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ABSTRACT 24 

Glucocorticoids rapidly stimulate endocannabinoid synthesis and modulation of synaptic 25 

transmission in hypothalamic neuroendocrine cells via a nongenomic signaling mechanism. The 26 

endocannabinoid actions are synapse-constrained by astrocyte restriction of extracellular spatial 27 

domains. Exogenous cannabinoids have been shown to modulate postsynaptic potassium 28 

currents, including the A-type potassium current (IA), in different cell types. The activity of 29 

magnocellular neuroendocrine cells is shaped by a prominent IA. We tested for a rapid 30 

glucocorticoid modulation of the postsynaptic IA in magnocellular neuroendocrine cells of the 31 

hypothalamic paraventricular nucleus (PVN) using whole-cell recordings in rat brain slices. 32 

Application of the synthetic glucocorticoid dexamethasone (Dex) had no rapid effect on the IA 33 

amplitude, voltage dependence, or kinetics in magnocellular neurons in slices from untreated rats. 34 

In magnocellular neurons from salt-loaded rats, however, Dex application caused a rapid 35 

suppression of the IA and a depolarizing shift in IA voltage dependence. Exogenously applied 36 

endocannabinoids mimicked the rapid Dex modulation of the IA and CB1 receptor antagonists 37 

and agonists blocked and occluded the Dex-induced changes in the IA, respectively, suggesting 38 

an endocannabinoid dependence of the rapid glucocorticoid effect. Preincubation of control 39 

slices in a gliotoxin resulted in the partial recapitulation of the glucocorticoid-induced rapid 40 

suppression of the IA. These findings demonstrate a glucocorticoid suppression of the 41 

postsynaptic IA in PVN magnocellular neurons via an autocrine endocannabinoid-dependent 42 

mechanism, and suggest a possible role for astrocytes in the control of the autocrine 43 

endocannabinoid actions. 44 

  45 
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SIGNIFICANCE STATEMENT 46 

Stress causes elevated levels of glucocorticoid hormones and rapid and delayed glucocorticoid 47 

feedback effects in the brain. Glucocorticoids regulate synaptic inputs to hypothalamic 48 

neuroendocrine cells via a non-genomic release of endocannabinoid. We report a non-genomic 49 

glucocorticoid modulation of a postsynaptic A-type potassium current in magnocellular neurons 50 

via a novel autocrine endocannabinoid mechanism. The A-current modulation by glucocorticoids 51 

occurred in neurons from rats subjected to chronic dehydration via salt loading, but not in 52 

neurons from normally hydrated rats. Our findings suggest that chronic dehydration leads to an 53 

glucocorticoid-induced endocannabinoid autocrine signaling in magnocellular neuroendocrine 54 

cells. The neuroplastic mechanisms for this emergent signaling may be related to neuronal-glial 55 

structural plasticity or to changes in rapid postsynaptic glucocorticoid and/or endocannabinoid 56 

actions. 57 

  58 
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 Osmotic challenge elicits a neuroendocrine stress response that results in an increase in 59 

the circulating level of glucocorticoids (Roberts et al., 2011). Stress levels of glucocorticoids 60 

cause endocannabinoid synthesis in PVN magnocellular and parvocellular neuroendocrine cells 61 

(Di et al., 2003; Di et al., 2005a; Malcher-Lopes et al., 2006; Di et al., 2009). Endocannabinoids 62 

are synthesized from lipid precursors in neuronal membranes and are released canonically as 63 

retrograde signals to regulate the presynaptic release of glutamate and GABA (Di Marzo, 2011). 64 

Endocannabinoid synthesis is elicited in magnocellular neuroendocrine cells of the hypothalamus 65 

by depolarization (Hirasawa et al., 2004; Di et al., 2005b) and in response to oxytocin (Oliet et 66 

al., 2007), as well as in response to rapid glucocorticoid actions (Di et al., 2003; Di et al., 2005a). 67 

Glucocorticoid- and depolarization-induced retrograde endocannabinoid release from MNCs of 68 

the hypothalamic paraventricular nucleus (PVN) and supraoptic nucleus causes a synapse-69 

specific suppression of glutamate release at excitatory synapses (Tasker, 2006; Tasker et al., 70 

2006). Restriction of the retrograde endocannabinoid actions exclusively to glutamate synapses 71 

is controlled by astrocytes, since salt-loading-induced neuronal-glial plasticity and 72 

pharmacologic inhibition of glial cell metabolism lead to spillover actions of endocannabinoids 73 

at neighboring GABA synapses (Di and Tasker, 2013). 74 

While endocannabinoids have been identified predominantly as retrograde messengers 75 

that regulate presynaptic neurotransmitter release, they also have been reported to modulate 76 

postsynaptic potassium channels (Deadwyler et al., 1995; Mackie et al., 1995; Schweitzer, 2000). 77 

Glucocorticoids also have been shown to rapidly regulate postsynaptic properties by inhibiting 78 

potassium currents in PVN neurons (Zaki and Barrett-Jolley, 2002) and hippocampal neurons 79 

(ffrench-Mullen, 1995; Olijslagers et al., 2008) and by modulating calcium-dependent potassium 80 
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channels in pituitary GH3 and AtT-20 cells (Huang et al., 2006). The mechanisms of these 81 

postsynaptic actions of glucocorticoids have not been characterized.  82 

The A-type potassium current (IA) is a prominent voltage-gated conductance in PVN 83 

magnocellular neurons that influences magnocellular neuron firing properties (Luther and Tasker, 84 

2000; Ellis et al., 2007). Water deprivation or chronic salt loading induces dramatic structural 85 

and functional plasticity among magnocellular neuroendocrine cells and astrocytes of the 86 

hypothalamic PVN and supraoptic nucleus (Tasker et al., 2017). This plasticity results in 87 

functional changes in magnocellular neuron electrical activity that leads generally to an increase 88 

in excitability (Tasker et al., 2002). Here, we investigated whether glucocorticoids rapidly 89 

modulate the IA of magnocellular neurons in a transcription-independent fashion via putative 90 

autocrine endocannabinoid signaling, and whether the rapid glucocorticoid modulation of the IA 91 

is altered with chronic osmotic stress via salt loading. 92 

 93 

Methods 94 

Animals 95 

       Male Sprague Dawley rats (5-6 weeks, Harlan, Indianapolis, IN) were used with the 96 

approval of the Tulane University Animal Care and Use Committee and in accordance with 97 

United States Public Health Service guidelines. Rats were dehydrated via chronic salt loading by 98 

restricting them to drinking water with 2% NaCl for 6-8 days. Untreated control rats were age-99 

matched and were provided with regular tap drinking water. 100 

 101 
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Hypothalamic slice preparation 102 

Rats were decapitated with a rodent guillotine under deep halothane anesthesia. The brain 103 

was quickly removed and placed into ice-cold artificial cerebrospinal fluid (aCSF) containing (in 104 

mM): 140 NaCl, 3 KCl, 1.3 MgSO4, 1.4 NaH2PO4, 2.4 CaCl2, 11 glucose, and 5 HEPES; the pH 105 

was adjusted to 7.2–7.3 with NaOH, the osmolarity was 290-300 mOsm, and the aCSF was 106 

bubbled with 100% oxygen. The hypothalamus was blocked and the caudal surface of the tissue 107 

block was glued to the chuck of a vibrating tissue slicer. Two coronal hypothalamic slices 300 108 

μm in thickness and containing the PVN were sectioned, bisected at the midline, and submerged 109 

in a holding chamber in oxygenated aCSF at room temperature, where they were allowed to 110 

equilibrate for >1.5 hours before being transferred to a recording chamber.  111 

 112 

Electrophysiology 113 

Patch pipettes were pulled from borosilicate glass with a Flaming/Brown P-97 114 

micropipette puller (Sutter Instruments, Novato, CA) to a tip resistance of 3-4 MΩ. They were 115 

filled with a solution containing (in mM): 120 K-gluconate, 10 KCl, 1 NaCl, 1 MgCl2, 1 EGTA, 116 

2 Mg-ATP, 0.3 Na-GTP, and 10 HEPES; the pH was adjusted to 7.2 with KOH and the 117 

osmolarity was adjusted to 300 mOsm with 20 mM D-sorbitol. For recordings, single hemi-slices 118 

were transferred from the holding chamber to a submersion recording chamber, where they were 119 

perfused with oxygenated aCSF at a rate of 2 ml/min and allowed to equilibrate for at least 15 120 

min before starting the recordings. PVN neurons were visualized on a video monitor with a 121 

cooled CCD camera using infrared illumination and differential interference contrast optics, and 122 

were patch-clamped under visual control. After achieving the whole-cell configuration, the series 123 

resistance was compensated by ≥ 60% and the series resistance and whole-cell capacitance were 124 
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continuously monitored during experiments. Magnocellular neurons in the PVN were identified 125 

based on their location, size, morphology and electrophysiological properties (i.e., prominent IA 126 

in voltage clamp and transient outward rectification in current clamp) (Tasker and Dudek, 1991; 127 

Luther and Tasker, 2000). Recordings were performed using a Multiclamp 700A amplifier 128 

(Molecular Devices, Sunnyvale, CA). Data were low-pass filtered at 2 kHz with the amplifier 129 

and sampled at 10 kHz using the pClamp 9 data acquisition and analysis software package 130 

(Molecular Devices, Sunnyvale, CA).  131 

        Prior to experiments, cells were tested in current-clamp mode and excluded from analyses if 132 

they did not meet the following criteria: action potential amplitudes 50 mV from the threshold 133 

to peak, an input resistance at resting potential of at least 500 MΩ, a resting membrane potential 134 

negative to -50 mV, and a characteristic transient outward rectification (Tasker and Dudek, 1991; 135 

Luther and Tasker, 2000). Slices were then bathed in aCSF with tetrodotoxin (TTX, 1 μM) and 136 

CdCl2 (200 μM) to block voltage-gated sodium channels and calcium channels, respectively, and 137 

the recording configuration was switched to voltage clamp. The liquid junction potential 138 

(calculated at 15 mV) was corrected post hoc during data analysis. All voltage-clamp recordings 139 

were leak subtracted using a P/4 protocol. Series resistance compensation of ≥ 60% was 140 

routinely applied and changes in series resistance were monitored and compensated for 141 

throughout the experiments. The series resistance at the beginning of recordings was less than 20 142 

MΩ and recordings were discarded if changes in series resistance greater than 20% occurred 143 

during the recordings.  144 

 145 
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Voltage-dependence of activation and inactivation of the IA and IK 146 

       We used two separate voltage protocols to isolate the IA in PVN magnocellular neurons (Fig. 147 

1A). The first protocol included a 200-ms hyperpolarizing conditioning step to -115 mV, which 148 

removed the inactivation of the IA, followed by sequential 200-ms depolarizing test pulses to 149 

between -75 mV and +35 mV in 10-mV increments, which resulted in the activation of both the 150 

IA and IK. The second protocol consisted of the same series of test pulses, but from a 200-ms 151 

depolarizing conditioning step to -45 mV. The IK was isolated from the IA in the second protocol 152 

because the IA in magnocellular neurons is inactivated at -45 mV (Luther and Tasker, 2000). The 153 

IA was isolated by digitally subtracting the current responses generated by the second protocol 154 

from those generated by the first protocol, which removed the IK, leak current and capacitive 155 

currents. The inactivation of the IA was then studied with a third voltage protocol, consisting of 156 

sequential 200-ms conditioning steps to between -135 mV and -25 mV in 10-mV increments, 157 

which removed a variable amount of inactivation of IA, followed by a command step to -15 mV.  158 

We introduced a small step, to -75 mV for 5 ms, between the conditioning steps and the test steps 159 

in both protocols, which allowed all test steps to be delivered from the same initial voltage level. 160 

This way the voltage-clamp artifact was the same size and pulses were all more conveniently 161 

subtracted from each other or compared. We tested the effect of this short pretest step on IA and 162 

did not observe it to change IA significantly, since very little IA was activated at -75 mV and 5 ms 163 

was not sufficient to inactivate IA (Luther and Tasker, 2000).  164 

 165 

Drug application 166 

   Water-soluble forms of the steroids dexamethasone (dexamethasone-cyclodextrin complex, 167 

Dex) (1 μM) and corticosterone (corticosterone, 2-hydroxypropyl-β-cyclodextrin, 1 μM) (Sigma-168 
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Aldrich, St. Louis, MO) were directly dissolved in aCSF to their final concentrations and applied 169

in the bath perfusion. The Dex-bovine serum albumin (BSA) conjugate (10 μM) was dissolved in 170

aCSF with 25% -cyclodextrin (Sigma-Aldrich) as a carrier to increase its solubility. The 171

concentration of Dex-BSA (10 μM) was selected to obtain an effective concentration of Dex of 172

1 μM, as the BSA conjugate had a steroid-to-BSA ratio of 8:1. Tetrodotoxin (TTX, 1 μM) 173

(Sigma-Aldrich) and CdCl2 (200 μM) (Sigma-Aldrich) were dissolved in sterile water and stored 174

in 10 mM stock solutions at -20°C, and were dissolved to their final concentrations in aCSF 175

immediately prior to bath application. The endogenous cannabinoids, anandamide (AEA) and 2-176

arachidonoylglycerol (2-AG) (Tocris), were dissolved in DMSO and stored in 10 mM stock 177

solutions at -20°C, and were dissolved to their final concentrations in aCSF just before their 178

application in the bath. The cannabinoid receptor inverse agonists N-(piperidin-1-yl)-5-(4-179

iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide (AM251) (1 μM) 180

(Tocris) and rimonobant (SR141716, 1 μM) (kindly provided by the NIMH Chemical Synthesis 181

and Drug Supply Program) were stored as 10 mM stock solutions in DMSO at -20°C and 182

dissolved to their final concentrations in aCSF before bath application. The vanilloid receptor 183

agonist, capsaicin (Tocris), and antagonist, capsazepine (Tocris), were stored as 10 mM stock 184

solutions in DMSO at -20°C and dissolved to their final concentrations in aCSF before bath 185

application. The protein synthesis inhibitor, cycloheximide (CHX) (Tocris) was dissolved in 186

sterile water and stored in a 10 mM stock solution at -20°C. Fluorocitrate (D,L-fluorocitric acid, 187

barium salt, 100 μM) (Sigma) was dissolved in aCSF with 15 min of sonication. The DMSO and 188

-cyclodextrin vehicles without the cannabinoids or glucocorticoids had no effect on the 189

waveform of the IA.  190

191
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Statistical methods and curve fitting 192 

       Values are expressed as means ± standard errors of the mean. Statistical analyses were 193 

performed using a two-way ANOVA with the Bonferroni multiple comparisons test for between-194 

group comparisons and the Student’s paired t test for within-cell comparisons. Differences were 195 

considered significant at p < 0.05. Boltzmann and exponential fits were used to fit data plots and 196 

current traces using the fitting methods provided in the Graphpad Prism software (Graphpad 197 

Software, La Jolla, CA) and Clampfit 9 (pCLAMP 9, Molecular Devices, Sunnyvale, CA), 198 

respectively.  199 

 200 

Results 201 

Rapid glucocorticoid modulation of IA 202 

Corticosteroids rapidly modulate postsynaptic voltage-gated potassium currents in 203 

hippocampal pyramidal neurons (Olijslagers et al., 2008). Magnocellular neuroendocrine cells of 204 

the hypothalamic paraventricular nucleus (PVN) generate a prominent A-type potassium current 205 

(IA) that shapes their pattern of action potential firing (Luther and Tasker, 2000; Ellis et al., 206 

2007). We first tested for a rapid effect of glucocorticoids on the activation and inactivation of 207 

the IA in magnocellular neurons. The passive properties of the recorded magnocellular neurons 208 

are presented in Table 1. The synthetic glucocorticoid dexamethasone (Dex), applied at a 209 

concentration determined in previous studies to be near-saturating for rapid actions on synaptic 210 

transmission (1 M) (Di et al., 2003; Di et al., 2016), had no effect on the IA current. Based on a 211 

two-way ANOVA (p > 0.05, n = 9), there was no change at the end of a 10-min bath application 212 

of Dex in the IA mean current amplitude, the IA current density, or the voltage dependence of IA 213 

activation (Fig. 1B-E). Dex also had no effect on the activation kinetics of the IA (10-90% rise 214 
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time measured with voltage steps from -115 mV to -25 mV; p > 0.05, Student’s paired t test) 215 

(Fig. 1F) or on the voltage dependence of IA inactivation (p > 0.05, two-way ANOVA) (Fig. 1G 216 

and H). The rate of inactivation was examined by fitting the IA decay phase with a single 217 

exponential function to determine the inactivation time constant, which was also unchanged by 218 

Dex treatment (data not shown; p > 0.05, Student’s paired t test). Dex had no effect on the 219 

amplitude, current density or voltage dependence of activation of IK (p > 0.05, ANOVA; data not 220 

shown). 221 

Chronic dehydration causes loss of glial coverage, enhanced glutamatergic, GABAergic 222 

and noradrenergic synaptic regulation of magnocellular neurons, and altered voltage-gated 223 

currents (Tasker et al., 2017). We next tested the possibility that glucocorticoid modulation of 224 

the IA in PVN magnocellular neurons is altered under conditions of chronic dehydration caused 225 

by salt loading. Five to 7 days of salt loading caused an increase in the membrane capacitance 226 

and a decrease in the input resistance of magnocellular neurons (Table 1), which are 227 

characteristic of dehydration-induced hypertrophy in the magnocellular neurons (Miyata and 228 

Hatton, 2002; Di and Tasker, 2004; Shah et al., 2014). Unlike neurons from untreated rats, bath 229 

application of Dex (1 μM) to PVN magnocellular neurons (n = 15) in slices from salt-loaded rats 230 

caused decreases in both the IA current amplitude and the IA current density (p < 0.05, 2-way 231 

ANOVA followed by the Bonferroni multiple comparisons test for each test step) (Fig. 2A-C) 232 

and shifted the activation curve of IA positive by 4.9 mV (p < 0.01) (Fig. 4D) within 10 min. The 233 

IA 10-90% rise time (Fig. 4E) and the voltage dependence of IA inactivation (Fig. 4F, G) were 234 

unchanged. Like magnocellular neurons from untreated rats, Dex had no effect on the amplitude, 235 

current density, or voltage dependence of activation of IK in magnocellular neurons recorded in 236 

slices from salt-loaded rats (data not shown). 237 
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 The endogenous glucocorticoid corticosterone had a similar effect on the IA activation in 238 

MNCs from dehydrated rats. A 10-min bath application of corticosterone (1 M) reduced the IA 239 

mean current amplitude (p < 0.01, 2-way ANOVA, Bonferroni’s test) (Fig. 3A) and induced a 240 

4.3-mV positive shift in the IA half-activation potential in MNCs from dehydrated rats (p < 0.05, 241 

n = 10; Student’s unpaired t test) (Fig. 3B). Corticosterone had no effect on the voltage 242 

dependence of inactivation or on the inactivation time constant of IA (data not shown).   243 

Rapid glucocorticoid modulation of synaptic inputs to hypothalamic magnocellular and 244 

parvocellular neuroendocrine cells are mediated by a membrane-associated receptor (Di et al., 245 

2003; Di et al., 2005a). Here, we investigated whether the rapid glucocorticoid modulation of the 246 

IA in PVN magnocellular neurons from dehydrated rats is also mediated by a membrane-247 

associated glucocorticoid receptor. Bath application of the membrane-impermeant Dex-bovine 248 

serum albumin (Dex-BSA) conjugate (10 M), like Dex, reduced the mean current amplitude (p 249 

< 0.01, two-way ANOVA followed by Bonferroni multiple comparisons test for each test step, n 250 

= 7) (Fig. 3C) and caused a 3.4-mV positive shift in the IA half-activation potential (p < 0.01, n = 251 

7; Student’s unpaired t test) (Fig. 3D). This implicated a membrane site of steroid action. We 252 

used a 10-fold higher concentration of Dex-BSA because the Dex-to-BSA ratio of the Dex-BSA 253 

compound was 8 to 1, and we assumed that a single Dex molecule per Dex-BSA was available to 254 

bind to the receptor. The weaker effect of the Dex-BSA compared to Dex could be due to a 255 

lower effective concentration of available Dex to bind to the receptor or to a steric hindrance of 256 

Dex binding by the Dex-BSA three-dimensional structure. We have shown recently that free 257 

molecules of Dex do not dissociate from the Dex-BSA conjugate to penetrate into the cell (Weiss 258 

et al., in press). 259 
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  To determine whether the rapid glucocorticoid effect on IA in MNCs from dehydrated rats 260 

is independent of de novo protein synthesis, we tested the sensitivity of the Dex effect to the 261 

protein synthesis inhibitor cycloheximide. Following a 30-min pre-incubation of slices in 262 

cycloheximide (10 M), the Dex-induced suppression of IA amplitude (p < 0.05, two-way 263 

ANOVA, Bonferroni’s post-hoc test, n = 7) (Fig. 3E) and positive shift in IA half-activation 264 

potential (by 3.2 mV) (p < 0.01, n = 7; Student’s unpaired t test) (Fig. 3F) within 10 min were 265 

maintained. This indicated that the Dex effect on IA does not require protein synthesis and is 266 

mediated by a non-transcriptional mechanism.  267 

 268 

Endocannabinoid dependence of the glucocorticoid modulation of the IA  269 

Rapid glucocorticoid modulation of glutamatergic synaptic inputs to magnocellular and 270 

parvocellular neuroendocrine cells of the hypothalamus are mediated by the retrograde release of 271 

an endocannabinoid (Di et al., 2003; Di et al., 2005a). Here, we tested for the endocannabinoid 272 

dependence of the rapid glucocorticoid modulation of the postsynaptic IA in PVN magnocellular 273 

neuroendocrine cells from untreated rats. Bath application of the endocannabinoid 2-AG (1 M) 274 

caused a decrease in the mean IA peak amplitude (p < 0.05, 2-way ANOVA, Bonferroni multiple 275 

comparisons test, n = 16) (Fig. 4A) and a 5-mV positive shift in the IA half-activation potential  276 

(p < 0.01, Student’s paired t test, n = 16) (Fig. 4B) in PVN magnocellular neurons. This effect of 277 

2-AG on the IA was blocked by the CB1 receptor inverse agonist SR141716 (1 M, n = 6) (Fig. 278 

4C and D).  279 

The other main endocannabinoid, anandamide (AEA), activates both CB1 receptors and 280 

transient receptor potential-vanilloid 1 (TRPV1) receptors (Marinelli et al., 2003; Derbenev et al., 281 

2006), so we blocked TRPV1 receptors with the TRPV1 receptor antagonist capsazepine during 282 
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AEA application to test AEA modulation of IA via activation of the CB1 receptor. Preapplication 283 

of capsazepine (1 M) 10 min prior to AEA application had no effect on the IA in magnocellular 284 

neurons. AEA (1 M) added to the capsazepine in the bath solution caused a decrease in the IA 285 

peak amplitude (p < 0.01, 2-way ANOVA, Bonferroni multiple comparisons test, n = 7) (Fig. 4F) 286 

and induced a 10-mV positive shift in the IA half-activation potential (p < 0.01, Student’s paired t 287 

test, n = 7) (Fig. 4G). The TRPV1 agonist capsaicin (1 M) had no effect on the voltage 288 

dependence of IA activation (Fig. 4H). These data indicate that CB1 receptor activation with 289 

endocannabinoids modulates IA activation in a manner similar to glucocorticoids.   290 

Unlike glucocorticoids, which had no effect on the IA in magnocellular neurons from 291 

normally hydrated rats, exogenously-applied endocannabinoids induced similar effects on the IA 292 

in magnocellular neurons from both normally hydrated and salt-loaded rats. Similar to 293 

magnocellular neurons from untreated rats, exogenous application of 2-AG (1 M) to 294 

magnocellular neurons from salt-loaded rats caused a significant decrease in the mean peak 295 

current amplitude (p < 0.05, 2-way ANOVA, Bonferroni multiple comparisons test) and shifted 296 

the activation curve of IA to the right by 3.9 mV (p < 0.05, Student’s paired t test) (compared to 5 297 

mV in untreated rats). Exogenous application of the other main endocannabinoid, AEA (0.5 M), 298 

also decreased the IA peak amplitude (p < 0.05, 2-way ANOVA, Bonferroni multiple 299 

comparisons test, n = 11), and shifted the IA half-activation potential positive by 4.1 mV (p < 300 

0.01, Student’s paired t test, n = 11) in PVN magnocellular neurons from salt-loaded rats. 301 

We next tested whether the postsynaptic modulation of the IA by glucocorticoids in 302 

magnocellular neuroendocrine cells from salt-loaded rats is dependent on CB1 receptor 303 

activation. The CB1 receptor inverse agonists AM251 (1 μM) and SR141716 (1 μM) by 304 

themselves had no effect on IA amplitude or activation voltage dependence (data not shown), but 305 



 

 15 

both AM251 and SR141716 blocked the Dex-induced decrease in IA peak current amplitude (Fig. 306 

5A, C) and the rightward shift in the IA activation curve (Fig. 5B, D) in MNCs in slices from 307 

salt-loaded rats, suggesting the involvement of endocannabinoid in the rapid glucocorticoid 308 

modulation of IA.  309 

We then tested whether glucocorticoids and endocannabinoids act through the same 310 

signaling pathway or through separate, parallel pathways, by testing for occlusion of the 311 

glucocorticoid-induced modulation of IA by previous endocannabinoid exposure. In slices from 312 

salt-loaded rats, 2-AG applied alone caused a decrease in the IA peak current amplitude (p < 0.05, 313 

2-way ANOVA, Bonferroni multiple comparisons test, n = 4) and a 5.5-mV positive shift in the 314 

IA half-activation potential (p < 0.05, Student’s paired t test, n = 4).  The subsequent application 315 

of Dex (1 μM), in the presence of 2-AG (1 μM), failed to further decrease the peak IA amplitude 316 

(p > 0.05; ANOVA) or to further shift the IA half-activation potential to the right (p > 0.05, 317 

Student’s paired t test, n = 4) (Fig. 5E). Similarly, AEA decreased the IA peak current amplitude 318 

(p < 0.05, 2-way ANOVA, Bonferroni multiple comparisons test, n = 4) and shifted the IA half-319 

activation potential positive by 5-mV (p < 0.05, Student’s paired t test, n = 4). Dex (1 M) failed 320 

to decrease the peak current amplitude further (p > 0.05; ANOVA) or elicit any further rightward 321 

shift in the IA half-activation potential in the presence of AEA (p > 0.05, Student’s paired t test, n 322 

= 4) (Fig. 5F). 323 

 324 

Possible glial regulation of the glucocorticoid modulation of IA 325 

Chronic dehydration causes a structural change in astrocytic morphology that results in a 326 

reduction in the coverage of neurons and synapses by astrocytic processes (Miyata et al., 1994; 327 

Theodosis et al., 1995; Hatton, 1997; Tasker et al., 2017) and leads to spillover of synaptic 328 
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signals to extrasynaptic sites (Fleming et al.; Boudaba et al., 2003). We have found that salt 329 

loading causes spillover of endocannabinoid from excitatory synapses to inhibitory synapses, 330 

which was mimicked by suppressing glial activity with a gliotoxin (Di et al., 2013). The 331 

emergence of rapid glucocorticoid modulation of the IA with dehydration suggests a possible role 332 

for glial coverage in the control of autocrine actions of endocannabinoids. To test for a role of 333 

astrocyte buffering in the glucocorticoid-endocannabinoid modulation of IA channels, we used 334 

the gliotoxin fluorocitrate to impair astrocyte buffering capability. Fluorocitrate is preferentially 335 

taken up by glia and blocks glial metabolic activity, including membrane transport, by inhibiting 336 

the citric acid cycle (Clarke, 1991; Gordon et al., 2005). Slices from normally hydrated rats were 337 

preincubated for approximately two hours in fluorocitrate (100 μM). Dexamethasone (1 μM) had 338 

a small but significant effect on the IA in PVN magnocellular neurons in slices from untreated 339 

rats exposed to fluorocitrate. Whereas Dex had no effect on the IA peak current amplitude 340 

following fluorocitrate treatment (p > 0.05, ANOVA, n = 8) (Fig. 6A), it caused a small, but 341 

significant, shift to the right in the IA half-activation potential, by 3.2 mV (p < 0.05, Student’s 342 

paired t test, n = 8) (Fig. 6B). Thus, blocking glial metabolism in slices from untreated rats 343 

partially reproduced the effect of in-vivo salt loading on the glucocorticoid modulation of the IA.  344 

 345 

Discussion 346 

Glucocorticoids rapidly stimulate the synthesis and dendritic release of endocannabinoids, 347 

which act retrogradely to modulate glutamate release from excitatory synaptic terminals onto 348 

PVN neuroendocrine cells (Di et al., 2005b; Di et al., 2009). In addition to their well-349 

characterized presynaptic actions, cannabinoids have also been shown to modulate postsynaptic 350 

potassium currents (Deadwyler et al., 1995; Tang et al., 2005), although, to our knowledge, the 351 
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regulation of postsynaptic conductances by endogenously released cannabinoids has not been 352 

reported. Here, we demonstrate a glucocorticoid-induced suppression of the A-type potassium 353 

current in hypothalamic magnocellular neuroendocrine cells that is CB1 receptor-dependent, 354 

suggesting a postsynaptic autocrine action of endogenously-released cannabinoid. The 355 

glucocorticoid modulation of IA occurred rapidly, within minutes of its introduction, and reached 356 

saturation within 10 minutes.  The glucocorticoid effect was maintained with the membrane-357 

impermeant Dex-BSA conjugate, indicating that it was mediated by a membrane-associated 358 

receptor, and it was not blocked by inhibiting protein synthesis, suggesting a nongenomic 359 

mechanism. Therefore, like the rapid glucocorticoid effects on glutamate and GABA 360 

neurotransmission in the PVN (Di et al., 2003; Di et al., 2009), these findings implicate a 361 

membrane glucocorticoid receptor in the postsynaptic modulation of IA. 362 

We have performed concentration-response analyses on the rapid Dex- and 363 

corticosterone-induced endocannabinoid production and retrograde suppression of excitatory 364 

synaptic transmission in magnocellular neurons (Di et al., ). In those studies, we found that the 365 

glucocorticoid-induced endocannabinoid synthesis in magnocellular neurons has a half-effective 366 

concentration of approximately 350 nM and a saturating concentration near 1 M. We used the 367 

near-saturating concentration of 1 M for Dex and corticosterone in this study to approximate 368 

the high circulating glucocorticoid levels encountered following stress activation of the 369 

hypothalamic-pituitary-adrenal (HPA) axis. The 1- M concentration of Dex and corticosterone 370 

we used is equivalent approximately to 350-400 ng/mL of circulating glucocorticoid, which is 371 

well within physiological limits. This concentration was ineffective in the magnocellular neurons 372 

from untreated rats, which suggested that the effect seen in the magnocellular neurons from salt-373 

loaded rats was not the result of a non-specific action of the steroid. 374 
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We showed previously that glucocorticoids stimulate the synthesis of endocannabinoids 375 

in the PVN (Malcher-Lopes et al., 2006), and that they suppress excitatory synaptic inputs to 376 

PVN and SON neurons via the dendritic release and retrograde actions of endocannabinoids (Di 377 

et al., 2003; Di et al., 2005a). Here we demonstrate the endocannabinoid dependence of the 378 

glucocorticoid modulation of the IA, which suggests that the glucocorticoid-induced release of 379 

endocannabinoids also regulates postsynaptic conductances in these cells and is consistent with 380 

cannabinoid modulation of IA in other brain areas (Deadwyler et al., 1995; Tang et al., 2005).  In 381 

addition to their retrograde actions, therefore, glucocorticoid-induced endocannabinoids are 382 

capable of acting in either an autocrine or a paracrine fashion to regulate postsynaptic potassium 383 

currents in the PVN.  384 

One possible mechanism of the negative modulation of the IA by endocannabinoids is 385 

that the activation of postsynaptic CB1 receptors triggers a change in the phosphorylation state of 386 

the A-type potassium channels. There is a large body of evidence that supports modulation of IA 387 

by phosphorylation (Covarrubias et al., 1994; Birnbaum et al., 2004; Cai et al., 2005), and CB1 388 

receptors are known to negatively couple via Gi to adenylyl cyclase activity, cAMP production 389 

and PKA-dependent protein phosphorylation (Howlett et al., 2004). A decrease in the PKA-390 

dependent phosphorylation of Kv channel subunits may result in a decrease in the ability of the 391 

voltage sensor of the IA channel to respond to changes in membrane voltage (Park et al., 2006; 392 

Yang et al., 2007). Another possibility is that CB1 receptor activation leads to the modulation of 393 

one or more of the Kv channel auxiliary proteins, which are well known to regulate the IA 394 

(Covarrubias et al., 1994; Schrader et al., 2009).  395 

The rapid glucocorticoid modulation of the IA was seen only in magnocellular neurons 396 

from rats subjected to chronic salt loading, a treatment known to induce the retraction of 397 
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astrocytic processes from around magnocellular neurons (Theodosis et al., 1995; Tasker et al., 398 

2017) and result in synaptic spillover of endocannabinoid from excitatory to inhibitory synapses 399 

(Di et al., 2013). The emergent sensitivity to rapid glucocorticoid-induced endocannabinoid 400 

modulation of the IA could be caused either by dehydration-induced plasticity of postsynaptic 401 

endocannabinoid or glucocorticoid signaling mechanisms or by the loss of glial endocannabinoid 402 

buffering due to astrocytic retraction. The neuronal-glial structural plasticity in magnocellular 403 

neurons under stimulated conditions (Theodosis et al., 1986; Miyata et al., 1994; Hatton, 1997) is 404 

accompanied by increasing levels of ambient neurotransmitters, such as glutamate (Oliet et al., 405 

2001; Boudaba et al., 2003) and increasing heterosynaptic and extrasynaptic spillover of 406 

neurotransmitters (Piet et al., 2004).  We have found that the glutamate synapse-specific effects 407 

of glucocorticoid-induced retrograde endocannabinoid actions (Di et al., 2009) are controlled by 408 

glial coverage and that, following dehydration-induced glial retraction, endocannabinoid also 409 

accesses and activates CB1 receptors on GABA synapses (Di et al., 2013).  Our findings here are 410 

consistent with autocrine glucocorticoid-induced endocannabinoid actions that are constrained 411 

by glial restriction of extracellular endocannabinoid diffusion. That the IA modulation by 412 

exogenously applied cannabinoids was similar in slices from both untreated and salt-loaded rats 413 

suggests that the lack of effect of endogenously released endocannabinoid in slices from 414 

untreated rats was not due to a change in the sensitivity of endocannabinoid signaling with 415 

dehydration. While these findings do not exclude the possibility of a change in the sensitivity to 416 

rapid glucocorticoid signaling with salt loading, they may be explained by dehydration-induced 417 

glial retraction that expands the extracellular diffusional reach of the endocannabinoid to allow 418 

access to postsynaptic CB1 receptors that are normally inaccessible due to astrocytic coverage. 419 

However, a role for astrocytes in limiting the glucocorticoid-induced autocrine endocannabinoid 420 
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actions is still speculative, as it was only partially supported by our recordings in slices in which 421 

glial metabolism, and thus endocannabinoid reuptake, was inhibited by the gliotoxin fluorocitrate 422 

(Clarke, 1991; Gordon et al., 2005). Thus, fluorocitrate treatment partially recapitulated the 423 

dehydration-induced facilitation of glucocorticoid modulation of the IA, as Dex shifted the IA 424 

activation curve but did not suppress the peak IA following fluorocitrate preincubation. Therefore, 425 

further experiments are required to conclusively rule out possible plastic changes in 426 

glucocorticoid or endocannabinoid signaling in favor of the loss of astrocytic buffering to 427 

explain the emergence of rapid glucocorticoid modulation of the IA with salt loading. 428 

In magnocellular neurons from chronically dehydrated rats, we observed a 429 

glucocorticoid-induced decrease in the peak amplitude and rightward shift in the voltage 430 

dependence of activation of the IA. The rightward shift in the activation curve of the IA, with no 431 

change in the inactivation voltage dependence, means that a greater depolarizing stimulus is 432 

required to activate the transient potassium current and that fewer A-type potassium channels are 433 

activated with depolarization in the range of the action potential threshold. The lower peak 434 

amplitude of the IA indicates that significantly less current will be activated with depolarization. 435 

The glucocorticoid modulation of the IA, therefore, should increase the excitability of 436 

magnocellular neurons following chronic dehydration.  Contrary to our expectations, Dex had no 437 

effect on spiking in neurons from salt-loaded rats. This may be because dehydration itself causes 438 

a reduction in the IA current density (Wu and Tasker, unpublished observation), as well as 439 

changes in other voltage-gated conductances (Tanaka et al., 1999; Zhang et al., 2007), which 440 

makes it difficult to isolate the impact of glucocorticoid modulation of IA on firing properties.  441 

Glucocorticoid suppression of the IA in magnocellular neurons during chronic 442 

dehydration should enhance the effect of synaptic excitation. Glucocorticoid-induced retrograde 443 
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endocannabinoid release suppresses presynaptic glutamate release and enhances presynaptic 444 

GABA release onto magnocellular neurons from normally hydrated rats (Di et al., 2005a; Di et 445 

al., 2009). This should negate any excitatory effect of suppressing the IA; however, the 446 

glucocorticoid facilitation of GABA release is lost during dehydration due to the spillover 447 

inhibitory actions of endocannabinoid at GABA synapses (Di et al., 2013). Therefore, the 448 

excitation-inhibition balance established by glutamate and GABA release and IA activation in the 449 

dendrites would be tilted toward excitation. This combined with the increased sensitivity to 450 

noradrenergic inputs (Di and Tasker, 2004) should enhance or maintain magnocellular neuron 451 

activity and neurohypophysial hormone release under conditions of osmotic stress (Hatton, 1997). 452 

Collectively, the different effects of glucocorticoids on magnocellular neurons in untreated and 453 

chronically dehydrated rats reveal a mechanism for the neuroendocrine system to respond to 454 

stress and maintain homeostasis by means of integration of afferent neural circuit information 455 

and circulating hormonal signals.  456 

 457 

 458 

459 
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Figure Legends 592 

 593 

Figure 1. Dexamethasone had no rapid effect on IA activation and inactivation in 594 

magnocellular neurons from untreated rats. A. Voltage-clamp protocol for isolating IK and IA. 595 

Combined high-voltage-activated (IK) and low-voltage-activated (IA) currents were evoked by 596 

stepping from a holding potential (Vh) of -115 mV to test steps of -75 mV to 35 mV in 10-mV 597 

increments (left: voltage steps below, current responses above). High-voltage-activated 598 

potassium current (IK) was evoked by the same stepping protocol, except from a Vh of -45 mV 599 

(middle: voltage steps below, current responses above). Subtraction of the currents activated 600 

from a Vh of -45 mV from those activated from a Vh of -115 mV yielded the isolated low-601 

voltage-activated IA (right current traces). B. Representative traces showing voltage-dependent 602 

activation of IA in PVN magnocellular neurons from untreated rats before and at the end of a 10-603 

min Dex application (1 μM). Inset: activation voltage protocol. C. Plots of the mean current 604 

amplitude of the IA versus the test step potential, showing no effect of Dex on the IA current 605 

amplitude. D. Plots of the mean current density of the IA (peak IA/capacitance) versus the test 606 

step potential, showing no effect of Dex on the IA current density.  E. Plots of the normalized 607 

chord conductance of the IA versus the test step potential, showing no effect of Dex on the 608 

voltage dependence of activation of the IA.  F. Plots of the mean IA 10-90% rise time vs. test step 609 

potential; the Dex effect on the activation rate of IA was not significant. G. Representative traces 610 

showing voltage-dependent inactivation of IA in response to voltage steps to -15 mV from 200-611 

ms conditioning steps between -135 mV and -25 mV before and after 10 min of DEX application 612 

(1 M). Dexamethasone had no effect on the inactivation voltage dependence of the IA. Inset: 613 

inactivation voltage protocol. H. Plots of the mean normalized current amplitude versus the 614 
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conditioning step potential, showing no effect of DEX on the voltage dependence of IA 615 

inactivation. All recordings were in PVN magnocellular neurons in slices from untreated rats. 616 

 617 
Figure 2. Rapid glucocorticoid modulation of IA in magnocellular neurons from salt-loaded 618 

rats. A. Representative traces showing voltage-dependent activation of IA in PVN magnocellular 619 

neurons from salt-loaded rats before and at the end of a 10-min DEX application (1 μM). Inset: 620 

activation voltage-clamp protocol. B. Plots of the mean peak amplitude of the IA versus the test 621 

step potential; Dex caused a significant reduction in the IA current amplitude.  C. Plots of the 622 

mean current density (peak current/capacitance) of the IA versus the test step potential; Dex 623 

caused a significant reduction in the IA current density.  D. Plots of the normalized chord 624 

conductance of the IA versus the test step potential; Dex caused a significant shift to the right in 625 

the voltage dependence of activation of the IA. E. Plots of the mean 10-90% IA rise time versus 626 

the test step potential; Dex did not change the IA activation kinetics. F. Representative traces 627 

showing voltage-dependent inactivation of IA in response to voltage steps to -15 mV from 200-628 

ms conditioning steps between -135 mV and -25 mV before and at the end of a 10-min Dex 629 

application (1 M). Inset: inactivation voltage-clamp protocol. G. Plots of the mean normalized 630 

current amplitude versus the conditioning potential. Dexamethasone had no effect on the voltage 631 

dependence of IA inactivation. All recordings were in PVN magnocellular neurons in slices from 632 

salt-loaded rats. *, p < 0.05; **, p < 0.01 with ANOVA. 633 

 634 

Figure 3: The rapid glucocorticoid effect on IA in magnocellular neurons from salt-loaded 635 

rats was mediated by a membrane-associated receptor. Plots of the mean current amplitude 636 

of the IA (A, C, E) and the IA voltage dependence of activation (Normalized Chord Conductance) 637 

(B, D, F) versus the test step potential before and at the end of a 10-min application of the 638 
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endogenous glucocorticoid corticosterone (Cort), the membrane-impermeant glucocorticoid Dex-639 

BSA, and Dex in the presence of the protein translation inhibitor cycloheximide (CHX). The 640 

endogenous glucocorticoid, Cort (A, B), and the membrane-impermeant glucocorticoid, Dex-641 

BSA (C, D, reduced the IA peak amplitude and shifted the IA voltage dependence to the right. 642 

Blocking protein synthesis (E, F) failed to block the glucocorticoid modulation of the IA.  *, p < 643 

0.05; **, p < 0.01 with ANOVA. 644 

 645 

Figure 4. CB1 receptor agonists mimicked the glucocorticoid modulation of IA. A, B. Bath 646 

application of the endocannabinoid 2-AG (1 M) elicited a significant decrease in the IA mean 647 

peak amplitude (A) and a positive shift in the IA activation voltage dependence (Normalized 648 

Chord Conductance) (B) in magnocellular neurons from dehydrated rats.  C, D. The CB1 649 

receptor inverse agonist SR141716 (rimonabant, 1 M) blocked the decrease in mean IA peak 650 

amplitude (C) and the rightward shift in the chord conductance curve (D). E, F. Anandamide 651 

(AEA) elicited a decrease in the IA mean peak amplitude (E) and a positive shift in the IA 652 

activation voltage dependence (chord conductance) (F) in the presence of the TRPV1 receptor 653 

antagonist capsazepine (1 M). G. The TRPV1 agonist capsaicin (1 M) had no effect on the IA 654 

voltage dependence of activation (chord conductance). *, p < 0.05; **, p < 0.01 with ANOVA. 655 

 656 

Figure 5. CB1 receptor analogs blocked the glucocorticoid modulation of IA. A, B. The CB1 657 

receptor inverse agonist SR141716 (1 M) blocked the decrease in IA peak amplitude (A) and 658 

the rightward shift in the voltage dependence of activation (Normalized Chord Conductance) (B) 659 

induced by Dex (1 M) in PVN magnocellular neurons in slices from salt-loaded rats. C, D. The 660 

CB1 receptor inverse agonist AM251 also blocked the Dex-induced decrease in IA peak 661 
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amplitude (C) and the positive shift in activation voltage dependence (Normalized Chord 662 

Conductance) (D) in PVN magnocellular neurons from salt-loaded rats. E, F. 2-AG (1 M) (E) 663 

and AEA (1 M) (F) caused a positive shift in the IA voltage-dependence curve (Normalized 664 

Chord Conductance) from the control value, but subsequent application of Dex (1 M) failed to 665 

further shift the curve, suggesting occlusion of the Dex effect by prior CB1 receptor activation. *, 666 

p < 0.05 with ANOVA  667 

 668 

Figure 6. Glucocorticoid modulation of IA following gliotoxin treatment. Brain slices from 669 

untreated rats were pre-incubated in the gliotoxin fluorocitrate for approximately two hours prior 670 

to recordings. A. Following fluorocitrate treatment, Dex had no effect on the IA mean peak 671 

amplitude. B. Dex caused a positive shift in the voltage dependence of IA activation (normalized 672 

chord conductance) in fluorocitrate-treated slices. *, p < 0.05, ANOVA. 673 

 674 
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Table 1. Effects of chronic dehydration on passive electrical properties of magnocellular 
neurons. 

 Untreated (n = 9) Dehydrated (n = 15) 

Membrane capacitance (pF) 24.3  2.5 40.0  4.4* 
Membrane resistance (M ) 794.3  48.4 667.5  51.0* 
Holding current (pA) 17.7  3.8 13.4  5.0* 

 *, p > 0.05 vs. neurons from untreated rats; Student’s unpaired t test. 
 














