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Abstract

A single nucleotide polymorphism (SNP) in the human µ-opioid receptor gene (OPRM1 A118G) 

has been widely studied for its association in a variety of drug addiction and pain sensitivity 

phenotypes; however, the extent of these adaptations and the mechanisms underlying these 

associations remain elusive. To clarify the functional mechanisms linking the OPRM1 A118G 

SNP to altered phenotypes, we used a mouse model possessing the equivalent nucleotide/amino 

acid substitution in the Oprm1 gene. In order to investigate the impact of this SNP on circuit 

function, we used voltage-sensitive dye imaging in hippocampal slices and in vivo 

electroencephalogram recordings of the hippocampus following MOPR activation. As the 

hippocampus contains excitatory pyramidal cells whose activity is highly regulated by a dense 

network of inhibitory neurons, it serves as an ideal structure to evaluate how putative receptor 

function abnormalities may influence circuit activity. We found that MOPR activation increased 

excitatory responses in wild-type animals, an effect that was significantly reduced in animals 

possessing the Oprm1 SNP. Furthermore, in order to assess the in vivo effects of this SNP during 

MOPR activation, EEG recordings of hippocampal activity following morphine administration 

corroborated a loss-of-function phenotype. In conclusion, as these mice have been shown to have 

similar MOPR expression in the hippocampus between genotypes, these data suggest that the 

MOPR A118G SNP results in a loss of receptor function.
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INTRODUCTION

Mu-opioid receptors (MOPR) modulate several pathways including pain and pleasure. The 

A118G single nucleotide polymorphism (SNP) in the µ-opioid receptor gene (OPRM1) has 

been associated with an altered vulnerability to opioid addiction (Drakenberg et al., 2006; 

Ray and Hutchison, 2004; van den Wildenberg et al., 2007), a decreased response to opioid-

induced analgesia (Chou et al., 2006a; Sia et al., 2008), and an enhanced response to 

therapies for alcohol (Anton et al., 2008; Ray and Hutchison, 2007) and nicotine addiction 

(Lerman et al., 2004). Mice possessing the equivalent SNP (A112G) have decreased MOPR 

expression and morphine-evoked behaviors, altered GTPγS binding to the MOPR and 

downstream intracellular signaling cascades, and sex-specific deficits in morphine reward 

(Knapman et al., 2014; Mague et al., 2009; Wang et al., 2014; Wang et al., 2012). 

Additionally, recent studies in humans possessing the A118G SNP (Troisi et al., 2012; Way 

et al., 2010; Way et al., 2009) and in this mouse model of the A118G SNP (Briand et al., 

2015) have shown in parallel that this SNP may have important ramifications for more 

complex behaviors, such as stress resiliency, which would also impact relapse behaviors in 

addiction. However, it has not been determined whether these effects result from decreased 

receptor availability or altered receptor function. For instance, male and female mice 

homozygous for the G112 allele (G/G) show equivalent MOPR expression decreases in 

reward-related brain regions; however, only the females show decreased morphine reward 

((Mague et al., 2009; Wang et al., 2014; Wang et al., 2012).

In order to address if alterations in receptor function were responsible for these changes, we 

evaluated circuit function in the hippocampus, a region displaying similar MOPR expression 

between genotypes and sexes (Mague et al., 2009; Wang et al., 2014; Wang et al., 2012). In 

CA1, MOPRs are predominantly found on somatodendritic and axonal aspects of fast-

spiking, parvalbumin (PV)-containing GABAergic basket cells (Drake and Milner, 1999; 

Drake and Milner, 2002). Activation of MOPRs hyperpolarizes these cells and decreases 

GABAergic neurotransmission, thereby disinhibiting glutamatergic neurons and providing 

net excitatory activity (Glickfeld et al., 2008; Neumaier et al., 1988); for visual, see Figure 

1. As perisomatic GABAergic inhibition can induce fast changes in neuronal polarity and 

gate cell firing at high frequencies (Csicsvari et al., 2003; Uhlhaas and Singer, 2010), 

regulation of excitatory output by PV neurons may underlie network synchrony and gamma-

band oscillatory activity (Whittington and Traub, 2003) and influence memory storage/

retrieval (Montgomery et al., 2009; Montgomery and Buzsaki, 2007). Indeed, loss of 

GABAergic modulation induced by MOPR activation has been shown to reduce high-

frequency oscillations in the hippocampus (Whittington et al., 1998) and cortex (Sun et al., 

2006; Zuo et al., 2007) and mediate conditioned effects of morphine (Rezayof et al., 2007).
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In order to better understand the synaptic and circuit-level alterations conferred by the 

A112G SNP, we employed voltage-sensitive dye imaging (VSDi) techniques in 

hippocampal slice preparations to evaluate opioid-stimulated responses. CA1 pyramidal 

cells supply a clear view of inhibition because they do not generate recurrent excitation; 

accordingly, excitatory postsynaptic potentials (EPSPs) induced by afferents are followed 

almost exclusively by locally-induced inhibitory postsynaptic potentials (IPSPs). As a result, 

CA1 IPSPs form a temporally distinct and measurable VSDi component (Ang et al., 2005; 

Carlson and Coulter, 2008). In these studies, we found that while baseline net circuit activity 

elicited by a single excitatory stimulus was similar between wild-type A/A and G/G mice, 

DAMGO-mediated increases in circuit activity were significantly attenuated in G/G mice, 

suggesting a loss-of-function of the MOPR. Furthermore, in vivo hippocampal EEG 

recordings showed a MOPR loss-of-function in G/G mice following a systemic injection of 

morphine. These data, which support clinical findings of decreased responses to opioidergic 

modulation, demonstrate both ex vivo and in vivo functional receptor deficits resulting from 

this SNP.

MATERIALS AND METHODS

Animals

All experiments utilized adult male and female mice (3–5 months of age; 20–35 g). Estrous 

cycle for female mice was not determined. Mice used in these experiments were either 

homozygous for the A112 (wild-type) or G112 (knock-in) allele [for detailed description of 

generation of Oprm1tm1Jabl mice, see (Mague et al., 2009)]. Briefly, an equivalent N-linked 

glycosylation site to the A118G SNP found in humans was eliminated using site-directed 

mutagenesis in a bacterial artificial chromosome containing the C57BL/6 mouse oprm1. 

This was accomplished by replacing the adenine at nucleotide position 112 with a guanine, 

resulting in an aspartic acid substitution of asparagine at amino acid position 38. These mice 

were maintained on a C57BL/6 background and were bred, group housed, and maintained 

on a 12 h light/dark cycle with food and water available ad libitum in accordance with the 

University of Pennsylvania Animal Care and Use Committee.

Voltage-sensitive dye imaging (VSDi)

VSDi experiments were performed according to previous studies [(Ang et al., 2005; Ang et 

al., 2006); for detailed methodology, see (Carlson and Coulter, 2008)]. Briefly, mice were 

decapitated following isoflurane anesthesia. The brain was removed and horizontal 

hippocampal slices (350 µm) were cut using an Integraslice 7550 PSDS vibrating microtome 

(Campden Instruments, Lafayette, IN) in ice-cold sucrose artificial cerebrospinal fluid 

(ACSF), in which NaCl was replaced with an equiosmolar concentration of sucrose. ACSF 

consisted of 130 mM NaCl, 3 mM KCl, 1.25 mM NaH2PO4, 26 mM NaHCO3, 10 mM 

glucose, 1 mM MgCl2, 2 mM CaCl2 (pH 7.2–7.4 when saturated with 95% O2/5% CO2). 

Slices were then transferred to a static interface chamber (34°C) for 30 min and kept at 22–

25°C thereafter. The osmolarity of all solutions was 305–315 mOsm.

Slices were stained for 20 min with 0.125 mg/ml (in ACSF) of the voltage-sensitive dye 

di-3-ANEPPDHQ (D36801, Invitogen), and imaged in an oxygenated interface chamber 
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using an 80 × 80 CCD camera recording at a 1 kHz frame rate (NeuroCCD: 

RedShirtImaging, Decatur, GA). Epi-illumination was provided by a custom LED 

illuminator. Compared to the more commonly used photodiode array, the CCD chip well 

size (215,000 electrons) requires use of relatively low light-intensities, thereby minimizing 

photodynamic damage. The structures and regions of the slice were identified thusly: SO – 

stratum oriens, SR – stratum radiatum, SLM – stratum lacunosum moleculare, CTX – 

cortex, DG – dentate gyrus. Schaffer collateral stimulation using a single 20-mA, 200-ms 

pulse was administered with the electrode placed in SR near the CA3/CA1 border (Figure 

2a,b). This stimulation protocol was utilized to highlight influences of PV interneurons, as 

these cells have been shown to respond with high reliability to initial, but not repeated, 

afferent input (Pouille and Scanziani, 2004; Spruston, 2008). A field-recording electrode 

was also placed in SR to monitor population responses following stimulation; these data, 

however, were not analyzed or included in this manuscript. After initial electrode-placement 

and evaluation of population responses, the slice was allowed to recover for at least 5 min 

prior to testing. Baseline responses elicited by 12 single-stimulus trials, each separated by 

20s, were recorded during bath application of ACSF. Following these recordings, the control 

ACSF was replaced by ACSF containing the selective MOPR agonist [d-Ala(2),N-Me-

Phe(4),Gly(5)-ol]-enkephalin [DAMGO; 1 mM (Sigma-Aldrich)], which bathed the slice for 

at least 10 min prior to the presentation of 12 single-stimulus trials of 20-mA, 200-ms 

pulses.

VSDi data analyses

VSD data was analyzed in IGOR (Wavemetrics, Lake Oswego, OR) on 12-trial-averages as 

previously described (Ang et al., 2005; Ang et al., 2006). Briefly, fluorescence-changes 

were calculated as the percent change in fluorescence divided by the resting fluorescence 

(%DF/F0). Fitted double exponentials were subtracted from the normalized fluorescence to 

compensate for photobleaching. Raster Plot Quantification: Raster plots were generated by 

plotting the fluorescence signals across an imaginary line drawn through the peak of the 

response from SO to the SLM over the slice image and plotting the fluorescence signal from 

those pixels that fall under the line for all sampling points in time (Figure 2c). To determine 

net excitatory changes resulting from DAMGO administration, we employed a raster plot 

subtraction method that compared pixel-changes before and after DAMGO administration. 

Specifically, we subtracted the DAMGO raster plot (Figure 4aii) from the basal raster plot 

(Figure 4ai), resulting in a representation of the alteration in inhibitory regulation as a result 

of MOPR stimulation (Figure 4aiii). From 2D traces corresponding to average subtracted 

pixel-changes for SO, SR, and SLM, we determined 1) the peak amplitude of disinhibition, 

determined by the greatest change in fluorescence (%ΔF/F0), 2) the duration of 

disinhibition, measured as time (ms) that the loss of inhibition remained elevated, and 3) the 

area under the curve (AUC), which summed the subtracted changes in fluorescence for a 50-

ms window following the stimulation (Figure 4biii). Statistical analyses were performed with 

GraphPad Prism 5.0 software package (GraphPad Software, San Diego, CA). Differences 

between groups (genotype and sex) wereassessed using two-way ANOVAs.
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Surgery for electroencephalogram (EEG) recordings

Male and female A112G mice underwent stereotaxic implantation of bipolar, twisted, 

stainless steel electrodes into region CA1 of the hippocampus (200 µm diameter, Plastics 

One, Roanoke VA). All surgeries used aseptic techniques and were performed with sterile 

gloves and full gown. The surgical field, table and stereotaxic frame were disinfected prior 

to surgery. Animals were anaesthetized with isoflurane and then placed in a stereotaxic 

frame for hippocampal depth electrode placement with continuous isoflurane inhalation by 

facemask. The scalp was cleaned with betadine and a midline incision was made, exposing 

the bregma and lambdoid sutures. Hippocampal depth electrodes (stainless steel) were 

placed using stereotaxic coordinates (AP −1.82 mm, ML 1.10 mm, DV −1.9 mm). The 

electrodes were cemented in place and the animals were kept under a warming light and 

carefully observed until fully awake and mobile.

Recording of EEG activity

Recording of EEG activity was performed between 10AM and 4PM, after a minimum of 

two weeks recovery from surgery. The mice were tested in their home cages, which were 

fitted with special tops to accommodate speakers and electrode cables, and placed inside a 

Faraday cage. The mice were acclimatized to the testing apparatus for 30 min before the first 

stimulus onset. Following a baseline trial, animals were injected with increasing doses (0, 1, 

2, 7, and 20 mg/kg; i.p.) of morphine sulfate (NIDA) dissolved in saline. Subsequently, in 

order to demonstrate that the effects of morphine were mediated by MOPRs, naloxone (1 

mg/kg; i.p.) was co-administered with a second 20 mg/kg injection of morphine. The head 

stage was connected to a three-channel electrode cable, which was connected to a high-

impedance differential AC amplifier (A-M Systems, Carlsborg, Washington, USA). 

Auditory stimuli were generated by Micro1401 hardware and Spike 6 software (Cambridge 

Electronic Design) and delivered through speakers attached to the cage top. All experiments 

were done in the presence of background white noise of 55 dB. For gating experiments, 150 

white-noise clicks pairs (S1, S2) were presented with a 500 msec inter-stimulus interval and 

a 9 second inter-trial interval. EEG signal was bandpass filtered online between 1 and 500 

Hz, and grand average waveforms were created from −500 ms to 1000 ms relative to the 

auditory stimulus. To remove movement artifacts, trials containing activity over 2 SD of the 

mean were rejected. Initial peak analysis was performed in Microsoft Excel (Redmond, 

WA) or Igor (Wavemetrics, OR) on the remaining averaged trials. The baseline was 

corrected at stimulus onset of S1 and S2 independently.

EEG data analysis

Spectral decomposition of auditory-evoked response waveforms were performed using the 

EEGLab toolbox in Matlab (Delorme and Makeig, 2004), as published previously (Gandal 

et al., 2010). Single-trial epochs between −0.1 and 0.2 seconds relative to the first stimulus 

(S1) were extracted from the continuous EEG data sampled at 1667 Hz. For each epoch, 

total power (i.e., event-related spectral perturbation, ERSP) was calculated using Morlet 

wavelets in 100 linearly spaced frequency bins between 2.0 and 100 Hz, with wavelet cycles 

increasing from 3 (at low frequencies) to 6 (at high frequencies). Total power was calculated 

in decibels (dB) relative to baseline power (−100 to 0 ms) in each frequency band. Data 
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from specific time and frequency windows were extracted as the average power for each 

window. For comparisons of group level data, only saline, 20mg/kg morphine, and 20mg/kg 

morphine + Naloxone were considered. Since the differential effect of genotype on 

morphine’s ability to modulate responses was of primary interest and total power at baseline 

(saline condition) was not different between A/A and G/G mice, results for the 20mg/kg 

morphine condition and 20mg/kg morphine + Naloxone conditions were normalized to the 

saline condition. A repeated measures mixed-model (genotype × condition) ANOVA 

assessed significance of power changes (IBM SPSS Statistics, Version 22, IBM Corp, 

Armonk, NY); pairwise comparisons were deduced using least squares differences.

RESULTS

Quantification of baseline responses

To evaluate differences in circuit responses to afferent activity, compound population 

responses in CA1 were induced with a single 20-µA, 200-µs pulse delivered to Schaffer 

collateral axons passing through SR of CA1. VSDi of area CA1 recorded an evoked fast 

depolarization followed by a rapid repolarization (Figure 2), reflecting responses at the 

single-cell level (Ang et al., 2005; Ang et al., 2006; Carlson and Coulter, 2008). As 

previously validated, these alterations in fluorescence depict net functional changes in 

neuronal activity, which have been shown to be comparable to AMPA/NMDA-mediated 

EPSPs and GABA-mediated IPSPs measured by intracellular electrophysiological 

techniques (Ang et al., 2005; Ang et al., 2006; Carlson and Coulter, 2008). The initial 

depolarization, which directly activated CA1 dendrites and local interneurons, propagated to 

distal regions of SR and outwards towards SLM and SO and was followed by a longer 

hyperpolarization. This can be visualized spatially in snapshots of the averaged peak 

excitatory (Figure 2bi) or inhibitory (Figure 2bii) responses and temporally as 2D traces of 

fluorescence changes over time (Figure 2d) or raster plots of activity, which show changes 

in fluorescence across space and time (Figure 2c).

A112 and G112 animals, both male and female, displayed similar VSDi responses to 

Schaffer collateral stimulation under basal conditions (Figure 3). However, in SR, there was 

a significant reduction in the peak amplitude of the response in G112 animals regardless of 

sex (main effect of genotype, F1,19 = 5.26, p < 0.05; Figure 3c). While a trend was observed 

in the SO peak amplitude in response to Schaffer collateral stimulation in females (Figure 

3a), this effect was not significant.

Analysis of DAMGO-mediated response-changes

To determine if the A112G SNP alters hippocampal circuit activity during MOPR 

stimulation, we first examined responses following application of the highly specific MOPR 

agonist DAMGO (1 mM) and normalized these to each animal’s basal response. In 

accordance with previous studies (McQuiston, 2007; McQuiston and Saggau, 2003) and 

expectations for agents that inhibit GABAergic release, we found increases in neuronal 

activation following DAMGO administration in wild-type mice (Figure 4a).
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In order to compare baseline and DAMGO-mediated responses, we subtracted the raster plot 

pixel-changes following DAMGO application from the raster plot responses observed under 

basal conditions in order to highlight the loss of inhibition due to MOPR-stimulated GABA 

inactivation. Since MOPR stimulation with DAMGO effectively decreases GABA 

transmission, any increase in excitatory events must have occurred due to this reduction in 

inhibitory modulation; the subtracted raster plots illustrate this MOPR-mediated loss of 

inhibition. An advantage of this approach is that it allowed us to more reliably compare drug 

treatment effects across genotypes and sexes. By subtracting the actual pixel responses 

between sessions, we eliminated the requirement for excessive numerical transformations 

and were able to analyze 2D traces quantified directly from the subtracted plot.

Comparing the subtracted raster plots between genotypes and sexes showed that while all 

groups showed an initial decrease in inhibitory modulation following DAMGO application, 

the wild-type animals had an elevated and prolonged response compared to the G/G mice 

(Figure 4c). Indeed, these observations were supported by quantification of raster plots for 

each of the regions within CA1. In order to identify differences between groups, we used a 

2D trace of the subtracted pixel-changes over time for each region of CA1 and measured the 

peak amplitude and duration of the response in addition to the area under the curve (AUC) 

(Figure 5). In the SO, there were significant reductions in the ability of DAMGO to 

disinhibit excitatory responses both in G/G animals and in females, without an interaction 

between these effects. The G/G genotype and the females showed reduced disinhibition 

compared to their respective counterparts for the peak amplitude (main effects of genotype, 

F1,19 = 7.45, p < 0.05 and sex, F1,19 = 6.30, p < 0.05; Figure 5a), duration (main effects of 

genotype, F1,19 = 22.58, p < 0.001 and sex, F1,19 = 6.05, p < 0.05; Figure 5b), and the AUC 

(main effects of genotype, F1,19 = 20.68, p < 0.001 and sex, F1,19 = 9.94, p < 0.01; Figure 

5c).

We found a similar pattern in the SR, in which there was a significant reduction in the 

ability of DAMGO to disinhibit excitatory responses in G/G animals, as demonstrated by 

decreases in the peak amplitude (main effect of genotype, F1,19 = 13.76, p < 0.01; Figure 

5d), duration (main effect of genotype, F1,19 = 47.12, p < 0.0001; Figure 5e), and the AUC 

(main effect of genotype, F1,19 = 22.37, p < 0.001; Figure 5f). There was also a main effect 

of sex for the duration of response, in which the females of both genotypes showed reduced 

disinhibition compared to their male counterparts (main effect of sex, F1,19 = 10.67, p < 

0.01; Figure 5e); there was not, however, an interaction between genotype and sex main 

effects. Another advantage of this analysis was that it allowed us to evaluate differences in 

SLM, a region that, due to its lower basal responses, we could not otherwise have analyzed. 

Though the responses for all groups were lower in this region compared to the SR and SO, 

there was still a significantly reduced disinhibition in the SLM for the G/G animals for the 

peak (main effect of genotype, F1,19 = 6.30, p < 0.05; Figure 5g), duration (main effect of 

genotype, F1,19 = 8.42, p < 0.05; Figure 5h), and AUC (main effect of genotype, F1,19 = 

18.76, p < 0.001; Figure 5i).

Mague et al. Page 7

Neuropharmacology. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



EEG

MOPRs located on terminals of PV interneurons can strongly modulate oscillatory activity 

of the hippocampus (Gulyas et al., 2010). Indeed, recent work has demonstrated that PV 

cells are critical for the generation of gamma oscillations in the hippocampus and neocortex 

(Fuchs et al., 2007; Lodge et al., 2009). In order to test if CA1-specific A118G differences 

in MOPR modulation of inhibition examined in vitro are reflected in gamma-band brain 

activity recorded in vivo, mice were implanted with low impedance hippocampal depth 

electrodes to measure EEG activity. Using an auditory stimulus protocol, tone-evoked 

gamma-band power was evaluated before and after an acute injection of morphine. At 

baseline (saline condition), total gamma power did not differ between genotypes (A/A vs 

G/G; T36.31=0.9552, p = 0.34). In order to investigate the change in responses following 

MOPR activation, EEG power following morphine injection and morphine + Naloxone 

injection were normalized to the baseline data. Similar to prior work in rats (Zuo et al., 

2007), we found that morphine (20 mg/kg, i.p.) reduced auditory-evoked gamma activity in 

the range of 31 to 51 Hz in all mice. However, this response was significantly reduced in 

G/G animals (genotype × condition interaction: F1,38 = 4.49, p < 0.05; Figure 6a,b). Co-

administration of naloxone (1 mg/kg; i.p.) reversed the effect of morphine similarly in all 

animals (Figure 6c). As such, EEG recordings demonstrate a differential reduction in 

Gamma activity in after MOPR activation dependent on A112G substitution. This specific 

reduction in gamma activity after MOPR activation is consistent with the cell-type specific 

localization of these receptors (Drake and Milner, 1999; Drake and Milner, 2002), and 

previous in vivo findings (Zuo et al., 2007). The reduced effect of morphine in G/G mice is 

consistent with the loss-of-function phenotype identified in the hippocampal slice 

preparation.

DISCUSSION

MOPR stimulation in the hippocampus increases net excitatory activity by decreasing 

GABAergic inhibition from local interneurons, resulting in the disruption of pyramidal cell 

firing synchrony and an alteration in hippocampal function (Faulkner et al., 1998). A 

common SNP in the gene encoding the MOPR has been shown to alter a variety of 

behaviors and drug responses in clinical populations [for review, (Mague and Blendy, 

2010)] and in animal models (Barr and Goldman, 2006; Mague et al., 2009; Ramchandani et 

al., 2010; Zhang et al., 2014). Neither the extent of these changes nor the mechanisms 

mediating the effects are completely understood. We used VSDi techniques to investigate 

circuit changes in the hippocampus in order to determine if functional alterations resulting 

from this SNP could better inform results from previous clinical and preclinical studies. 

Additionally, we utilized in vivo EEG recordings to evaluate changes in oscillatory activity 

in the hippocampus in awake animals that were acutely administered opiates. Overall, we 

found that the augmentation of excitatory responses elicited by opiate administration in 

wild-type animals was reduced in animals homozygous for the G112 allele. This reduction 

was particularly striking in raster plot subtraction analyses in which DAMGO-mediated 

responses of individual pixels were subtracted from basal responses, revealing the loss of 

inhibition caused by the MOPR activation. Similar results were found when evaluating 

hippocampal circuitry in vivo: reductions in gamma band activity caused by MOPR 
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activation were decreased in G/G mice. Furthermore, our data suggests that the A112G SNP 

results in the reduced functionality of the receptor, as it has been shown that MOPR 

expression levels in the hippocampus are similar between genotypes and sexes in A112G 

mice (Mague et al., 2009; Wang et al., 2014; Wang et al., 2012; Zhang et al., 2014).

Ex Vivo VSDi Recordings Demonstrate that the MOPR A112G SNP Results in a Loss of 
MOPR Functionality and Altered Hippocampal Circuitry Evoked Responses

While baseline responses were similar between genotypes and sexes, there was a 

significantly lower peak response in the SR in the G/G animals. This could result from 

enhanced tonic GABAergic activity, possibly suggesting either a reduction in efficacy of 

endogenous MOPR modulation of GABA activity or, alternatively, a reduction in 

endogenous opioidergic tone in G/G animals. However, this effect was not seen for other 

measures of responses in the SR or SO, suggesting only a subtle consequence of these 

potential baseline alterations. Similarly, previous behavioral work with these mice did not 

uncover robust baseline differences, but only reductions in morphine-mediated behaviors 

(Mague et al., 2009).

Despite similar basal responses, there was a pronounced difference between genotypes 

following application of DAMGO. Raster plot subtraction analysis revealed robust MOPR 

deficits in the G/G animals in all CA1 regions tested. Though both genotypes showed an 

initial peak disinhibitory effect of DAMGO, this response was more intense and prolonged 

in A/A animals. Since the extent and duration of responses seem to be most affected, these 

data suggest that there could potentially be alterations in the desensitization or trafficking of 

the receptor.

In these experiments, we also found significant reductions in the female responses to MOPR 

activation compared to males, regardless of genotype. This was not surprising given the 

frequency of reported sex-differences in response to opioid administration (Craft, 2008). 

Opioids have been shown to be more efficacious in males compared to females in both 

rodent (Kepler et al., 1989) and human (Cepeda and Carr, 2003) studies investigating sex-

differences in the analgesic properties of opioids. In contrast, female rats respond more 

robustly to the rewarding properties of opioids (Cicero et al., 2003) and women are more 

likely to abuse prescription opioid analgesics (Roe et al., 2002). Specifically in the 

hippocampus, ovarian steroid hormones have been shown to influence levels of opioid 

peptides (Roman et al., 2006; Williams et al., 2011) and the availability of MOPRs on the 

surface of PV cells (Torres-Reveron et al., 2009). In contrast to our previous studies, 

however, we did not demonstrate interactions between genotype and sex. This could suggest 

that differences in CA1 responses to MOPR activation may not directly underlie the sex-

specific reduction in morphine-conditioned place-preference studies (Mague et al., 2009).

Since VSDi responses show net activity of entire circuits, we were unable to isolate 

responses of specific subpopulations of interneurons and, thus, cannot unequivocally ascribe 

our findings to MOPR modulation of PV basket cells. However, previous studies have 

shown that MOPRs are found predominantly on these interneurons (Drake and Milner, 

1999; Drake and Milner, 2002) and that stimulation of these cells disinhibits glutamatergic 

dendrites (Glickfeld et al., 2008). This is supported by the findings provided by the 
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stimulation protocol utilized in these studies, in which a single 200-ms pulse was 

administered, as the PV interneurons have been shown to respond with high reliability to 

initial, but not repeated, afferent input (Pouille and Scanziani, 2004; Spruston, 2008). Also, 

GABAA receptors located opposite PV cell terminals produce IPSPs that rise and decay very 

rapidly (Klausberger et al., 2002; Lavoie et al., 1997). Indeed, other studies evaluating 

MOPR-mediated elevations of CA1 responses to Shaffer collateral stimulation found that 

paired current pulses, similar to the single pulses utilized in the present studies, were 

mediated by GABAA receptors (McQuiston and Saggau, 2003), while DAMGO-induced 

augmentations of CA1 responses following prolonged stimulation were mediated by 

GABAB receptors (McQuiston, 2007). These features of PV-containing, fast-spiking 

interneurons enable them to induce a reliable and brief, yet intense, somatic shunting of 

postsynaptic conductance (Bartos et al., 2007; Vida et al., 2006). Thus, reduced PV 

interneuron inhibition is a plausible explanation for the augmentation of CA1 responses 

following DAMGO administration in these current experiments. The reduced disinhibition 

demonstrated by the G/G animals following DAMGO administration suggests a disruption 

in MOPR modulation of these PV interneurons resulting from the A112G SNP.

In Vivo EEG Electrophysiological Recordings Also Demonstrate that the MOPR A112G 
SNP Results in Altered Hippocampal Responses

A consequence of the increase in excitatory responses demonstrated in wild-type mice could 

be a reduction in both neuronal synchrony and the formation of high-frequency oscillatory 

activity. Indeed, PV interneurons have been shown to be important in generating gamma-

band oscillations in the hippocampus (Bartos et al., 2007; Fuchs et al., 2007). Given the 

reduced MOPR-mediated augmentation of responses in the G/G animals, we would predict 

that reductions in gamma-activity resulting from MOPR activation (Sun et al., 2006; Zuo et 

al., 2007) would be decreased in these animals. Our findings support this prediction. 

Gamma-band power was decreased in all mice after administration of morphine, though 

blunted in G/G mice. Naloxone blocked all gamma frequency-related effects of morphine 

for both genotypes, suggesting that the reductions in gamma were mediated by actions at the 

MOPR. It should be noted, however, that as we did not measure the effects of naloxone 

alone, we cannot conclude unequivocally that the reversal in gamma responses results from 

the blockade of morphine action and not some other mechanism, such as inhibition of 

endogenous opioids. However, while one study did find significant effects of naloxone alone 

in monkeys on EEG measures (Ehlers, 1989), similar studies have found no effect of 

naloxone alone in vitro (Lynch, Jensen, McGaugh, Davila, & Oliver, 1981), in conscious 

rats (Coltro Campi & Clarke, 1995; Tortella, Moreton, & Khazan, 1978), or in children 

(Nalin, Petraglia, Genazzani, Frigieri, & Facchinetti, 1988), suggesting that naloxone’s 

effects in the EEG studies were most likely due to blockade of the exogenously administered 

morphine.

Clinical studies, as well as those in rodents and non-human primates, have shown that 

reductions in evoked gamma power are an intermediate phenotype with broad relevance to 

neuropsychiatric disorders, pain sensitivity and, in the hippocampus, cognition (Carlson et 

al., 2011; Uhlhaas and Singer, 2011). Thus, these EEG data provide initial evidence those 

differences in sensitivity shown in vitro may act via PV-cells to mediate some of the 
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behavioral phenotypes associated with the A118G allele. Additionally, because similar EEG 

studies can be performed in humans, the EEG phenotype provides a framework for 

translating neurophysiological and behavioral correlates from the A118G mouse model to 

identifying functional neural substrates underlying the A118G genotype and behavior 

interaction identified humans.

Conclusions

We observe an alteration in hippocampal function as a result of the Mu Opioid Receptor 

SNP, A112G, and the reduced effect of DAMGO and morphine in G/G animals further 

supports a loss-of-function of the MOPR as a consequence of this SNP. Previous work with 

this mouse line has provided evidence for reduced MOPR expression and decreased 

behavioral responses to acute morphine administration; likewise, clinical findings have 

demonstrated a reduced response to the analgesic properties of opioids (Chou et al., 2006b; 

Sia et al., 2008). In support of these findings, authors often cite in vitro studies showing 

decreases in MOPR expression (Befort et al., 2001; Zhang et al., 2005). However, the 

present data were derived from evaluation of MOPR function in the hippocampus, which 

possesses equivalent MOPR expression between genotypes and sexes as demonstrated using 

RT-PCR (Mague et al., 2009) and quantitative in vitro autoradiography (Wang et al., 2014; 

Wang et al., 2012). From our data, it appears that the strong disinhibition controlled by 

MOPRs on interneurons of the hippocampus is absent, therefore leading us to conclude that 

this polymorphism represents a “loss of function” phenotype in the context of hippocampal 

microcircuitry (Figure 1). While others have observed that MOPRs in cultured cells perhaps 

follow a gain of function phenotype (Bond et al., 1998; Margas et al., 2007), these models 

do not possess well-organized circuits and therefore do not accurately reflect complex brain 

structures. In contrast, our ex vivo slices maintain microcircuitry and are representative of a 

“loss of function” phenotype at the circuitry level, which is closely paralleled by our in vivo 

EEG hippocampal findings following systemic administration of opiates. We posit that the 

loss of function in our microcircuitry model occurs due to the reduced inhibitory drive onto 

pyramidal cells (Figure 1). However, the mechanism underlying changes in receptor 

function remains unknown. Attempts to identify changes in agonist binding, protein 

coupling, downstream signaling, and receptor trafficking have not produced conclusive 

evidence for the specific deficit [for review, see (Knapman and Connor, 2014)]. For 

instance, in whole-cell patch-clamp studies using a mouse line possessing humanized A/A or 

G/G alleles, Mahmoud and colleagues found a functional reduction of voltage-gated Ca2+ 

activation following morphine administration in isolated sensory neurons from G/G animals 

(Mahmoud et al., 2011), consistent with a loss of function of the receptor. In separate 

experiments using this A112G mouse line, a reduction in GTPγS binding was detected in 

several brain regions (Wang et al., 2014). In addition, human positron emission topography 

studies have demonstrated a decreased binding potential of [11C]carfentanil, indicating a 

reduced MOPR availability, in those with the G allele (Ray et al., 2011; Weerts et al., 2013). 

Together, these results suggest deficits in the early stages of binding and signal transduction 

and would be consistent with the immediate changes seen after acute MOPR agonist 

administration. However, these data do not rule out other changes to protein binding, 

downstream signaling, internalization, or dimerization. Future studies specifically aimed at 

these characteristics will help elucidate the mechanisms whereby this polymorphism 
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disrupts MOPR function. In summary, the modeling of this SNP in mice identified reduced 

function in the absence of reduced expression and suggests that human SNPs may have 

more complex consequences on phenotypes than previously appreciated.
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• MOPR activation increased excitatory responses in wild-type animals

• This effect was significantly reduced in animals possessing the Oprm1 SNP

• In vivo EEG recordings during morphine administration corroborated a loss of 

function phenotype

• These data suggest that the MOPR A118G SNP results in a loss of function at 

the circuit level
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Figure 1. Schematic highlighting MOPR role in hippocampal circuit
(A, B) Shaffer Collateral projections (represented by dotted line) from pyramidal cells in 

CA3 synapse with dendrites of CA1 pyramidal cells as well as local inhibitory interneurons 

(shown in blue). A) Thus, stimulating CA3 axons (1) will produce direct activation of CA1 

dendrites (2) as well as indirect (i.e., feed-forward) inhibition of these dendrites/cell b odies 

through GABAergic interneuron activation (3). B) MOPR activation (e.g., with DAMGO or 

morphine) during CA3 axonal firing (1) will decrease GABA release from the interneuron 

(3), resulting in a net increase in excitatory influences on CA1 pyramidal cells (2).
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Figure 2. VSDi procedure, quantification, and analysis
(a) A diagram of hippocampus circuitry illustrates the stimulus protocol utilized in this 

study. A stimulating electrode was placed in the Shaffer collateral axons from CA3 

pyramidal cells and a recording electrode was placed in the distal end of SR in CA1. The 

light gray line represents the pyramidal cell layer and the dotted black line delineates the 

path of the Shaffer collateral axons. The dark gray box depicts the area visualized in b(b) 
Horizontal slices containing the hippocampus were visualized under a 10× lens. The black 

triangles show the stimulating electrode placement and the white triangle shows the 

placement of the recording electrode. The structures and regions are labeled thusly: SO – 

stratum oriens, SR – stratum radiatum, SLM – stratum lacunosum moleculare, CTX – 

cortex, DG – dentate gyrus. The average normalized pixel-changes for the duration indicated 

following stimulation demonstrates the peak excitatory (bi) and inhibitory (bii) responses for 

a representative wild-type animal. Changes in membrane voltage are illustrated in red 

(excitation) or blue (inhibition). The black line corresponds to the raster plot shown in c(c) 
Raster plots corresponding to the pixels along the black line drawn in figure 2b show the 

average pixel-changes over time for the SO, SR, and SLM during baseline. Changes in 

membrane voltage are illustrated in red (excitation) or blue (inhibition). (d) A 2D trace of 

the SR region from c.
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Figure 3. Baseline responses
There were no differences between genotypes or sexes in the SO for amplitude (a) or tau 

(b). In the SR, there was a significant reduction in the peak excitation for G/G mice (c) but 

not for the tau (d). All data are presented as mean ± SEM, n = 5; * p < 0.05 compared to 

A/A.
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Figure 4. Raster plot subtraction analyses
(a) Raster plots corresponding to the pixels along the black line drawn in figure 2b show the 

average pixel-changes over time for the SO, SR, and SLM during baseline (ai) or DAMGO 

application (aii). Subtraction of the baseline plots from the DAMGO plots shows the net 

disinhibition resulting from MOPR activation (ciii). Changes in membrane voltage are 

illustrated in red (excitation) or blue (inhibition). (b) A 2D trace of the SR region shows the 

quantification of subtracted raster plots. The amplitude was determined by the peak 

disinhibitory response. The duration, shown as the horizontal dashed red line, measured the 
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time (ms) during which disinhibition was elevated above noise. The area under the curve 

(AUC; diagonal red lines) was calculated for a 50-ms window following stimulation. For all 

2D plots, the scales of response amplitudes correspond to the numerical axis of the color 

scales drawn to the left of each trace. (c) Representative subtracted raster plots for A/A male 

(ci), A/A female (cii), G/G male (ciii), and G/G female (civ) show the loss of inhibition 

resulting from DAMGO administration.
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Figure 5. DAMGO-mediated inhibition is reduced in G/G animals
(a) Analysis of 2D traces from each strata of CA1 reveals alterations in genotype or sex 

responses to DAMGO administration. In the SO, both the G/G animals and females, each 

compared to their respective counterparts, showed decreases in the amplitude (a), duration 

(b) and AUC (c). In the SR, G/G animals showed reductions in amplitude (d), duration (e), 
and AUC (f); additionally, there was a significant reduction in females compared to males 

for duration only (e). In the SLM, levels of disinhibition were lower compared to the other 

CA1 regions; however, G/G animals still showed a decreased response to DAMGO 

administration measured by the amplitude (g), duration (h), and AUC (i). All data are 

presented as mean ± SEM, n = 5; * p < 0.05, ** p < 0.01, *** p < 0.001, † p < 0.0001 

compared to A/A; + p < 0.05 compared to males.
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Figure 6. G/G mice exhibit reduced gamma-related responses to MORP activation
A) Total power response for representative A/A (top) and G/G (bottom) mice, for Saline 

(left), 20 mg/kg Morphine (center), and 20 mg/kg Morphine + 1mg/kg Naloxone (Nal) 

(right). Note the decrease in high frequency (gamma) activity (box 1). This did not occur at 

lower frequencies (box 2). B) Group average results for gamma activity (31–51 Hz), * = p < 

0.05 compared to A/A C) Group Average results for low frequency 6– 11 Hz, demonstrate 

no significant group differences. B and C are presented as mean ± SEM, n = 8–11.
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