). From an 

evolutionary perspective, SL, water deprivation, and cold stress all require animals to 

actively engage with their environment to survive. By activating neurons in brain regions 

such as the PVN, these physiological stressors induce autonomic nervous system and 

endocrine changes to heighten arousal and improve coping with environmental stressors 

(Fiedler et al., 2006; Prabha et al., 2011; Bardgett et al., 2014a; Wilson, 2017). It is tempting 

to speculate that an exaggerated response to SS by prior SL may manifest as panic- or 

anxiety-like behavior. This possibility is strengthened by the fact that time spent mobile 

during SS is increased by anxiogenic drugs and decreased by anxiolytic drugs (Hata et al., 

1999; Skrebuhhova et al., 1999). However, it should be noted that acute osmotic dehydration 

via bolus administration of hypertonic saline has been reported to increase social behaviors, 

which may be viewed as an anxiolytic effect (Krause et al., 2011). Clearly, additional studies 

are warranted to further elucidate mechanisms underlying modulatory effects of acute vs 

chronic osmotic stress on endocrine and behavioral responses to psychogenic stress. This is 

underscored by recent evidence that SL of mice for 5 days with 2% saline accelerates 

recovery of the HPA axis corticosterone response to acute restraint (Krause et al., 2017).

Of special note is that SS employed in the present study is both a psychogenic stressor and a 

requirement to measure changes in active stress coping associated with an osmotic SL stress. 

Therefore, a limitation of our behavioral results is that we are only able to speak to the effect 

of SL on behavior in the context of the behavioral model explored (i.e. SS). It is, however, 

possible to evaluate the independent and combined effect of SS and SL on neuronal 

activation. Therefore, a key factor of our experimental design was to evaluate neuron 

activation (i.e., c-Fos expression) in all stress specific contexts studied. Immunostaining for 

c-Fos was used to index the extent to which SL increased SS-induced PVN neuronal 

recruitment. The PVN is a hub for integrating physiological and psychological stress inputs 
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(Smith and Vale, 2006; Toney and Stocker, 2010). Unexpectedly, we found that our SS 

protocol alone did not significantly increase c-Fos positive neurons in the PVN. While 

somewhat surprising, this is consistent with literature evidence (Yanagida et. al., 2016). 

Experiments using rats have shown that SS increases c-Fos positive cell counts in the PVN; 

however, these experiments generally conditioned the rodent towards increased immobility 

by conducting an initial 15 minute swim 24 hr prior to a 5 minute SS (Duncan et. al., 1996). 

A prior SS was excluded from the current study as our primary interest was investigating the 

effects of a standing osmotic stress on responses to a single psychogenic swim stress. 

Strikingly, SL substantially enhanced the number of c-Fos positive PVN neurons after a 

single SS (Figure 2.C). One possible explanation for this potentiating effect is that SL 

stimulated dendritic release of VP within the PVN, a well- documented neuronal excitatory 

phenomenon that could have lowered the firing threshold for swim stress sensitive PVN 

neurons (Wotjak et al., 2001; Ribeiro et al., 2015).

Immunostaining for VP revealed that SL increased the total number of VP positive neurons 

in the PVN (Figure 2.D), which suggests an osmotic stressor can elicit a “state-dependent” 

change by inducing non-VP positive cells to express VP. Of special interest is the fact that 

exposure to an acute SS also increased the total number of VP neurons in the PVN (Figure 

2.D), and the combination of SL combined with swim stress induced the greatest increase in 

VP positive cells. Both stressors combined appear to induce a populational recruitment of 

VP cells, which is consistent with previous reports (Burbach et al., 1984; Wotjak et al., 

2001); however, a novel aspect of our findings is that SL and swim stress induce additive 

neurochemical plasticity in PVN neurons. The translational impact of this finding is 

strengthened by literature evidence that state-specific changes in PVN neurochemistry and 

neuronal function can be long lasting (Burbach et al., 1984). Hypothetically, previous stress 

exposure might increase the total number of VP cells in the PVN such that future stress 

exposure, capable of maximally activating the available pool of PVN-VP cells, would elicit 

greater VP-driven responses at downstream targets. While intriguing, future studies are 

needed to determine if a greater level of VP-tonus could increase the likelihood of 

developing a psychiatric disorder.

Dual c-Fos/VP staining showed that SL activated the majority of available VP PVN neurons 

(Figure 2.E). As an acute psychogenic SS triggers an expansion of the available VP-

containing neuronal reservoir, activation of this reservoir by SL would ostensibly more 

effectively signal to downstream neurons. Additionally, we found that potentiating effects of 

SL on SS induced c- Fos expression were specific to the PVN, as the SON did not show an 

expansion of an active VP positive neuron pool following a swim stress (Supplemental Table 

1). This fact is consistent with previous studies suggesting that SS does not activate VP cells 

in the SON (Wotjak et al., 2001).

Along with the PVN, SL enhanced c-Fos cell counts in the basolateral and central nucleus of 

the amygdala in response to an acute SS (Figure 3.B, D). This is in accord with reports that 

the amygdala modulates stress coping behaviors, such as mobility during SS (Ebner et al., 

2002). A role for VP as a mediator of stress coping in the amygdala is strengthened by 

accounts of intraventricular VP administration dose dependently increasing time spent 

mobile during SS (Yang et al., 2012). Because the amygdala receives PVN inputs sensitive 
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to hyperosmotic stimulation and mediates drinking behavior in salt depleted rats (Lawrence 

and Pittman, 1984; Hu et al., 2015), and because there is evidence of a VPergic PVN-to-

amygdala projection (Hernández et al., 2016), it is possible that a PVN-amygdala 

vasopressinergic monosynaptic pathway is driven by SL and experience potentiated activity 

during subsequent SS to augment release of VP in the amygdala. Alternatively, 

extrahypothalamic VP-synthesizing neurons, potentially within the amygdala itself, have 

been identified and may be an additional or alternative source of VP in the amygdala (Caffé 

et. al., 1987). Identification of input source(s) of amygdala VP is of fundamental importance. 

Future studies utilizing retrograde tracers paired with dual immunohistochemical staining 

are needed to determine brain regions upstream of the amygdala that both synthesize and 

which could either persistently tonically release VP during chronic stress and/or acutely 

increase VP release during acute stress.

Utilizing indwelling cannulas, intra-amygdalar nano-injections of the V1R receptor 

antagonist dGly[Phaa1,d-tyr(et),Lys, Arg]VP reduced time spent mobile during the SS 

(Figure 4.A); however, this effect was similar in control mice and mice that underwent SL. 

This suggests that V1R signaling in the amygdala is involved in active coping behaviors 

during the SS and may not directly participate in the enhancement of active coping caused 

by SL. Psychogenic stress increases levels of extracellular VP in the central nucleus of the 

amygdala; therefore, this stress hormone likely modulates coping behaviors in some capacity 

(Ebner et al., 2002). Alternative stress sensitive neuropeptides, like corticotropin releasing 

hormone and oxytocin (Stanić et al., 2017), may also play significant roles in stress 

responsivity to SS. Indeed, SL increases oxytocin (OT) release (Greenwood et. al., 2015) 

and has been implicated in stress coping behaviors. Of note in this regard is that oxytocin 

receptors (OTR) are expressed and functionally active in amygdala (Huber et. al., 2005).

It should be noted that neither SL with 4% saline nor V1R antagonist administration in the 

amygdala altered general locomotor activity (Figure 4.B). Thus recruitment of amygdala 

V1R and the behavior enhancing effects of SL are likely specific to acute psychogenic stress 

and not reflective of a generalized deficit in locomotor activity or to negative feedback 

effects of corticosterone. Lastly, the molecular homology between the V1R, V2R, and OTR, 

can increase the likelihood of non-specific activity from receptor antagonists (for review: 

Manning et. al., 2012). This can limit the interpretation of experimental data, as receptor 

specificity is crucial to identify cellular mechanism. Therefore, the V1R antagonist, 

dGly[Phaa1,d-tyr(et), Lys, Arg]-VP, used in the current study was chosen due to the high 

selectivity of this compound for V1R over V2R, specifically 570 times greater selectivity for 

V1R than V2R (Manning et. al., 1990). This antagonist has been used to study the effects of 

salt loading (Choe et. al., 2015), and structural analogues of dGly[Phaa1,d-tyr(et), Lys, Arg]-

VP, such as Phaa-D-Tyr(Me)-Phe-Gln-Asn-Arg-Pro-Arg-Tyr-NH2, have shown ~8 fold 

greater selectivity for V1R over OTR (Schmidt et. al., 1991). It is possible that the effects of 

SL, in part, could be due to activation of oxytocin synthesizing neurons and OTR activation, 

but it is unlikely that the observed effects of the V1R antagonist were due to activity at the 

OTR.
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5. CONCLUSIONS

Findings presented raise the possibility that two heterotypic stress stimuli, one physiological 

(SL) and one psychogenic (SS), potentiate neuronal and behavioral responsivity to stress. 

Enhanced stress responsivity by SL may be due in part to increased PVN-amygdala 

signaling by the stress neuropeptide VP. From a translational perspective, it is possible that 

activation of this stress sensitive neural pathway by a postprandial spike in plasma 

osmolality may sensitize an individual to exhibit exaggerated behavioral responses to a 

range of psychogenic (perceived) stressors. Psychogenic stress increases salt appetite (Torres 

et al., 2010), which in turn could further enhance one’s responsivity or overall vulnerability 

to stress. It is therefore not unreasonable to suggest that long-term activation of VP-PVN 

neurons could increase the likelihood of developing stress-related mood/psychiatric 

disorders. Future studies are necessary to further evaluate this possibility.
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HIGHLIGHTS

1. High salt intake (HSI) is proposed to enhance responsivity to psychogenic 

stress.

2. HSI is an osmotic stress that increases corticosterone & stress coping 

behaviors.

3. HIS enhanced PVN & amygdala neuronal activation by psychogenic stress.

4. Amygdalar vasopressin receptor 1 activation likely mediates swimming 

behavior.

5. HSI may contribute towards the development of stress-linked psychiatric 

disorders.
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Figure 1. 
Chronic SL increases active coping in response to a acute swim stress. Summary data of 

time spent mobile during (A) and time spent grooming after (B) an acute SS. Data are mean 

± SEM. **P < 0.01 significant difference from tap water controls with Dunnett’s post hoc 

multiple comparisons test after a one-factor ANOVA. Sample size per data point are as 

follows: (A) n = 9 – 11; (B) n = 8 – 11.
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Figure 2. 
Salt loading increases PVN VP neuron recruitment in response to acute swim stress. 

Representative images of c-Fos (red), VP (green), or c-Fos/VP co-immunoreactivity (double 

labelled-yellow) in the PVN of mice that underwent SL without (A) or with (B) subsequent 

exposure to acute SS. (C) Summary data of c-Fos positive cell counts. (D) Summary data of 

VP positive cell counts. (E) Percent of activated (c-Fos positive) VP cells (double labelled- 

yellow). White arrows indicate cells co-stained for c-Fos and VP. Data are mean ± SEM. *P 

< 0.05 significant difference from within swim treatment tap water controls; **P < 0.01 
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significant difference from within swim treatment tap water controls using Bonferroni’s post 

hoc multiple comparisons test after a two-factor (SL, swim stress) ANOVA. Sample size per 

data point are n = 4 – 5.
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Figure 3. 
SL increases recruitment of neurons in the basolateral and central nucleus of the amygdala 

in response to acute swim stress. Representative images of c-Fos positive cells in the 

basolateral (BLA) (A) and central (CeA) (C) nucleus of the amygdala in mice that either 

underwent SL alone, acute SS alone, or SL with acute SS. Dotted line represents outline of 

BLA and CeA. (B, D) Summary data of c-Fos positive cell counts from the BLA (B) and 

CeA (D). Data are mean ± SEM. *P < 0.05 significant difference from within swim 

treatment tap water controls determined using Bonferroni’s post hoc multiple comparisons 

test after a two-factor (SL, swim stress) ANOVA. Sample size per data point are n = 3 – 4.
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Figure 4. 
Effect of intra-amygdala nano-injections of V1R antagonist on SL-induced active coping 

behavior. (A) Time (s) spent mobile during SS after bilateral nano-injections of a VP V1R 

antagonist into the amygdala. (B) Cage crossings in an observation chamber over 15 min as 

a measure of generalized locomotor activity. (C) Histological verification of nano-injection 

sites in the CeA and BLA. Image shows cannula track (track damage), optic nerve (opt) 

injection site (inj. site), and amygdala sub regions; Data are mean ± SEM. **P < 0.01 

significant difference from within drug treatment group compared to tap water controls with 

Bonferroni’s post hoc multiple comparisons test. # # P < 0.01 indicated significant main 

effect of V1R antagonist with a two-factor ANOVA. Sample size per data point are n = 5 – 

8.
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