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Abstract  29 

Activation of somatic mu opioid receptors (MORs) in hypothalamic proopiomelanocortin (POMC) 30 

neurons leads to the activation of G-protein-coupled inward rectifier potassium (GIRK) channels 31 

and hyperpolarization, but in response to continued signaling, MORs undergo acute 32 

desensitization resulting in robust reduction in the peak GIRK current after minutes of agonist 33 

exposure. We hypothesized that the attenuation of the GIRK current would lead to a recovery of 34 

neuronal excitability whereby desensitization of the receptor would lead to a new steady-state of 35 

POMC neuron activity reflecting the sustained GIRK current observed after the initial decline 36 

from peak with continued agonist exposure. However, electrophysiologic recordings and 37 

GCaMP6f Ca2+ imaging in POMC neurons in mouse brain slice indicate that maximal inhibition 38 

of cellular activity by these measures can be maintained after the GIRK current declines.  39 

Blockade of the GIRK current by Ba2+ or Tertiapin-Q did not disrupt the sustained inhibition of 40 

Ca2+ transients in the continued presence of agonist, indicating the activation of an effector 41 

other than GIRK channels. Use of an irreversible MOR antagonist and Furchgott analysis 42 

revealed a low receptor reserve for the activation of GIRK channels, but a >90% receptor 43 

reserve for the inhibition of Ca2+ events. Altogether, the data show that somato-dendritic MORs 44 

in POMC neurons inhibit neuronal activity through at least two effectors with distinct levels of 45 

receptor reserve and that differentially reflect receptor desensitization. Thus, in POMC cells, the 46 

decline in the GIRK current during prolonged MOR agonist exposure does not reflect an 47 

increase in cellular activity as expected.  48 

 49 

Significance Statement  50 

Desensitization of the mu opioid receptor (MOR) is thought to underlie the development of 51 

cellular tolerance to opiate therapy. The present studies focused on MOR desensitization in 52 

hypothalamic POMC neurons as these neurons produce the endogenous opioid beta-endorphin 53 
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and are heavily regulated by opioids. Prolonged activation of somatic MORs in POMC neurons 54 

robustly inhibited action potential firing and Ca2+ activity despite desensitization of the MOR and 55 

reduced activation of a potassium current over the same time course.  The data show that 56 

somatic MORs in POMC neurons couple to multiple effectors that have differential sensitivity to 57 

desensitization of the receptor.  Thus, in these cells, the cellular consequence of MOR 58 

desensitization cannot be defined by the activity of a single effector system.   59 

60 
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Introduction  61 

Opioid receptors are G-protein-coupled receptors (GPCRs) that couple to inhibitory G-proteins 62 

(Gi/o) that signal through a range of secondary effectors including inhibition of voltage-gated 63 

Ca2+ channels (VGCC), inhibition of adenylyl cyclase (AC), and activation of potassium 64 

channels (Williams et al., 2001). In response to a maximal concentration of agonist, opioid 65 

receptor signaling, as measured by the activation or inhibition of effectors, reaches a peak 66 

effect.  Continued signaling often causes a reduction in the peak agonist effect over the course 67 

of minutes at which point a new steady-state level of signaling is achieved.  This reduction in 68 

peak agonist effect is referred to as acute desensitization, and is thought to be an early 69 

indication of the long-term homeostatic changes that result in the development of tolerance to 70 

opiates (Martini and Whistler, 2007; Christie, 2008). Thus, continued signaling of opioid 71 

receptors can proceed in three phases: first reaching a peak, then undergoing desensitization, 72 

and finally reaching a fully desensitized state. Although the mechanism of opioid receptor 73 

desensitization is not completely understood, agonist binding to the receptor initiates a 74 

stereotypical chain of events starting with the activation of intracellular signaling cascades which 75 

result in phosphorylation of the receptor, binding of β-arrestin, and eventual internalization of the 76 

receptor (Reiter and Lefkowitz, 2006; Williams et al., 2013).   77 

Opioid receptors are widely expressed throughout the brain and have been heavily studied 78 

in circuits conferring nociception/pain and reward (Quirion et al., 1983; Walwyn et al., 2010). In 79 

addition, neurons that produce endogenous opioids often express opioid receptors and are 80 

regulated by opioid-sensitive inputs. For example, proopiomelanocortin (POMC) neurons of the 81 

arcuate nucleus (ARC) of the hypothalamus release, among other peptides, the endogenous 82 

opioid beta-endorphin (O'Donohue and Dorsa, 1982) and are regulated by opioids (Slugg et al., 83 

2000; Hentges et al., 2009). The POMC neurons express mu opioid receptors (MORs) in the 84 

somato-dendritic compartment where they couple to G-protein-coupled inwardly-rectifying K+ 85 

(GIRK) channels (Loose and Kelly, 1990; Pennock and Hentges, 2011). Activation of GIRK 86 
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channels initiates an outward flux of K+ that hyperpolarizes the resting membrane potential 87 

(RMP), inhibiting action potential (AP) firing in POMC neurons (Kelly et al., 1990). Acute 88 

desensitization of the MOR results in a roughly 50% decrease from the peak magnitude of the 89 

GIRK current after 5 minutes of agonist exposure (Pennock et al., 2012), which in turn results in 90 

a relative increase in the resting membrane potential from peak hyperpolarization (Kelly et al., 91 

1990; Harris and Williams, 1991). Therefore, we hypothesized that acute desensitization of the 92 

MOR would result in a recovery of POMC neuron activity during the desensitization phase (first 93 

5 minutes of agonist exposure) before reaching a new steady state of activity following complete 94 

desensitization (> 5 minutes of agonist exposure) that would be closer to resting activity. To 95 

assess cellular activity, action potential (AP) firing rate and Ca2+ influx were examined.    96 

Contrary to the hypothesis, robust, persistent inhibition of POMC neuron AP firing and Ca2+ 97 

activity was observed throughout a 10-min application of opioid agonist. This persistent 98 

inhibition occurs despite the decline in the GIRK channel current and apparent desensitization 99 

of the MOR. Data provided indicate that in POMC neurons, MORs couple to a secondary 100 

effector pathway for which there is a high receptor reserve, rendering this effector pathway 101 

insensitive to desensitization of the MOR. Thus, for POMC neurons, the desensitization 102 

observed with the GIRK current as the readout does not correlate with a return to basal activity 103 

as was expected. The data highlight the shortcoming of reliance on the readout from one 104 

effector to infer signaling at other effectors or overall changes in cellular activity. Further, 105 

divergent actions and desensitization at different effectors could help explain seemingly 106 

disparate results in some studies comparing receptor desensitization and opioid tolerance 107 

(Ingram et al., 1998; Martini and Whistler, 2007; Allouche et al., 2014).  108 

 109 

Materials & Methods 110 

Animals 111 
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Transgenic mice expressing discosoma red (DsRed) under the control of the Pomc gene 112 

promoter (Hentges et al., 2009), were originally obtained from Dr. Malcolm Low (U. Michigan, 113 

Ann Arbor, MI), as were mice expressing enhanced green fluorescent protein in POMC neurons 114 

(C57BL/6J-Tg(Pomc-EGFP)1Low/J, stock # 009593 at The Jackson Laboratory). Mice where 115 

Cre recombinase is driven by the Pomc promoter were previously described (Xu et al., 2005) 116 

and were originally obtained from Dr. Gregory Barsh (Stanford U., Stanford, CA).  All lines of 117 

mice were backcrossed onto the C57BL/6 background for 11 generations. Mice were housed at 118 

controlled temperatures (22–24°C) with a constant 12 h light/dark cycle. Standard rodent chow 119 

and tap water were provided ad libitum. Standard PCR genotyping was performed to identify 120 

transgenic mice. All animal procedures were approved by the Colorado State University 121 

Institutional Animal Care and Use Committee and met the United States Public Health Services 122 

guidelines.  123 

 124 

Brain slice preparation 125 

Sagittal brain slices (240 µm) containing the arcuate nucleus were prepared as previously 126 

described (Pennock and Hentges, 2011).  Briefly, mice were deeply anesthetized with 127 

isoflurane, and brains were rapidly removed and placed into an ice-cold artificial CSF (aCSF) 128 

solution containing the following (in mM): 126 NaCl, 2.5 KCl, 1.2 MgCl2, 2.4 CaCl2, 1.2 129 

NaH2PO4, 21.4 NaHCO3, and 11 glucose. All aCSF solutions were saturated with a 95% O2/5% 130 

CO2 mixture. Slices were prepared using a VT 1200S vibratome (Leica). Brain slices containing 131 

the arcuate nucleus were then transferred into warm (37°C) aCSF containing MK-801 (15 mM; 132 

Sigma-Aldrich) to block NMDA glutamate receptors. Slices were allowed to rest for at least 60 133 

min before transfer to the recording chamber.  Brain slices were prepared from both male and 134 

female mice between 8 and 14 weeks of age, and were distributed evenly over treatment 135 

conditions. 136 

 137 
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Electrophysiology 138 

Brain slices placed in the recording chamber were continuously perfused with warm (37°C) 139 

aCSF saturated with 95%O2/5%CO2 at a consistent flow rate (1.5 ml/min).  Whole-cell voltage-140 

clamp recordings were made with an internal recording solution containing the following (in 141 

mM): KCl, 57.5; K-methyl sulfate, 57.5; NaCl, 20; MgCl2, 1.5; HEPES, 5; EGTA, 0.1; ATP, 2; 142 

GTP, 0.5; phosphocreatine, 10; pH 7.3. Recording pipettes had a tip resistance of 1.5–2.2 MΩ 143 

when filled with internal solution.  POMC cells were identified by eGFP or DsRed fluorescence. 144 

After obtaining a seal of 1 GΩ, negative pressure was applied to rupture the cell and enter 145 

whole-cell mode. Cells were held at -60 mV, and no series resistance compensation was 146 

applied and liquid junction potentials were not corrected.  Recordings were excluded from 147 

analysis if access resistance changed significantly (>15%) during the recording or if access 148 

resistance increased above 18 MΩ. When measuring GIRK currents, 6,7-dinitroquinoxaline-2,3-149 

dione (DNQX, 10 µM) and bicuculline methiodide (BMI, 10 µM) were used to block synaptic 150 

AMPA and GABAA currents. GIRK currents were measured at a holding potential of -60 mV as 151 

part of a continuous chart recording or extracted from 100 ms voltage steps between -110 mV 152 

and -50 mV.  For loose-patch recordings, the recording electrode contained aCSF and a loose-153 

patch was established by applying negative pressure until the membrane resistance reached 154 

between 10-25 MΩ.  Action currents were measured continuously in voltage clamp mode with a 155 

command potential of 0 mV.  Action potentials were inferred from extracellular loose-patch 156 

recordings by using template-based event detection to identify action currents using Axograph X 157 

(v1.6.1) software. 158 

 159 

Viral gene transfer in vivo 160 

POMC-Cre transgenic mice (8-10 weeks of age) were anesthetized with isoflurane and placed 161 

in a stereotaxic frame (David Kopf Instruments) with motorized axis control (Neurostar). A viral 162 

vector containing a double-floxed sequence for GCaMP6f 163 
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(AAV9.CAG.Flex.GCaMP6f.WRPE.SV40); obtained from the Penn Vector Core (University of 164 

Pennsylvania School of Medicine, Philadelphia, PA; made available by Vivek Jayaraman, Ph.D., 165 

Rex A. Kerr, Ph.D., Douglas S. Kim, Ph.D., Loren L. Looger, Ph.D., Karel Svoboda, Ph.D. from 166 

the GENIE Project, Janelia Farm Research Campus, Howard Hughes Medical Institute) was 167 

injected into the ARC of POMC-Cre mice. For each animal, an injection (200 nl, 2.1E12 GC/ml) 168 

was made into each side of the ARC using a Hamilton syringe at bregma: X, ±0.30 mm; Y, -1.35 169 

mm; Z, -6.10 mm. After microinjection, the wound was sutured and animals were left to recover 170 

for a minimum of 7, but no longer than 21 d before experiments to allow GCaMP6f expression. 171 

 172 

GCaMP6f Imaging 173 

Prior to imaging experiments, the overall health of GCaMP6f expressing slices was evaluated 174 

by looking for nuclear exclusion of GCaMP6f fluorescence, and several fields of view were 175 

explored to find intrinsically active POMC neurons.  GCaMP6f was excited using 470 nm light 176 

supplied by an LED/LEDD1B driver (Thorlabs, Newton, NJ, USA) through a 40x water 177 

immersion objective (LUMPlanFL N, 40x/0.8w, Olympus).  Images were captured on an 178 

electron-multiplying charge-coupled device (Evolve 512, Photometrics) at roughly 10 Hz with a 179 

50 ms exposure time using Metafluor software (Molecular Devices).  Image stacks were 180 

imported into ImageJ software (Schindelin et al., 2015) where they underwent image 181 

stabilization (Dubbs et al., 2016) and background subtraction (50 nm rolling ball) prior to signal 182 

extraction from individual neurons using the Time Series Analyzer plugin (Balaji, J., Indian 183 

Institute of Science, Bagalore).  Raw fluorescence intensities for individual POMC neurons were 184 

imported into Axograph X software were they were normalized to the baseline fluorescence 185 

intensity at the beginning of the recording (F/F0) and separated into 60 s epochs.  Event 186 

detection was performed in Axograph X using a derivative threshold to detect upward 187 

deflections in the fluorescence intensity. Detected events were manually compared to the 188 

normalized fluorescence trace for each individual neuron to ensure that all clearly-visible events 189 
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were detected by the software.  Reported measurements of event frequency for baseline or 190 

drug applications are the mean of at least three sequential time points (60 s epochs) for each 191 

individual neuron.   192 

 193 

Drugs  194 

Stock solutions of DNQX (Sigma-Aldrich, D0540; 100 mM), (+)-MK-801 (Sigma-Aldrich, M107; 195 

100 mM) and picrotoxin (400 mM) were prepared in DMSO and diluted in aCSF just prior to 196 

application to the slice. DMSO never exceeded 0.035% of the total volume of aCSF in working 197 

solutions. [Met5]-enkephalin (ME, Sigma-Aldrich, M6638), bicuculine methiodide (BMI, Tocris 198 

Bioscience, 2503), nociceptin (Tocris Bioscience, 0910), the cyclized peptide D-Phe-Cys-Tyr-D-199 

Trp-Arg-Thr-Pen-Thr-NH2 (CTAP, Tocris Bioscience, 1560), tetrodotoxin (TTX, Tocris 200 

Bioscience, 1069), β-chlornaltrexamine (β-CNA, Sigma-Aldrich, O001), and Tertiapin-Q 201 

(Alomone, STT-170) were prepared as stock solutions in distilled water. All drugs were diluted in 202 

aCSF to achieve the working concentrations. β-CNA was divided into aliquots, and then stored 203 

at minus 80°C.  For each experiment performed using β-CNA, an individual aliquot was thawed, 204 

diluted, and perfused onto the slice within 5 min to minimize degradation of the compound 205 

before use. Dose–response curves were made for ME to determine the maximal and EC50 206 

concentrations as used in the present studies. 207 

 208 

Estimation of MOR receptor reserve 209 

Dose–response curves representing the inhibition of GCaMP6f event frequency by post-210 

synaptic MORs on POMC neurons with and without treatment with an irreversible antagonist (β-211 

CNA) were fitted using GraphPad Prism software. Values for the predicted concentration of ME 212 

necessary to reduce GCaMP6f event frequency by given values between 20 and 70% were 213 

obtained from these curves. Concentrations that were predicted to achieve an equivalent 214 

inhibition of GCaMP6f event frequency in the absence of β-CNA ([ME]control) and in the 215 
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presence of β-CNA ([ME]β-CNA) were plotted against one another as a double reciprocal plot. 216 

The plot was fitted according to Furchgott’s method (Furchgott, 1966) using the following 217 

equation: 
1

[𝑀𝐸]𝑐𝑜𝑛𝑡𝑟𝑜𝑙
=

1−𝑞

𝑞𝐾𝐴
+

1

𝑞

1

[𝑀𝐸]β−CNA
 (1) where q is equal to the fraction of MORs still 218 

functional after β-CNA treatment and KA is the dissociation constant of ME at post-synaptic 219 

MORs on POMC neurons. Estimated values for q and KA were obtained using GraphPad Prism. 220 

 221 

Experimental Design and Statistical Analyses 222 

All data are presented as mean ± SEM, unless otherwise specified. For electrophysiological 223 

recordings, only one recording was made per slice, and no more than two slices per animal.  224 

For Ca2+ imaging recordings, the number of neurons, brain slices, and animals are reported in 225 

the results section and the figure legend for each experiment. Male and female mice were used 226 

for all experiments.  The results were initially analyzed for sex differences, but since no sex 227 

differences were detected, data from both sexes were pooled for all experiments. Comparisons 228 

between two groups were evaluated using paired and unpaired two-tailed Student’s t tests. 229 

Dose-response curves (best fit) were constructed and analyzed using GraphPad Prism 230 

software.  Each dose had data from 13-135 individual neurons included in the mean. The Extra 231 

Sum of Squares (ESS) F test was performed to determine whether there was a significant shift 232 

in the dose-response curve compared to control condition based on EC50. One-way ANOVA 233 

followed by Dunnett multiple-comparison post hoc test or was used for comparisons between 234 

multiple time points. For all experiments p < 0.05 was considered significant.  235 

 236 

Results 237 

Sustained inhibition of firing and Ca2+ events during agonist application that causes 238 

reduced GIRK channel activation 239 
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In order to examine the effect of post-synaptic opioid receptor activation and desensitization on 240 

POMC excitability, several approaches were used including whole cell voltage clamp recordings 241 

of GIRK channel activation, extracellular loose-patch recordings of AP firing and fluorescence 242 

recordings of the genetically encoded Ca2+ indicator GCaMP6f (Chen et al., 2013) in POMC 243 

neurons in mouse brain slices containing the hypothalamus. Consistent with previous reports 244 

(Pennock et al., 2012), the application of the MOR agonist [Met5]-Enkephalin (ME, 10 µM) 245 

caused an outward current that robustly desensitized during a 10 min exposure (Fig. 1A). The 246 

magnitude of the GIRK current in Fig. 1A reached a peak of 41 pA (top dashed line) above 247 

baseline (bottom dashed line) and reached a steady-state of 23 pA (bottom dashed line) after 248 

10 min of ME exposure, a 44% reduction.  The remaining steady-state GIRK current was 249 

completely reversed by the MOR selective antagonist CTAP (500 nM). Overall, the magnitude 250 

of the steady-state current was 53% of the peak current (Fig. 1B, n = 6 neurons, 4 animals), 251 

indicating a 47% reduction of the GIRK current due to MOR desensitization. Based on this 252 

result, we hypothesized that the roughly 50% decrease in the GIRK current over a 10 min ME 253 

application would lead to a recovery of AP firing over the course of the drug application. 254 

In order to assess AP firing, extracellular loose-patch recordings were made from POMC 255 

neurons. In these recordings, AP firing was persistently inhibited during the full 10 minutes of 256 

ME (10 μM) exposure. This is illustrated in a sample trace (Fig. 1C, min 10-20) and the 257 

compiled data (Fig. 1D, min 7-16) where the maximum inhibition is 97 ± 3% (min 7) and this 258 

inhibition does not significantly change during the 10 min ME application (F(1.5, 7.7) = 0.8, p = 259 

0.46, ANOVA for min 7-16, n = 6 neurons, 6 animals). Inhibition of AP firing was fully reversed 260 

by CTAP (500 nM). 261 

We initially chose the loose-patch extracellular recording approach to avoid disrupting the 262 

intracellular milieu, but later focused on GCaMP6f fluorescence imaging to increase the number 263 

of cells analyzed and to avoid recording artifacts induced by the positioning of the recording 264 

pipette on the cell body. GCaMP6f was expressed specifically in arcuate nucleus POMC 265 
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neurons by stereotaxic injection of an adeno-associated virus (AAV) containing a double-floxed 266 

inverse orientation GCaMP6f coding sequence into a mouse line expressing cre-recombinase 267 

driven by the POMC promoter (POMC-Cre). Fig. 1E shows an F/F0 normalized GCaMP6f 268 

fluorescence trace from the same cell as Fig. 1C above a plot of GCaMP6f events in one-minute 269 

bins.  Similar to the firing data, there is full inhibition of resolvable Ca2+ events for the entire 10 270 

min application of ME (10 µM), and the inhibition is fully reversed by CTAP.  This paired 271 

recording demonstrates the generally good correlation between the rate of GCaMP6f events 272 

and the AP firing rate. However, the relationship between APs and GCaMP6f events is not 1:1, 273 

indicating that it was only possible to resolve Ca2+ events due to multiple temporally grouped 274 

APs. Overall, GCaMP6f events were almost completely inhibited by 10 μM ME (97 ± 1%, 8.2 ± 275 

0.2 events/min at baseline [min 1-4], 0.2 ± 0.0 events/min in 10μM ME [min 6-15], n = 29 276 

neurons, 5 slices, 3 animals; Fig. 1F) for a full 10-minute period. Here, there is no indication of a 277 

decrease in the inhibition of Ca2+ events as expected based on the decline in the GIRK current 278 

during the same treatment paradigm (Fig. 1A). Altogether, these data suggest that the acute 279 

desensitization of postsynaptic MORs as detected by the decline in GIRK channel conductance 280 

does not drastically affect their ability to inhibit tonic firing or Ca2+ transients in POMC neurons. 281 

  282 

Activation of GIRK current is not necessary for the inhibition of Ca2+ events 283 

The decline in the GIRK channel current during prolonged agonist exposure generally results 284 

from MOR desensitization (Williams, 2001; Pennock et al., 2012) and thus, it was surprising to 285 

see sustained inhibition of firing and Ca2+ activity during the desensitization observed for GIRK 286 

channel activation. To determine if the sustained inhibition is independent of the 287 

hyperpolarization caused by GIRK channel activation, the magnitude of the GIRK current was 288 

diminished by pre-applying barium chloride (Ba2+), a non-selective blocker of inward-rectifier K+ 289 

channels (IRKs, Standen and Stanfield, 1978; Dascal et al., 1993). Perfusion of Ba2+ (100 µM) 290 
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caused a dramatic increase in POMC Ca2+ events, likely due to blockade of IRKs, but GCaMP6f 291 

events were still robustly inhibited for the duration of the ME (10 µM) application (Fig. 2A). The 292 

mean inhibition of GCaMP6f events by ME (10 µM) in the presence of Ba2+ (100 µM) was 89 ± 293 

2% (8.3 ± 0.7 events/min in 100 µM Ba2+, 1.0 ± 0.3 events/min following ME, n = 22 neurons, 3 294 

slices, 3 animals) with no clear evidence of MOR desensitization yielding a recovery of Ca2+ 295 

events (Fig. 2 B, time points from minute 11-20 were not significantly different than minute 10 296 

(F(2.8, 22) = 1.859, p = 0.17, ANOVA). 297 

 The experiment illustrated in Fig. 2 A&B was repeated in the presence of higher 298 

concentrations of Ba2+ (400 µM in Fig. 2C & D, 1 mM in Fig. 2E & F), which more completely 299 

block GIRK channels (Lancaster et al., 2000). In the presence of 400 µM Ba2, ME (10 µM) 300 

inhibited GCaMP6f events by 76 ± 16% (9.8 ± 3.1events/min baseline, 2.5 ± 2.0 events/min 301 

following 10 µM ME, n = 18 neurons, 3 slices, 3 animals). Here, there was still no evidence for a 302 

recovery of Ca2+ events (time points from minute 11-20 were not significantly different than 303 

minute 10 (F(4.4, 75) = 1.8, p = 0.1248 , ANOVA).  Even with the addition of 1 mM Ba2+, ME (10 304 

µM) still inhibited the events by 55 ± 18% (8.8 ± 3.9 events/min baseline, 3.7 ± 1.5 events/min 305 

following 10 µM ME, n = 12 neurons, 2 slices, 2 animals).  Only the time point at minute 16 is 306 

significantly different than minute 10 (F(3.8, 41) = 11.3, p < 0.0001, ANOVA, minute 10 vs 16, p 307 

= 0.04, Dunnett’s multiple comparison test). Thus, even under conditions where the GIRK 308 

current is minimized, and overall activity is increased due to blockade of IRKs, ME (10 µM) is 309 

still able to potently inhibit POMC Ca2+ transients with no clear attenuation of inhibition following 310 

MOR desensitization. These data suggest that maximal activation of post-synaptic MORs has a 311 

profound ability to silence POMC signaling, even in the absence of GIRK current.  To ensure 312 

that Ba2+ was indeed reducing the GIRK current elicited by ME, recordings were made in POMC 313 

neurons after the addition of Ba2+. A sample recording is shown in Fig. 2G, which is scaled the 314 

same as Fig. 1A to highlight the inhibition of the GIRK current.  Here, the application of 100 μM 315 
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Ba2+ caused a small inward current to develop, presumably due to blockade of IRKs, while ME 316 

(10 µM) induced a small outward current which failed to reach the same sharp peak as the 317 

control recording (Fig. 1A). Overall, the magnitude of the GIRK current elicited by ME was 34 ± 318 

4 pA (n = 11, 7 animals), and pre-application of 100 μM Ba2+ reduced the magnitude of the ME-319 

induced current to 10 ± 3 pA (t(17) = 5.04, p = 0.0001, unpaired t test, n = 8, 6 animals), a 70% 320 

reduction (Fig. 2H) indicating significant blockade of GIRK current even at the lowest 321 

concentration of Ba2+ used.    322 

 To better understand the relationship between MOR activation and inhibition of POMC 323 

neuron Ca2+ events at sub-maximal concentrations of agonist, dose-response curves were built. 324 

Under baseline conditions, the inhibition of GCaMP6f events by ME has an EC50 of 130 nM ([84-325 

195 nM], 95% C.I., Fig. 2I). Blockade of GABAA and AMPA receptors (DNQX, 10 µM, and 326 

Picrotoxin, 100 µM, respectively) prior to ME application to occlude potential effects of ME on 327 

pre-synaptic terminals did not significantly shift the EC50 (95 nM, [70-129 nM], 95% C.I., F(1, 328 

805) = 1.75, p = 0.19, ESS F test, Fig. 2I).  Application of Ba2+ (100 µM) to block GIRK currents 329 

prior to activation of MORs by ME caused a 2-fold right-ward shift in the EC50 (270nM, [184-330 

394nM], 95% C.I., F(1,749) = 9.3, p = 0.002, ESS F test) with no decrease in the maximal 331 

inhibition. The significance of the modest shift in the dose response curve is unclear since 332 

100μM Ba2+ also causes a significant increase in the frequency of Ca2+ events from 5.1 ± 0.2 333 

events/min (n = 235 neurons) to 8.2 ± 0.3 events/min (t(502) = 9.44, p < 0.0001, unpaired t test, 334 

n = 269 neurons), which could be partially responsible for the right-ward shift in the dose-335 

response curve. Although, these data provide strong evidence that the inhibition of POMC Ca2+ 336 

events is distinct from the activation of post-synaptic GIRK channels by ME, it is possible that 337 

the residual GIRK current in the presence of 100 µM Ba2+ blockade (Fig. 2H) is sufficient to 338 

potently inhibit Ca2+ events.   Blockade of GIRK channels could be improved by using higher 339 

[Ba2+], but this increasingly blocks IRKs which depolarizes the RMP and further increases Ca2+ 340 
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activity. To avoid this potential confound, we used a more selective GIRK blocker, Tertiapin-Q 341 

(TertQ). We made whole-cell voltage clamp recordings from POMC neurons where a brief 90 s 342 

pulse of ME (10 µM) was applied to assess the amplitude of the GIRK current prior to 343 

application of TertQ (500 nM).  After the perfusion of TertQ, a 3 min pulse of ME (10 µM) was 344 

used to assess the amplitude of the remaining GIRK current (Fig. 3A). Overall, the mean GIRK 345 

current elicited by ME was 41 ± 9 pA, and this was reduced to 2 ± 1 pA following application of 346 

TertQ (Fig. 3B, n = 8 neurons, 5 animals). Lastly, we recorded Ca2+ events from POMC neurons 347 

using a similar protocol as the whole-cell voltage clamp recordings where a brief pulse of ME 348 

was applied prior to perfusion of TertQ (Fig. 3C). In the presence of TertQ (500 nM), ME (10 349 

µM) inhibited Ca2+ events by 98% (6.2 events/min baseline vs 0.1 events/min, n = 60 neurons, 9 350 

slices, 3 animals), and TertQ did not increase overall POMC Ca2+ activity as Ba2+ had done (Fig. 351 

3D).  Thus, the inhibition of POMC Ca2+ events by ME does not require the activation of a GIRK 352 

current. Since MORs are known to couple to a wide variety of effector pathways (Williams et al., 353 

2013), it is possible that an alternate effector pathway contributes to sustained inhibition of 354 

POMC neuron activity.  355 

 356 

MOR desensitization does not limit the inhibition of Ca2+ events by a maximal 357 

concentration of agonist 358 

Post-synaptic GPCRs that couple to GIRK channels in POMC neurons show acute 359 

desensitization only minutes after peak GIRK current is achieved (Pennock et al., 2012 and Fig. 360 

1A), and this desensitization is likely receptor delimited (Williams et al., 2013). However, we saw 361 

no clear evidence of acute desensitization of the inhibition of Ca2+ events by ME under any 362 

conditions examined. To determine if the inhibition of Ca2+ events by ME may be maintained 363 

even after desensitization of the MOR, we utilized a more sensitive measure of acute 364 



 

 16 

desensitization where the response to a low concentration of agonist is compared before and 365 

after the application of a saturating concentration of agonist. 366 

In the presence of 100 µM Ba2+ to reduce the contribution of the GIRK current, a near-EC50 367 

concentration of ME (300 nM) was applied to clearly, but incompletely inhibit POMC Ca2+ 368 

events. After a brief washout, a maximal concentration of ME (10 μM) was applied, which 369 

almost completely inhibited POMC Ca2+ events for a full 10 minutes to fully desensitize the 370 

MORs. Following a full washout of ME (10 µM), and return to baseline activity, a second 300 nM 371 

concentration of ME was applied and a less robust inhibition of POMC Ca2+ events occurred 372 

compared to the first application of 300 nM ME (Fig. 4A & B). By comparing the magnitude of 373 

Ca2+ event inhibition by the first application of 300 nM ME to the second application of 300 nM 374 

ME, the % decrease in inhibition presumably due to desensitization of the receptor was 375 

calculated. The mean inhibition of Ca2+ events by the first application of 300 nM ME was 55 ± 376 

5% (n = 30 neurons, 6 slices, 4 animals) as expected for a near-EC50 concentration. The mean 377 

inhibition of Ca2+ events by the second application of 300 nM ME was 29 ± 5% (t(29) = 6.04, p < 378 

0.0001, paired t test), which is a 47% reduction in inhibition compared to the first application 379 

(Fig. 4C & D). Thus, the inhibition of Ca2+ events by activation of MORs is subject to the same 380 

receptor delimited desensitization as the activation of the GIRK current, although this is not 381 

apparent when a maximal concentration of agonist is applied.   382 

 383 

Receptor reserve differs for GIRK channel activation and Ca2+ inhibition  384 

The inability to observe any attenuation in the magnitude of inhibition of Ca2+ events by a 385 

maximal concentration of ME is not due to an artificial ceiling effect, as shown by the increased 386 

baseline activity in the Ba2+ experiments in Figure 2A-F, or due to a lack of desensitization of the 387 

receptor for the inhibition of Ca2+ events, as shown in Figure 4A-D. An alternative possibility is 388 

that there is a high level of receptor reserve for the inhibition of Ca2+ events, such that MOR 389 

desensitization is insufficient to attenuate a maximal ME response. To test this hypothesis, a 390 
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proportion of MORs was inactivated with the irreversible antagonist β-Chlornaltrexamine (β-391 

CNA) as previously described (Chavkin and Goldstein, 1984). To ensure the efficacy of β-CNA 392 

to remove a portion of MORs, the effect of β-CNA on the magnitude of the GIRK current elicited 393 

by ME (10 µM) was determined by perfusing β-CNA (50 nM) for 2-minutes, prior to agonist 394 

exposure; a concentration and perfusion time previously used to study receptor reserve in pre-395 

synaptic MORs (Pennock et al., 2012). A representative trace from a voltage clamp recording 396 

held at -60 mV where the slice had been perfused with 50 nM β-CNA for 2 minutes just prior to 397 

application of DNQX and the GABAA receptor blocker bicuculline methiodide (BMI) to eliminate 398 

EPSCs and IPSCs followed by ME is shown in Fig. 5A.  ME (10 µM) typically causes a sharp 399 

upward deflection in the current trace due to rapid activation of GIRK channels (Figs. 1A & 3A). 400 

Here, only a slow gradual upward deflection of the current trace after application of ME (10 µM) 401 

is observed, indicating successful inactivation of a proportion of MORs. After washout of the 402 

ME, nociception (200 nM) was applied to elicit a typical GIRK current through the nociceptin 403 

receptor (Pennock et al., 2012). Under control conditions, the mean amplitude of the GIRK 404 

current elicited by ME was 34±4 pA (Fig. 5B, n = 11 neurons, 7 animals, same as Fig. 2H) while 405 

the mean amplitude following β-CNA perfusion was 8.3 ± 2.7 pA (t(17.5) = 5.9, p < 0.0001, 406 

unpaired t test, n = 9 neurons, 6 animals), a reduction of roughly 75% (Fig. 5B).  The mean 407 

GIRK current elicited by nociceptin (200 nM) following β-CNA perfusion was 31.4±7.0pA (n = 5 408 

neurons, 4 animals, Fig. 5B) indicating that the lack of GIRK current in response to 10 µM ME 409 

was not due to a lack of functional GIRK channels.   410 

As β-CNA was effectively removing a portion of MORs, dose response curves for ME-411 

induced inhibition of Ca2+ events were built in the presence of β-CNA as a step towards 412 

determining receptor reserve. After β-CNA treatment, ME inhibited Ca2+ events over a range of 413 

concentrations (Fig. 6A shows the mean inhibition for all cells in a single slice exposed to 300 414 

nM, 1 µM and 10 µM ME). The dose-response curves for ME-induced inhibition of Ca2+ events 415 

under control conditions and following exposure to β-CNA (50 or 100 nM) show that 50 nM β-416 
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CNA for 2 min results in a roughly 10-fold rightward shift of the EC50 of inhibition of Ca2+ events 417 

(control: 95 nM, [70-129 nM],, 95% C.I. vs 50 nM β-CNA: 1260 nM, [860-1850 nM], 95%C.I., 418 

F(1, 687) = 234.4, p < 0.0001, ESS F test), but does not reduce the maximal inhibition of Ca2+ 419 

events (Fig. 6B). Increasing the concentration of β-CNA to 100 nM for 2 min only slightly shifts 420 

the EC50 compared to 50 nM β-CNA (1410 nM, [790-2490 nM], 95%C.I., F(1,731) = 0.07, p = 421 

0.79, ESS F test) but does cause a decrease in the maximal inhibition of Ca2+ events to 80% 422 

(Fig. 6B). The 10-fold right-ward shift in the dose-response by 50 nM β-CNA, without a loss in 423 

maximal inhibition, suggests a significant receptor reserve exists for the inhibition of Ca2+ 424 

events. To determine the proportion of MORs that were inactivated by 50 and 100 nM β-CNA, 425 

we constructed a double-reciprocal plot (Fig. 6C) of the agonist concentration needed to 426 

achieve a given inhibition of Ca2+ events before and after 50 and 100 nM β-CNA according to 427 

Furchgott’s method (Eq. 1, (Furchgott, 1966)). This analysis indicates that 50 nM β-CNA 428 

reduced the proportion of receptors by 91% (95% C.I. for q [0.089-0.092]), while 100 nM β-CNA 429 

reduced the proportion of receptors by 93% (95% C.I. for q [0.065-0.071]).  This indicates that 430 

the MOR has a >90% reserve for the inhibition of Ca2+ events. The potent reduction in the 431 

magnitude of the GIRK current following 50 nM β-CNA treatment (Fig. 5A & B) suggests that the 432 

receptor reserve for the activation of the GIRK current is much lower than the reserve for the 433 

inhibition of Ca2+ events. The high level of receptor reserve for the inhibition of Ca2+ events is 434 

sufficient to explain why we fail to observe acute desensitization, since desensitization of 50% of 435 

MORs would be insufficient to attenuate the maximal inhibition of Ca2+ events by 10 µM ME.   436 

 437 

Discussion  438 

The present data demonstrate that a prolonged application of a high concentration of MOR 439 

agonist continues to maximally inhibit AP firing and Ca2+ transients despite the decline observed 440 

in the GIRK current during agonist exposure. This result was surprising as we expected cellular 441 

activity to return towards baseline as MORs desensitized and GIRK current declined, although 442 
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observations of differential desensitization across effectors have been described for other 443 

GPCRs including 5HT2c (Stout et al., 2002) and muscarinic receptors (Pappano and Mubagwa, 444 

1991) and for MORs in heterologous systems (Nowoczyn et al., 2013). For MORs in POMC 445 

neurons, this differential desensitization observed at two effectors correlates with receptor 446 

reserve. A low receptor reserve for the activation of GIRK channels was found and can explain 447 

why this effector system is susceptible to desensitization of the receptor. The high receptor 448 

reserve (>90%) for the inhibition of Ca2+ activity renders this effector system relatively 449 

insensitive to desensitization of the receptor, especially in response to stimulation with a 450 

maximal concentration of agonist. Together, the data indicate that the desensitization observed 451 

at one effector pathway may not be reflected in other effectors and thus, the cellular 452 

consequence of MOR desensitization may not be easily inferred from studies of one effector 453 

alone.  454 

 455 

Response to prolonged agonist exposure varies by effector  456 

The decline in the peak effect of MOR agoinsts as indicated by effector readout 457 

(desensitization) by the full agonist ME is thought to be receptor delimited, phosphorylation 458 

dependent and an early step in the development of the tolerance to the analgesic actions of 459 

opioids (Williams et al., 2013; Yousuf et al., 2015). Interestingly, MOR desensitization is usually 460 

not complete. The decline in the peak response elicited by a desensitizing concentration of 461 

agonist often reaches a steady state that is not all the way back to baseline and this can be 462 

attributed to the fact that some receptors remain active, although with lower affinity for agonist, 463 

after desensitization (Williams, 2014). The fact that some MORs continue to signal during 464 

prolonged exposure to a saturating concentration of agonist is illustrated by the residual GIRK 465 

current that remains late in the agonist exposure (steady-state current after decline from peak 466 

that does not reach baseline, Fig. 1 A & B). We reasoned that the residual hyperpolarizing GIRK 467 

current after desensitization may contribute to the sustained inhibition of AP firing and Ca2+ 468 
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transients, but blockade of the GIRK channels with Ba2+ or Tertiapin-Q did not alter the 469 

persistent inhibition of Ca2+ events during prolonged exposure to a maximal concentration of 470 

ME, indicating sustained signaling through a non-GIRK effector(s). The fact that high 471 

concentrations of ME likely cause desensitization of the receptor itself is indicated by previous 472 

studies (Harris and Williams, 1991; Kovoor et al., 1998), the ability to observe a nociceptin-473 

induced current after the prolonged application of a saturating concentration of ME (Fig. 5), and 474 

by the reduced inhibition of Ca2+ events by an EC50 concentration of ME after application of a 475 

maximal concentration of ME for >10 min (Fig. 4). Therefore, the MOR appears to undergo 476 

acute desensitization, but this does not noticeably reduce the sustained effectiveness of a 477 

maximal concentration of ME to inhibit Ca2+ influx or AP firing in POMC neurons.   478 

 479 

Differential receptor reserve for the inhibition of Ca2+ transients and GIRK conductance 480 

While the residual GIRK current is not necessary for the sustained inhibition of cellular activity 481 

after receptor desensitization, it may be that the same receptors that maintain the residual GIRK 482 

current after desensitization are also responsible for the profound and sustained inhibition of 483 

Ca2+ transients observed. The sustained inhibition of Ca2+ events compared to the inhibition of 484 

GIRK conductance can be accounted for by the finding of high receptor reserve (~90%) for Ca2+ 485 

event inhibition indicating that only a small fraction of the receptor population (~10%) needs to 486 

be activated for maximal efficacy. On the other hand, there is very little receptor reserve for the 487 

inhibition of GIRK conductance since even the lower concentration of -CNA (50 nM) nearly 488 

abolished the ME-induced GIRK current. In fact, -CNA reduced the GIRK current so 489 

dramatically that it was not feasible to perform Furchgott analysis for an accurate estimate of 490 

reserve. Regardless, it is clear that there is low receptor reserve for the activation of the GIRK 491 

conductance by ME and thus, any loss of functional MOR during agonist exposure results in 492 

decreased GIRK current. MORs in many cell types are known to couple to diverse effectors and 493 
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the potentcy of agonist can vary widely for individual effectors (Kelly, 2013; Nowoczyn et al., 494 

2013) which may indicate different receptor reserve. Differential receptor reserve for multiple 495 

effectors activated by a single receptor type has been clearly described for adenosine A1 496 

receptors (Srinivas et al., 1997) and suggested for other receptors (Brown and Goldstein, 1986; 497 

Meller et al., 1987; James et al., 1994), but the contribution to apparent desensitization has 498 

generally not been explored.   499 

 500 

What is the nature of the non-GIRK effector(s)? 501 

MORs couple to a number of G-protein dependent and G-protein independent effector systems 502 

(Williams et al., 2013). Among the G-protein dependent effector systems, MORs have been 503 

show to activate K+ channels, including voltage-gated K+ channels (Kv) and GIRK channels, 504 

inhibit VGCC (typically N and PQ-type) and inhibit AC (Williams et al., 2013). The robust 505 

inhibition of Ca2+ events points to a direct inhibition of Ca2+ influx through VGCC although it is 506 

possible that inhibition of AC would also have an inhibitory effect on POMC Ca2+ activity and AP 507 

firing (Alreja and Aghajanian, 1995). The use of a Ca2+ indicator as a read out precluded 508 

detailed studies to determine if VGCC are a direct effector for MORs in POMC neurons as 509 

blocking these channels would necessarily alter the assay readout. Future studies to determine 510 

the nature of the effector that resists desensitization and sustains inhibited cellular activity are 511 

warranted, as is determining if some MOR agonists preferentially or more effectively activate 512 

this effector compared to other effectors in POMC neurons. Such information would provide a 513 

better understanding of dynamic opioid actions in these cells and perhaps be translatable to 514 

other cell types that also have diverse MOR-effector coupling that may be differentially altered 515 

during agonist treatment.  516 

 517 

Correlation between MOR signaling or desensitization and POMC neuron activity 518 
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It has been previously shown that the dose-response of inhibition of IPSCs by the MOR 519 

selective agonist DAMGO ([D-Ala2,N-MePhe4,Glyol5]-enkephalin) for pre-synaptic MORs (EC50 520 

= 80 nM DAMGO) is left-shifted relative to the dose-response of activation of GIRK channels by 521 

post-synaptic MORs (EC50 = 350 nM DAMGO) in POMC neurons (Pennock and Hentges, 522 

2011).  This led to the hypothesis that low concentrations of opioid agonists would preferentially 523 

activate MORs on the primarily GABAergic pre-synaptic terminals leading to an overall 524 

disinhibition of POMC activity. Instead, we found ME to inhibit POMC Ca2+ activity at all 525 

concentrations tested and removal of pre-synaptic MOR effects by blocking GABAA and AMPA 526 

receptors did not alter this relationship. This result could be explained by the low receptor 527 

occupancy required to robustly inhibit POMC Ca2+ activity (EC50 = 130 nM ME). Thus, for a 528 

systemic application of a MOR agonist, post-synaptic inhibition would likely predominate. 529 

Disinhibition of POMC activity through the activation of pre-synaptic MORs, and the subsequent 530 

inhibition of GABA release, would require opioid agonist release to be restricted to pre-synaptic 531 

terminals. Previous work has also shown that MORs pre-synaptic to POMC neurons resist acute 532 

desensitization and this resistance is not due to a high receptor reserve, or the specific effectors 533 

that pre-synaptic MORs couple to, but instead seems to be a property of pre-synaptic MORs 534 

themselves (Pennock and Hentges, 2016). This is in stark contrast to what we observe for post-535 

synaptic MORs on POMC neurons where certain effectors are more sensitive to desensitization 536 

than others. Together, the results highlight the complexity surrounding MOR function and 537 

regulation as compartment, effector, and receptor reserve all contribute to the net consequence 538 

of acute and prolonged activation.    539 

 540 

Conclusion 541 

The hyperpolarizing current generated by the GIRK channels can be sufficient to produce the 542 

acute reduction in firing observed in POMC neurons in response to mu agonists.  However, the 543 

blockade of GIRK channels by Ba2+ or Tertiapin-Q does not diminish the ability of ME to inhibit 544 
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neuronal activity as measured by Ca2+ imaging leading to the conclusion that MORs signal 545 

through redundant inhibitory mechanisms, which are each independently capable of inhibiting 546 

neuronal activity.   547 

 548 
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Figure Legends 647 

 648 

Figure 1.  Sustained inhibition of AP firing and Ca2+ activity by MOR activation.  649 

A, Voltage clamp recording from a POMC neuron showing attenuation of the GIRK current 650 

elicited by ME (10 µM) during a 10-min application. The residual GIRK current is eliminated the 651 

MOR selective antagonist CTAP (500 nM). Dotted lines are overlaid to highlight the baseline 652 

current (bottom dashed line), the peak GIRK current (top dashed line) and the steady-state 653 

GIRK current (middle dashed line) following desensitization. B, Summary data showing the 654 

attenuation of the GIRK current during prolonged ME exposure (n = 6 neurons, 4 animals). C, 655 

Extracellular loose-patch recording of a POMC-Cre neuron expressing GCaMP6f during a 10 656 

min ME (10 µM) application with subsequent reversal by CTAP (500 nM). Top trace shows 657 

action currents recorded in loose-patch with the bottom plot showing AP frequency over time. D, 658 

Summary data of the sustained inhibition of AP frequency by ME (10 µM, n = 6 neurons, 6 659 

animals) over a 10 min application. E, Optical recording of the same neuron as in (C). Top trace 660 

is the F/F0 normalized GCaMP6f fluorescence intensity with measured Ca2+ event frequency 661 

plotted below. In this cell, ME (10 µM) completely eliminated both AP firing and resolvable Ca2+ 662 

events. F, Summary data for the inhibition of Ca2+ events by ME (n = 29 neurons, 5 slices, 3 663 

animals). 664 

 665 

Figure 2.  Blockade of GIRK current by barium fails to prevent the inhibition of Ca2+ 666 

events by MORs or uncover receptor desensitization. 667 

A, GCaMP6f fluorescence recording (F/F0) where Ba2+ (100 µM) was applied prior to ME (10 668 

µM) showing a complete cessation of resolvable Ca2+ events.  B, Summary plot of inhibition of 669 

GCaMP6f events by ME (10 µM) in the presence of 100 µM Ba2+ (n = 22 neurons, 3 slices, 3 670 

animals). C, Experiment as performed in (A), but with [Ba2+] increased to 400 µM.  D, Summary 671 

plot of inhibition of GCaMP6f events by ME (10 µM) in the presence of 400 µM Ba2+ (n = 18 672 
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neurons, 3 slices, 3 animals). E, Experiment as performed in (A), but with [Ba2+] increased to 1 673 

mM.  F, Summary plot of inhibition of GCaMP6f events by ME (10 µM) in the presence of 1 mM 674 

Ba2+ (n = 12 neurons, 2 slices, 2 animals). Only the time point at minute 16 is significantly 675 

different than minute 10.  G, Whole-cell voltage clamp recording of the GIRK current elicited by 676 

ME (10 µM) in the presence of Ba2+ (100 µM) illustrating the blunted GIRK current compared to 677 

Fig. 1A. H, Summary of the magnitude of GIRK currents from POMC neurons elicited by ME (10 678 

µM) alone (n = 11 neurons, 7 animals, black circles) which is significantly reduced in the 679 

presence of 100 μM Ba2+ (n = 8 neurons, 6 animals, black squares). I, Dose-response curves 680 

for the inhibition of GCaMP6f events by ME.  Under control conditions (solid black line) the EC50 681 

was 130 nM, and blockade of AMPA and GABAA receptors (dotted blue line, DNQX and 682 

Picrotoxin, respectively) did not significantly alter the EC50 (90 nM). In the presence of Ba2+ (100 683 

μM) there was a significant, 2-fold rightward shift of the EC50 (270 nM).  684 

 685 

Figure 3.  Blockade of the ME-induced GIRK current by the GIRK selective blocker 686 

Tertiapin-Q fails to prevent the inhibition of Ca2+ events by ME 687 

A, Whole-cell voltage clamp recording from a POMC neuron.  A brief (90 sec) pulse of ME (10 688 

µM) was used to elicit a GIRK current just prior to the addition of the GIRK selective blocker 689 

Tertiapin-Q (500 nM).  Following blockade with Tertiapin-Q, a 3-min pulse of ME was used to 690 

determine the amplitude of the residual GIRK current. B, Dot plot showing the amplitude of the 691 

GIRK current elicited by ME (10 µM) before and after the addition of Tertiapin-Q (500 nM, n = 8 692 

cells, 5 animals). C, Slice average (mean ± SEM) plotting the frequency of GCaMP6f events in 693 

response to ME (10 µM) before and after the addition of Tertiapin-Q (500 nM) to block GIRK 694 

channels. D, Summary data for the inhibition of Ca2+ events by ME (10 µM) in the presence of 695 

500 nM Tertiapin-Q (n = 60 neurons, 9 slices, 3 animals). 696 

 697 
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Figure 4.  Desensitization of the MOR reduces inhibition of Ca2+ events by an EC50 698 

concentration of ME. 699 

A, Normalized (F/F0) fluorescent GCaMP6f recording illustrating the protocol used to detect 700 

MOR desensitization. In the presence of Ba2+ (100 μM), to minimize the GIRK current, a near-701 

EC50 concentration of ME (300 nM) was briefly applied, then washed out. Then a 10 min, ME 702 

(10 µM) application was used to induce MOR desensitization. After washout, a 2nd application of 703 

300 nM ME was used to assess the level of desensitization. B, Slice average (mean ± SEM) for 704 

the experiment in (A). C, Plot of the % inhibition of Ca2+ events before (open circles) and after 705 

MOR desensitization (open squares). Each point is an individual neuron and the horizontal bars 706 

are the mean ± SEM. The mean inhibition of Ca2+ events for the 1st application of 300 nM ME 707 

was significantly greater than the mean inhibition for the 2nd application of 300 nM ME (black 708 

asterisk, n = 30, neurons, 6 slices, 4 animals). D. Same data as in C, paired to show the 709 

downward trend between the 1st and 2nd 300 nM ME application.  710 

 711 

Figure 5.  Blockade of the ME-induced GIRK current by the irreversible antagonist β-CNA  712 

A, Whole-cell voltage clamp recording from a POMC neuron treated for 2-min with β-CNA (50 713 

nM) prior to a 2 min application of ME (10 µM) used to assess GIRK current amplitude. After 714 

washout of ME, Nociceptin (200 nM) was used to activate the GIRK current through the 715 

nociceptin receptor. B, Plot of the amplitude of the GIRK current from individual neurons. 716 

Horizontal bars are mean ± SEM. The mean amplitude of the GIRK current induced by ME 717 

(10µM, open circles, n = 11 neurons, 7 animals) was significantly reduced by β-CNA pre-718 

treatment (50nM, open squares, n = 9 neurons, 6 animals). The mean amplitude of the GIRK 719 

current elicited by Nociceptin (200nM, open triangles, n = 5 neurons, 4 animals) after β-CNA (50 720 

nM) pre-treatment was similar to the current elicited by ME in the absence of β-CNA. 721 

 722 

Figure 6.  Determination of MOR reserve for the inhibition of Ca2+ events by ME.   723 
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A, Slice average (mean ± SEM) plotting the frequency of GCaMP6f events in response to 724 

increasing concentrations of ME (300 nM, 1 µM, & 10 µM) following a 2-min, β-CNA (50 nM) 725 

pre-treatment. GABAA and AMPA receptor blockers (DNQX and Picrotoxin, respectively) were 726 

included throughout the recording to occlude potential effects of pre-synaptic MORs. B, Dose-727 

response curves for the inhibition of Ca2+ events by ME under control conditions, or after 50 or 728 

100 nM β-CNA pre-treatment.  50 nM β-CNA caused a significant rightward shift of the EC50 729 

(control: 95 nM, 50 nM β-CNA: 1260 nM), without a concomitant decrease in the maximal 730 

inhibition, suggest the presence of a large receptor reserve.  100nM β-CNA did not significantly 731 

shift the EC50 (1410 nM) compared to 50nM, but there was a decrease in the maximal inhibition 732 

to 80%.  C, Double reciprocal plot of the concentration of agonist required for equally effective 733 

points on the dose-response curve between control (y-axis) and β-CNA treatments (x-axis) as 734 

used for the Furchgott analysis (Furchgott, 1966), to calculate q, the proportion of receptors still 735 

functional following β-CNA treatment, from the slope of the linear fits. 736 














