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Mu-Opioids Suppress GABAergic Synaptic Transmission
onto Orbitofrontal Cortex Pyramidal Neurons with
Subregional Selectivity
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The orbitofrontal cortex (OFC) plays a critical role in evaluating outcomes in a changing environment. Administering opioids
to the OFC can alter the hedonic reaction to food rewards and increase their consumption in a subregion-specific manner.
However, it is unknown how mu-opioid signaling influences synaptic transmission in the OFC. Thus, we investigated the cel-
lular actions of mu-opioids within distinct subregions of the OFC. Using in vitro patch-clamp electrophysiology in brain slices
containing the OFC, we found that the mu-opioid agonist DAMGO produced a concentration-dependent inhibition of
GABAergic synaptic transmission onto medial OFC (mOFC), but not lateral OFC (lOFC) neurons. This effect was mediated
by presynaptic mu-opioid receptor activation of local parvalbumin (PV1)-expressing interneurons. The DAMGO-induced sup-
pression of inhibition was long lasting and not reversed on washout of DAMGO or by application of the mu-opioid receptor
antagonist CTAP, suggesting an inhibitory long-term depression (LTD) induced by an exogenous mu-opioid. We show that
LTD at inhibitory synapses is dependent on downstream cAMP/protein kinase A (PKA) signaling, which differs between the
mOFC and lOFC. Finally, we demonstrate that endogenous opioid release triggered via moderate physiological stimulation
can induce LTD. Together, these results suggest that presynaptic mu-opioid stimulation of local PV1 interneurons induces a
long-lasting suppression of GABAergic synaptic transmission, which depends on subregional differences in mu-opioid recep-
tor coupling to the downstream cAMP/PKA intracellular cascade. These findings provide mechanistic insight into the oppos-
ing functional effects produced by mu-opioids within the OFC.
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Significance Statement

Considering that both the orbitofrontal cortex (OFC) and the opioid system regulate reward, motivation, and food intake,
understanding the role of opioid signaling within the OFC is fundamental for a mechanistic understanding of the sequelae for
several psychiatric disorders. This study makes several novel observations. First, mu-opioids induce a long-lasting suppression
of inhibitory synaptic transmission onto OFC pyramidal neurons in a regionally selective manner. Second, mu-opioids recruit
parvalbumin inputs to suppress inhibitory synaptic transmission in the mOFC. Third, the regional selectivity of mu-opioid
action of endogenous opioids is due to the efficacy of mu-opioid receptor coupling to the downstream cAMP/PKA intracellu-
lar cascades. These experiments are the first to reveal a cellular mechanism of opioid action within the OFC.

Introduction
The orbitofrontal cortex (OFC) plays a critical role in the evalua-
tion of outcomes (rewards) in a changing environment. For
example, the OFC is required to update actions when the value
of a reward, such as food, changes with internal state (for review,
see Izquierdo, 2017). OFC neurons respond to food-predicting
cues and can remain responsive after extinction of the cue–
reward association, suggesting that these neurons hold long-term
memories of cue–reward associations (Namboodiri et al., 2019).
The OFC in rodents is located within the dorsal bank of the ros-
tral rhinal sulcus and rostrally adjacent to the agranular insular
areas, and can be subdivided into medial OFC (mOFC), ventral
OFC (vOFC), ventrolateral OFC (vlOFC), lateral OFC (lOFC)
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and dorsolateral OFC (dlOFC) areas, which were identified by
their proximity to the rhinal sulcus (ventral) and midline
(Krettek and Price, 1977; Ray and Price, 1992; Ongür and Price,
2000). Subregions of the OFC differ based on afferent and effer-
ent projections. Specifically, different thalamic nuclei project to
the mOFC compared with the lOFC (Hunnicutt et al., 2014).
Furthermore, the mOFC sends strong projections to the nucleus
accumbens core, whereas the lOFC sends significant projections
to the dorsal striatum (Gremel and Costa, 2013; Murphy and
Deutch, 2018). While both the mOFC and lOFC send projections
to the basolateral amygdala (BLA), the mOFC to BLA projection,
but not the lOFC to BLA projection, is necessary for reward
value retrieval (Malvaez et al., 2019), suggesting a functional seg-
regation of these regions. Consistent with this idea, lesion studies
in mice highlighted the mOFC in facilitation of goal-directed
response inhibition, whereas the lOFC enables the acquisition of
novel choices based on previous information and delays the
extinction of goal-directed behavior (Gourley et al., 2010).
Because there are a limited number of projections from the
vOFC and mOFC to the lOFC (Hoover and Vertes, 2011), it has
been proposed that the lOFC may rely less on corticocortical sig-
nals and instead primarily receive sensory information about
cues to help guide outcome valuation (Izquierdo, 2017). These
findings reveal the heterogeneity of the afferent and efferent pro-
jections of the OFC and suggest possible functional segregation
between the OFC subregions.

The endogenous opioid system is also involved in the reward
processing of food stimuli. Within the OFC, mu-opioid receptor
availability is associated with anticipatory reward responses to
palatable food (Nummenmaa et al., 2018). The mu-opioid recep-
tor is abundantly expressed in the OFC (Mansour et al., 1995),
and its signaling cascade is activated by the highly selective mu-
opioid receptor peptide agonist DAMGO. Microinjections of
DAMGO into the OFC enhances both hedonic orofacial affective
responses, as well as the consumption of food rewards (Mucha
and Iversen, 1986; Badiani et al., 1995; MacDonald et al., 2004;
Mena et al., 2011; Castro and Berridge, 2017). However, there is
heterogeneity in this functional mu-opioid action depending on
location within the OFC. In addition to a hedonic “hotspot”
found in the anterior mOFC, there is an oppositely valenced
“coldspot” in the posterior lOFC, such that mu-opioid applica-
tion suppresses hedonic orofacial reactions to sucrose (Castro
and Berridge, 2017). These anatomically distinct functional
effects suggest that there are subregional variations in mu-opioid
receptor action across the OFC. However, the cellular mecha-
nisms underlying these differential effects by mu-opioids are
unknown.

The excitability of pyramidal neurons is importantly modu-
lated by local GABAergic interneurons, where mu-opioids act
via an indirect process of disinhibition to excite these principal
neurons (Zieglgänsberger et al., 1979; Madison and Nicoll, 1988;
McQuiston and Saggau, 2003). While DAMGO suppresses in-
hibitory synaptic transmission in the vlOFC (Qu et al., 2015), its
precise cellular mechanism of action across other OFC subre-
gions is unknown. Given the distinct anatomic and functional
differences between subregions of the OFC, we hypothesized
that mu-opioids affect inhibitory synaptic transmission within
the OFC in a regionally selective manner. To test this, we used in
vitro patch-clamp electrophysiology to investigate the cellular
actions of mu-opioids on inhibitory GABAergic transmission
within the medial and lateral OFC.

Materials and Methods
Animals. All protocols were in accordance with the ethical guidelines
established by the Canadian Council for Animal Care and were approved
by the University of Calgary Animal Care Committee. Male C57BL/6
mice were obtained from Charles River Laboratories and were housed in
groups of three to five. Male and female PV-cre mouse line (B6 PVcre;
catalog #017320, The Jackson Laboratory) were obtained from the
Zamponi laboratory (Clara Christie Center for Mouse Genomics,
University of Calgary). Mice were maintained on a 12 h light/dark
schedule (lights on at 8:00 A.M. Mountain Standard Time) and were
given food and water ad libitum. All experiments were performed dur-
ing the light cycle of the animals.

Electrophysiology. All electrophysiological recordings were performed
in slice preparations from either male C57BL/6 mice or male/female PV-
cre mice (postnatal day 60–90). Briefly, mice were anaesthetized with
isoflurane and were intracardially perfused with ice-cold, N-methyl-D-
glucamine (NMDG) solution of the following composition (in mM): 93
NMDG, 2.5 KCl, 1.2 NaH2PO4.H2O, 30 NaHCO3, 20 HEPES, 25 D-glu-
cose, 5 sodium ascorbate, 3 sodium pyruvate, 2 thiourea, 10
MgSO4.7H2O, and 0.5 CaCl2.2H2O. Mice were then decapitated, their
brains extracted, and coronal sections (250mm) containing OFC were
cut in ice-cold NMDG solution using a vibratome (Leica). Slices recov-
ered in warm NMDG solution (32°C) for 10min, before being trans-
ferred to a long-term holding chamber containing artificial CSF (ACSF)
of the following composition (in mM): 126 NaCl, 1.6 KCl, 1.1 NaH2PO4,
1.4 MgCl2, 2.4 CaCl2, 26 NaHCO3, and 11 glucose (32–34°C). All solu-
tions were saturated with 95% O2/5% CO2. Before recording, slices were
transferred to a chamber on an upright microscope (model BX51WI,
Olympus) containing ACSF, and cells were visualized using Dodt gradi-
ent contrast microscopy. Pyramidal neurons within the superficial layers
of the prefrontal cortex are involved in processing long-range inputs
from other regions, including the midline thalamus, basolateral amyg-
dala, and ventral hippocampus (Little and Carter, 2012). Layer II/III py-
ramidal neurons are particularly well positioned to integrate these
synaptic inputs. Therefore, we recorded layer II/III pyramidal neurons
from the mOFC or lOFC. For recordings from the mOFC, only neurons
located ;100–300mm lateral to the midline and 100–500mm dorsal to
the rhinal sulcus were considered. For recordings from the lOFC, only
neurons located ;100–300mm dorsal to the rhinal sulcus and ;1100–
1500mm lateral from the midline were considered. Layer II/III pyramidal
neurons were identified by morphologic characteristics of large soma
size and triangular-shaped appearance, as well as electrophysiological
properties of high capacitance and low input resistance. Whole-cell volt-
age-clamp recordings of neurons were made using a MultiClamp 700B
amplifier (Molecular Devices). Recording electrodes (3–5 MV) were
filled with a high chloride, cesium-based internal solution of the follow-
ing composition (in mM): 80 CsCH3SO3, 60 CsCl, 10 HEPES, 0.2 EGTA,
1 MgCl2, 2 MgATP, 0.3 NaGTP, and 5 QX-314-Cl, pH 7.2–7.3, ;285–
290 mOsm. Series resistance (10–25 MV) and input resistance were
monitored online with a �10mV depolarizing step (400ms) given
before every afferent stimulus.

Neurons were voltage clamped at �70mV, and inhibitory GABAA-
mediated IPSCs were pharmacologically isolated with the AMPA/
kainate receptor antagonist DNQX (10 mM) and the glycine receptor an-
tagonist strychnine (1 mM). In the majority of experiments, electrically
evoked IPSCs (eIPSCs) from intralaminar afferents were elicited at
0.1Hz using a bipolar tungsten-stimulating electrode placed either 100–
300mm dorsal of the recorded mOFC neuron or 100–300mm lateral of
the recorded lOFC neuron. In some experiments, optically evoked IPSCs
(oIPSCs) were elicited using a 470 nm LED light flash (4–5 mW;
Thorlabs) via the microscope objective. IPSCs were filtered at 2 kHz,
digitized at 10 kHz, and collected using pCLAMP 10 software. In other
experiments, miniature IPSCs (mIPSCs) were recorded in the presence
of the Na1 channel blocker tetrodotoxin (500 nM) to isolate non-action
potential-dependent spontaneous release. mIPSCs were selected for am-
plitude (.15pA), decay time (,10ms), and rise time (,4ms) using the
MiniAnalysis program (Synaptosoft).

Immunohistochemistry and confocal microscopy. Brains were per-
fused and stored overnight in 4% paraformaldehyde, then switched to
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20% sucrose, and coronal frozen sections were cut at 30mm using a cryo-
stat. Sections were then blocked in serum before incubation with mouse
monoclonal b -endorphin primary antibody (1:200; catalog #ab54205,
Abcam) for 24 h at 4°C and Invitrogen Alexa Fluor 488 chicken anti-
mouse secondary antibody (1:400; Thermo Fisher Scientific) for 24 h at
4°C, and slices were mounted with Fluoromount. In some cases, OFC
b -endorphin sections were colabeled with the primary antibody for goat
anti-PV1 (1:1000; SAB2500752, Sigma-Aldrich), a marker for a cortical
interneuron subtype, in blocking solution for 24 h at 4°C. After washing,
secondary antibody was applied (Alexa Fluor 594 donkey anti-goat IgG;
1:400) in blocking solution for 3 h. Slices were then washed and
mounted with DAPI. For met-enkephalin staining, OFC sections were
reacted with the primary antibody for rabbit met-enkephalin (1:400; cat-
alog #ab22620, Abcam) for 24 h at 4°C and Invitrogen Alexa Fluor 488
goat anti rabbit secondary antibody (1:400; Thermo Fisher Scientific) for
24 h at 4°C. Six slices taken from three to four mice per condition were
imaged. All images were obtained on a Nikon Eclipse C1si confocal
microscope with a motorized stage (Nikon Canada). The objectives used
were 20� Plan Apo differential interference contrast (numerical aper-
ture, 0.75).

Stereotaxic surgery. PV-cre mice were anesthetized with isoflurane
and placed in a stereotaxic frame (David Kopf Instruments). AAV2-
EF1a-DIO-hChR2(H134R)-EYFP (lot 227, Neurophotonics; 4.3� 1012
genome copies/ml) was injected into the mOFC (anteroposterior,12.68
nl; mediolateral, 60.55 nl; dorsoventral, 200 nl at �1.945, 200 nl at
�1.445). A total of 400 nl of virus was injected in each hemisphere at 23
nl/s using the Nanoject II (Drummond Scientific Company) allowing
3min for the virus to disperse throughout the tissue following each
injection. Mice were treated postsurgically with ketoprofen (5mg/kg,
s.c.) and were left for at least 3weeks postsurgery to allow for the expres-
sion of channelrhodopsin-2 (ChR2) and enhanced yellow fluorescent
protein (YFP) in PV1 neurons of the mOFC.

Statistics. Data are expressed as the mean 6 SEM. Data were ana-
lyzed with a paired t test (for comparing before and after conditions) or
repeated-measures (RM) one-way ANOVA for measuring drug effects
and washes in the same neuron, unless otherwise indicated. Unless oth-
erwise indicated, data met the assumptions of equal variance. In all elec-
trophysiology experiments, sample size is expressed as n/N where “n”
refers to the number of cells recorded from “N” animals. GraphPad
Prism 7 software (GraphPad Software) was used to perform statistical
analysis. The levels of significance are indicated as follows: *p, 0.05,
**p, 0.01, ***p, 0.001.

Results
Mu-opioid receptor activation has no effect on GABAergic
synaptic transmission onto lOFC pyramidal neurons
Given that mu-opioids elicit regionally distinct orofacial affective
responses in the OFC (Castro and Berridge, 2017), and that they
act predominantly via disinhibition to excite output neurons, we
hypothesized that mu-opioids differentially modulate inhibitory
synaptic transmission onto pyramidal neurons within the mOFC
and lOFC. We first examined the effect of the selective mu-
opioid receptor agonist, DAMGO (1 mM) on eIPSCs from layer
II/III pyramidal neurons in the lOFC (Fig. 1A,B). DAMGO did
not significantly alter eIPSC amplitude onto lOFC pyramidal
neurons (baseline, 986 2; DAMGO, 1006 4; wash, 996 4;
F(1.8,18.1) = 0.12, p=0.87, n/N= 11/8; Fig. 1C–E). The paired-pulse
ratio, a measure that typically correlates with release probability,
was not significantly different before and after DAMGO applica-
tion (t(10) = 0.70, p=0.5, n/N= 11/8; Fig. 1F). Together, mu-
opioid receptor activation does not alter inhibitory synaptic
transmission onto layer II/III pyramidal neurons of the lOFC.

Mu-opioid receptor activation inhibits GABAergic synaptic
transmission onto mOFC pyramidal neurons
We next examined the effect of DAMGO on GABAergic synap-
tic transmission within the mOFC (Fig. 2A,B). In contrast to the

lOFC, DAMGO (1 mM) produced an irreversible inhibition
of eIPSC amplitude in mOFC pyramidal neurons [baseline,
1046 3%; DAMGO, 596 8%; wash, 506 4%; F(1.4,8.4) = 23.24,
p= 0.0007; Tukey’s multiple-comparison test indicates significant
differences between baseline and DAMGO (p , 0.05) and base-
line and wash (p, 0.0001); n/N=7/5; Fig. 2C–E]. Notably, the
selective mu-opioid receptor antagonist CTAP (1 mM) did not
reverse DAMGO-mediated inhibition of eIPSC amplitude, sug-
gesting that mechanisms downstream of mu-opioid receptor
activation may be required to maintain the synaptic depression.
The paired-pulse ratio was not significantly different after
DAMGO application (t(6) = 1.86, p= 0.1, n/N= 7/5; Fig. 2F).
These results indicate that mu-opioid receptor activation de-
creases inhibitory synaptic transmission onto layer II/III pyrami-
dal neurons of the mOFC.

To confirm that the DAMGO-induced suppression of eIPSCs
in the mOFC was mediated by mu-opioid receptors, we bath
applied CTAP (1 mM) for 10min before DAMGO (1 mM, 5min)
application (Fig. 3A,B). Preapplication of CTAP did not affect
baseline eIPSC amplitude, but blocked the DAMGO-mediated
inhibition of eIPSCs, indicating that this effect requires the acti-
vation of mu-opioid receptors (baseline 1 CTAP, 996 2%;
DAMGO 1 CTAP, 926 5%; CTAP wash, 986 5%; F(1.19,4.57) =
0.79, p= 0.439, n/N= 5/4; Fig. 3A,B). We next tested the concen-
tration dependence of this effect by DAMGO (Fig. 3C).
DAMGO (100 nM) irreversibly inhibited eIPSC amplitude to a
maximum of 40 6 7% (baseline, 1016 3%; DAMGO, 616 5%;
wash, 806 5; F(1.91,11.47) = 16.01, p= 0.0005, n/N= 7/5). Because
the magnitude of this inhibition was indifferent from 1 mM, 100
nM DAMGO is a saturating concentration for the inhibition of
eIPSC in the mOFC. DAMGO (10 nM) significantly inhibited
eIPSCs by 156 3%, and washout of DAMGO or subsequent
application of CTAP did not reverse the effect of this submaxi-
mal DAMGO concentration (baseline, 976 1; DAMGO, 826 2;
wash, 836 4; F(1.50,11.96) = 7.88, p=0.0097). A Tukey’s multiple-
comparison test indicates significant differences between base-
line versus DAMGO (p= 0.0021) and baseline versus CTAP
(p=0.029; n/N=9/7; Fig. 3D,E). Paired-pulse ratio was not sig-
nificantly different after DAMGO (10 nM; t(8) = 1.844, p= 0.10,
n/N= 9/7; Fig. 3F). Finally, 1 nM DAMGO did not significantly
suppress eIPSCs onto mOFC pyramidal neurons (baseline,
1016 2; DAMGO, 946 5; CTAP, 896 5; F(1.63,6.51) = 1.92,
p= 0.21, n/N=5/5). A logarithmic dose–response curve calcu-
lated a IC50 of 18 nM DAMGO on eIPSCs of mOFC pyramidal
neurons (Fig. 3C).

To determine whether the effect of DAMGO on inhibitory
transmission was mediated by a presynaptic or postsynaptic
mechanism, we recorded GABAA-mediated mIPSCs onto mOFC
pyramidal neurons. While DAMGO (1 mM, 5min) did not alter
the amplitude of mIPSCs (Fig. 4A,B; baseline, 356 1.7 pA;
DAMGO, 346 1.4 pA; t(7) = 0.81, p= 0.4, n/N= 8/3), DAMGO
significantly decreased the frequency of mIPSCs (baseline,
8.56 0.5Hz; DAMGO, 6.96 0.4Hz; t(7) = 3.67, p= 0.0079, n/
N= 8/3; Fig. 4A,C). The maximum difference between the cu-
mulative distributions of mIPSC amplitude in baseline or
DAMGO was not significantly different (Kolmogorov–Smirnov
test: D(111) = 0.0982, p= 0.630; Fig. 4B). However, there was a
significant difference in cumulative distribution for mIPSC fre-
quency (D(111)= 0.5446, p, 0.0001; Fig. 4C). In contrast,
DAMGO (1 mM) did not significantly alter mIPSC amplitude
(baseline, 346 1.7 pA; DAMGO, 356 1.2 pA; t(14) = 1.21, p =
0.2, n/N= 15/4) or frequency (baseline, 96 0.8Hz; DAMGO,
96 0.8Hz; t(14) = 0.82, p= 0.4, n/N= 15/4) in the presence of
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CTAP (1 mM; Fig. 4D–F). Furthermore, there was no significant
difference in cumulative distributions during CTAP between
baseline or DAMGO amplitude (D(101) = 0.0536, p= 0.996; Fig.
4E) or frequency (D(101) = 0.1485, p= 0.198; Fig. 4F). Together,
mu-opioid receptor activation likely suppresses GABA release
onto mOFC pyramidal neurons.

Mu-opioids target PV1 terminals to suppress GABA release
onto mOFC pyramidal neurons
A variety of fast-spiking interneurons, including PV1-expressing
interneurons, release GABA onto OFC pyramidal neurons
(Quirk et al., 2009). PV1 interneurons play a significant role in
coordinating g-oscillations in the cortex to influence cortical
network activity (Sohal et al., 2009). Mu-opioid receptors are
expressed on PV1 interneurons in the dentate gyrus (Drake and
Milner, 2006) as well as somatosensory and frontoparietal corti-
ces (Taki et al., 2000). To determine whether DAMGO influen-
ces inhibitory synaptic transmission from PV1 interneurons
onto mOFC pyramidal neurons, a cre-recombinase-dependent
adeno-associated virus (AAV) virus expressing ChR2 was

administered into the mOFC of PV-cre mice (Fig. 5A).
Following intra-mOFC AAV-ChR2 injection, YFP staining was
found in both cell bodies and puncta throughout the mOFC
(Fig. 5B). Photostimulation (5 mW, 0.1ms, 470nm LED) of PV1

terminals readily evoked IPSCs onto mOFC pyramidal neurons
(Fig. 5C). DAMGO (1 mM, 5min) significantly decreased oIPSC
amplitude to 576 6% of baseline (F(1.36,6.82) = 17.83, p=0.0029,
n/N= 10/6; Fig. 5C–E). Consistent with mu-opioid receptor
effects on electrically evoked IPSCs, this suppression of inhibi-
tion was long lasting and was not reversed by washout of
DAMGO or subsequent addition of CTAP (Fig. 5D). A Tukey’s
multiple-comparison test indicated a significant difference
between baseline and DAMGO (p=0.014) and baseline and
wash (p= 0.0163). By contrast, the DAMGO-induced suppres-
sion of oIPSC amplitude was blocked in slices pretreated with
CTAP (1 mM, 1006 3%, n/N=6/4, F(1.55,7.748) = 0.37, p= 0.65;
Fig. 5D,E). We additionally examined the effect of DAMGO on
ChR2-expressing, PV inputs onto lOFC neurons. Similar to the
effects on eIPSCs, DAMGO had no effect on oIPSC amplitude in
lOFC neurons (F(1.3,7.7) = 1.28, p. 0.05; Fig. 5F–H). Together,
these data support the hypothesis that the activation of mu-
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opioid receptors on PV1 interneurons suppresses GABAergic
transmission onto mOFC, but not lOFC pyramidal neurons.

Downstream cAMP/protein kinase A intracellular signaling
mediates mu-opioid long-term depression of inhibitory
transmission
We next tested a potential mechanism for the long-lasting effects
of DAMGO-induced long-term depression (LTD) in the mOFC.
Activation of mu-opioid receptors typically results in a Gi/o-pro-
tein-mediated inhibition of adenylyl cyclase, which in turn cata-
lyzes the conversion of ATP into cAMP, leading to the activation
of protein kinase A (PKA). Both cAMP and PKA are required
for many forms of presysnaptic LTD (Mato et al., 2008; Yang
and Calakos, 2013). To explore the role of the cAMP/PKA cas-
cade in mediating mu-opioid-mediated LTD in the mOFC,
we examined the effect of the cAMP/PKA activator forskolin
(10 mM) on eIPSCs. Application of forskolin to mOFC neurons
induced a facilitation of eIPSC amplitude (1306 6% of baseline,
n/N= 9/8, one-sampled t test to 100% baseline: t(9) = 4.98,
p=0.0008; Fig. 6A–C). Subsequent addition of DAMGO signifi-
cantly reduced eIPSC amplitude (856 4% of forskolin, n/N= 9/
8, one-sample t test: t(9) = 3.53, p=0.0064; Fig. 6A,B,D).
However, this suppression of inhibition was reversed on washout
(1056 5% of forskolin, N=9/8, t(9) = 0.10, p=0.34; Fig. 6D–F).
In contrast, the application of forskolin to lOFC neurons had no

effect on eIPSC amplitude (1056 7% of baseline, n/N=5/4, t(6) =
0.69, p=0.52; Fig. 6A–C), and this response was unchanged by
subsequent addition of DAMGO or on washout (DAMGO:
1036 9% of forskolin, t(5) = 0.09, p=0.93; washout: 1096 9% of
forskolin, t(5) = 1.60, p=0.17, n/N=5/4; Fig. 6A,B,D). The effect
of forskolin on eIPSC amplitude was significantly greater in
mOFC neurons than those of the lOFC (unpaired t test:
t(15) = 2.815, p=0.0131; Fig. 6C). Furthermore, there was a signif-
icant interaction of OFC subregion and drug treatment on eIPSC
amplitude (two-way RM ANOVA: F(1,14) = 6.491, p=0.023) and
a main effect of drug treatment (F(1,14) = 31.17, p, 0.001). A
Sidak’s multiple-comparisons test indicated a significant differ-
ence between DAMGO and wash in the mOFC (p, 0.0001), but
not in the lOFC (p. 0.05; Fig. 6D). Together, these results indi-
cate that there is differential coupling of mu-opioid receptors to
cAMP/PKA between mOFC and lOFC pyramidal neurons, and
that cAMP/PKA signaling is required for the maintenance of
mu-opioid-mediated LTD in mOFC neurons.

To further confirm the locus of this cAMP/PKA-mediated
effect in the mOFC, we preapplied forskolin (.20min) either
intracellularly in the recording pipette to confine its action post-
synaptically in the recorded neuron or extracellularly in the
ACSF bath to act presynaptically and postsynaptically. Pyramidal
neurons from the mOFC pretreated with forskolin in the extrac-
ellular ACSF exhibited a reversible suppression of eIPSC by
DAMGO (DAMGO, 856 5%; wash, 1046 4%; n/N=10/7; Fig.
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6E–G). In contrast, mOFC neurons preloaded with forskolin in
the intracellular pipette exhibited an irreversible suppression of
eIPSCs by DAMGO (DAMGO, 666 7%; wash, 646 7%; n/
N= 7/7; Fig. 6E–G). There was a forskolin � DAMGO interac-
tion (two-way RM ANOVA: F(1,15) = 4.45, p= 0.05) and a main
effect of forskolin site (F(1,15) = 14.02, p=0.002). A Sidak’s multi-
ple-comparison test indicates a significant difference between
DAMGO and washout only when forskolin is applied extracellu-
larly (p, 0.05). Together, these results indicate that DAMGO-
induced LTD in mOFC neurons is mediated upstream by
cAMP/PKA signaling in presynaptic GABA inputs. The lack of
effect by DAMGO in the lOFC is likely due to reduced functional
coupling between mu-opioid receptors and their downstream in-
tracellular cascades.

Endogenous opioid expression is similar between the mOFC
and lOFC
A possible explanation for the differential coupling of mu-opioid
receptors to cAMP/PKA in the mOFC and lOFC is varying
expression of endogenous opioids, which may facilitate or

occlude activation of mu-opioid receptors in these subregions.
To examine endogenous sources of mu-opioids, we used immu-
nohistochemistry to determine b -endorphin and met-enkepha-
lin expression within the lOFC and mOFC. We also assessed
expression in the dorsal striatum as a positive control for met-
enkephalin and b -endorphin-like immunoreactivity. Consistent
with previous reports, we found strong met-enkephalin
(Extended Data Fig. 7-1) and b -endorphin-like immunoreactiv-
ity in the striatum (Fig. 7C). There was no significant difference
in the intensity of b -endorphin-like expression in the mOFC,
lOFC, or striatum (F(2,14) = 0.078, p=0.93; Fig. 7A–D). We then
examined whether b -endorphin was colocalized with PV-
expressing neurons. We observed PV-like expression in the
mOFC, lOFC, and striatum, but there was no significant differ-
ence in the intensity of its expression in all three regions
(F(2,17) = 0.15, p=0.85; Fig. 7A–C,E). PV was only weakly colocal-
ized with b -endorphin at similar levels in all three regions
(116 3%, 76 3%, and 66 5%, respectively; n=9, 8, 6, respec-
tively; F(2,20) = 0.84, p= 0.44; Fig. 7F). Therefore, the above
results indicate that endogenous opioids are expressed at similar
levels within the mOFC and lOFC.
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Endogenously released opioids facilitate long-term
depression of GABA synapses in the mOFC under conditions
of reduced metabolic degradation
Given that endogenous opioids are present in both the mOFC
and lOFC, we then tested whether they exert a functional influ-
ence on GABA synapses. If endogenous opioids are present and

suppressing GABAergic transmission under basal conditions,
then blockade of mu-opioid receptors by CTAP should unmask
a facilitation of GABA release. Application of CTAP (1 mM) in
the lOFC showed a trend toward increasing eIPSC amplitude,
but this was not significantly different from baseline (1126 7%,
n/N= 10/6; one-sample t test to 100%; t(9) = 1.822, p= 0.10;
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Fig. 8A–C). Furthermore, CTAP application had no effect in the
mOFC (956 5%, n/N= 5/4, t(4) = 1.058, p=0.35; Fig. 8A–C).
Overall, there was no difference in CTAP effect between mOFC
and lOFC neurons (t(13) = 1.69, p=0.114). Thus, while local
sources of endogenous opioids are present in the mOFC and
lOFC, they do not actively induce a tone at inhibitory synapses
onto mOFC or lOFC neurons under basal conditions.

Next, we examined whether endogenous opioid release
induced via physiological stimulation could alter inhibitory
synaptic transmission in the mOFC. In other brain regions, a
moderate- to high-frequency stimulation can induce an opioid-
induced LTD of excitatory or inhibitory synaptic transmission
(Piskorowski and Chevaleyre, 2013; Wamsteeker Cusulin et al.,
2013; Atwood et al., 2014). LTD at inhibitory synapses in the
medial prefrontal cortex can be induced with moderate 5–10Hz
stimulation over 5min in combination with neuromodulator re-
ceptor activation (Chiu et al., 2010). Given that exogenous opioid
exposure can facilitate synaptic plasticity in our experiments, we
hypothesized that enhancing endogenous opioid levels by

preventing their metabolism could facilitate the induction of
stimulation-induced inhibitory LTD. We first tested whether a
cocktail of peptidase inhibitors alone could suppress inhibitory
synaptic transmission. Application of bestatin (10 mM), thio-
rphan (10 mM), and captopril (1 mM) had no effect on eIPSC am-
plitude in the mOFC (t(5) = 0.09, p=0.402; Fig. 8D–F). We next
examined the effect of moderate-frequency stimulation in the
combined presence of peptidase inhibitors. A 5Hz stimulation
(5min) induced an LTD of eIPSC amplitude lasting for at least
30min (776 5%, n/N=8/6; Fig. 8G–I). This inhibitory LTD was
blocked in slices pretreated with CTAP (1146 8%, n/N=5/3;
Fig. 8G–I). Furthermore, in control slices without peptidase in-
hibitor treatment, 5Hz stimulation did not induce a significant
long-term suppression of evoked IPSC amplitude (966 9%, n/
N= 5/3, F(2,15) = 6.64, p=0.0086; Fig. 8H,I). A Tukey’s multiple-
comparison test indicates a significant difference in responses in
the presence of peptidase inhibitors and those with the addition
of CTAP (p=0.016; Fig. 8I). Together, these data indicate that
under conditions of reduced metabolic degradation, stimulation
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of endogenous opioids can induce an LTD of inhibitory trans-
mission onto mOFC neurons.

Discussion
We found that mu-opioid receptor activation produces a long-
lasting inhibition of GABAergic synaptic transmission onto layer
II/III pyramidal neurons of the mOFC. This effect was regionally

selective, as DAMGO did not alter inhibitory synaptic transmis-
sion onto layer II/III lOFC pyramidal neurons. Furthermore, in-
hibitory synaptic transmission from local PV1 inputs ontomOFC
pyramidal neurons was sensitive to opioidmodulation, indicating
that the effect of mu-opioids is intrinsic to the OFC. Finally, en-
dogenous opioids released by moderate-frequency stimulation in
the presence of protease inhibitors induced an LTD of inhibitory
synaptic transmission ontomOFCpyramidal neurons.
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Subregional selectivity of mu-opioid action in the OFC
Although endogenous opioid expression was observed in both
the lOFC and the mOFC, we observed DAMGO-induced sup-
pression of inhibitory synaptic transmission only in layer II/III
pyramidal neurons of the mOFC. A previous study indicated
that DAMGO inhibits GABA release in the vlOFC of rats (Qu
et al., 2015), a region that lies above the peak inflection of the
rhinal sulcus (Van De Werd and Uylings, 2014). While we

based our OFC subregions on the mouse atlas by Paxinos and
Franklin (2001), in general our lOFC recordings were lateral
to the vlOFC. Thus, there may be a medial–lateral gradient of
mu-opioid sensitivity in the OFC. Future studies should exam-
ine whether the projection targets of these subregions differ
based on mu-opioid sensitivity. While we did not observe
inhibition of GABAA IPSCs onto layer II/III lOFC pyrami-
dal neurons, it is possible that mu-opioids may influence
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ing CTAP (1mM) application in mOFC or lOFC neurons. Calibration: mOFC, 250 pA, 25ms; lOFC, 100 pA, 25ms. B, Time course of eIPSC amplitude before and during application of CTAP (1mM)
in mOFC or lOFC neurons. Application of CTAP did not alter eIPSC amplitude in either mOFC or lOFC pyramidal neurons. Shaded bar represents the sampled time point during CTAP application,
which is quantified in C. C, Bar graph quantifying the change in eIPSC amplitude during CTAP application in mOFC and lOFC neurons. D, Averaged example traces of eIPSCs before (Baseline)
and during application of the peptidase inhibitors bestatin (10 mM), thiorphan (10 mM), and captopril (1 mM) in mOFC neurons. Calibration: 250 pA, 25ms. E, Time course of eIPSC amplitude
before and during application of peptidase inhibitors in mOFC neurons. Shaded bars represent sampled time points before and during peptidase inhibitor application, which is quantified in C.
Blockade of peptide degradation did not affect basal eIPSC amplitude. F, Evoked IPSC amplitude before and during application of peptidase inhibitors. G, Averaged example traces illustrating
eIPSCs before (baseline) and after (5 min) 5 Hz synaptic stimulation in slices pretreated with peptidase inhibitors alone or peptidase inhibitors with CTAP (1mM). Calibration: 500 pA, 10ms. H,
Time course of eIPSC amplitude before, during, and after 5 Hz synaptic stimulation in mOFC neurons from control slices, and those pretreated with peptidase inhibitors alone or peptidase inhib-
itors with CTAP (1mM). Shaded bars represent sampled time points before and after 5 Hz stimulation, which are quantified in I. The 5 Hz stimulation induced an irreversible long-term suppres-
sion of eIPSC amplitude in peptidase inhibitor-treated slices, but a reversible suppression in peptidase inhibitor 1 CTAP-treated and control slices. I, Bar graph quantifying the percentage
change in eIPSC amplitude following 5 Hz synaptic stimulation in mOFC neurons from control slices, in those pretreated with peptidase inhibitors alone, or in peptidase inhibitors with CTAP (1
mM). A Tukey’s post hoc test indicates a significant difference between responses in peptidase inhibitors and those with the addition of CTAP (**p, 0.01).
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inhibitory synaptic transmission in deeper layers (layer V) of
the lOFC.

Our finding of subregional selectivity of mu-opioid action in
the OFC is consistent with previous behavioral studies describing
differential opioid-induced affective orofacial responses. Opioid
hedonic hotspots are present in anterior regions of the mOFC
and vOFC, whereas a cold spot is located in the posterior lOFC
(Castro and Berridge, 2017). While the vOFC was not specifically
examined in this study, the hotspot is localized more in the ante-
rior and medial aspect of the OFC, whereas the coldspot is
located more in the posterior and lateral aspect of the OFC, sup-
porting differential opioid action between the mOFC and lOFC.
Future work should examine whether subregional differences in
opioid modulation of inhibitory synaptic transmission may con-
tribute to subregional differences in OFC-mediated behaviors
(Izquierdo, 2017).

Mu-opioids induce long-term depression of inhibitory
synapses in the mOFC
To date, exogenous and endogenous opioid-induced LTD
has only been demonstrated in a small number of studies
(Iremonger and Bains, 2009; Piskorowski and Chevaleyre, 2013;
Wamsteeker Cusulin et al., 2013; Atwood et al., 2014). Consi-
stent with these reports, we found that DAMGO induced a
long-lasting suppression of inhibitory transmission. While pre-
application of CTAP blocked the effect of DAMGO, the applica-
tion of CTAP after DAMGO-induced suppression of inhibition
was ineffective, indicating that mechanisms engaged after recep-
tor activation maintains the inhibition. Thus, DAMGO likely
induced an LTD of inhibitory synapses onto mOFC pyramidal
neurons. Several lines of evidence suggest that mu-opioid-
induced LTD was mediated presynaptically. First, we observed a
decrease in the frequency, but not the amplitude, of quantal
mIPSCs, suggesting a decrease in the probability of release from
GABA terminals. However, we observed no significant changes
in paired-pulse ratio of evoked IPSCs. While this measure is typi-
cally associated with altered release probability, it can also mea-
sure postsynaptic diffusion of receptors (Blitz et al., 2004). A
change in frequency of mIPSCs, but no alteration in paired-pulse
ratio could suggest presynaptic silencing of GABA synapses by
DAMGO; however, this possibility requires examination using
electron microscopy in future studies. Second, intracellular appli-
cation of the PKA activator to the postsynaptic recording site did
not influence DAMGO-induced LTD, yet extracellular applica-
tion of forskolin impaired this effect, suggesting a presynaptic
site of action. Finally, DAMGO-induced inhibition of electrically
evoked IPSCs was similar to that when optically stimulating PV1

terminals, suggesting that the site of mu-opioid receptor activa-
tion is at PV1 inputs to mOFC pyramidal neurons.

Mu-opioid inhibitory long-term depression requires
cAMP/PKA signaling
Previous work in the hippocampus (Lupica, 1995) or periaque-
ductal gray area (Vaughan and Christie, 1997) has indicated that
mu-opioids suppress GABA release independent of presynaptic
Ca21 entry or G-protein-coupled K1 channels and may mediate
its effect through direct interaction with the presynaptic release
machinery at GABAergic terminals.

A direct downstream target of mu-opioid receptors is
adenylyl cyclase, which is inhibited on receptor activation, result-
ing in subsequent reduction of cAMP and PKA activity. Both
cAMP and PKA have been implicated in multiple forms of pre-
synaptic long-term plasticity, (Mato et al., 2008; Yang and

Calakos, 2013). PKA is required in phosphorylating a number of
presynaptic proteins involved in the induction and maintenance
of LTD at inhibitory synapses, including the synaptic vesicle pro-
tein Rab3B and the effector protein RIM1a that it binds
(Chevaleyre et al., 2007; Tsetsenis et al., 2011). Given that both
mu-opioid receptors drive the Gai/o effector subunit of the G-
protein signaling cascade, we surmised that mu-opioid LTD may
also require cAMP and PKA. Consistent with this notion, we
observed that enhancing cAMP/PKA activation with forskolin
abolished mu-opioid LTD at inhibitory synapses onto mOFC py-
ramidal neurons. While our finding is consistent with previous
reports showing that endocannabinoid-mediated forms of LTD
depend on cAMP/PKA signaling (Chevaleyre et al., 2007; Mato
et al., 2008; Tsetsenis et al., 2011), this is the first to demonstrate
its requirement in LTD elicited by mu-opioid receptor activation.
Furthermore, while forskolin application alone produced an
expected facilitation of inhibitory transmission in mOFC pyram-
idal neurons, it had a negligible effect in lOFC pyramidal neu-
rons, indicating varying sensitivity to cAMP/PKA. The lack of
cAMP/PKA modulation in the lOFC did not appear to be due to
occlusion of mu-opioid receptors, as we observed no functional
endogenous opioid tone on these receptors. Together, our results
suggest differential coupling of mu-opioid receptors to their
downstream intracellular cascades in inhibitory synapses of the
medial versus lateral OFC, likely explaining the varying effect of
DAMGO in these subregions. While we have identified cAMP/
PKA as a signaling pathway required for mu-opioid LTD, the
downstream proteins involved in maintaining this plasticity have
yet to be determined. Further work using genetic strategies
would be needed to investigate the role of Rab3B and RIM1a.

Mu-opioids modulate synaptic transmission from local PV1

inputs to mOFC neurons
In the hippocampus, perisomatically projecting PV-expressing
basket cells exhibit a much higher percentage of colocalization
with mu-opioid receptors than other interneurons (Drake and
Milner, 2002, 2006). In contrast, mu-opioid receptor immunore-
activity was primarily colocalized with vasoactive intestinal poly-
peptide-containing neurons and to a lesser extent with PV1

interneurons in layers II–IV of the frontopariatal cortex (Taki et
al., 2000). We found that mu-opioids inhibit GABAergic synap-
tic transmission from PV1 inputs onto mOFC pyramidal neu-
rons. This is likely due to a direct effect of mu-opioid stimulation
at PV1 terminals. These experiments were performed in the
presence of DNQX to block excitatory synaptic transmission,
thereby excluding the possibility of a heterosynaptically mediated
suppression of inhibitory inputs to pyramidal neurons. Given
that the maximal inhibition of oIPSCs from local PV1 inputs by
DAMGO was similar to that produced by bulk electrical stimula-
tion of nonspecific local and external GABA inputs, we propose
that the majority of mu-opioid suppression of inhibitory trans-
mission is mediated by local PV1 terminals, suggesting that mu-
opioids can act intrinsically within the mOFC. Consistent with
our findings, perisomatically projecting basket cells in the hippo-
campus are twice as likely to be hyperpolarized by mu-opioid
receptors as are dendritically projecting interneurons (Svoboda
et al., 1999). Because PV1 interneurons are required for the gen-
eration of g -oscillations in the prefrontal cortex (Sohal et al.,
2009), changes in mu-opioid action may play a significant role in
modulating cortical network performance. PV1 interneurons in
the OFC are critical for cognitive flexibility (Bissonette et al.,
2015). Furthermore, the inhibition of mu-opioid receptors in the
OFC of male mice impaired behavioral flexibility on a spatial
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reversal learning task (Laredo et al., 2015). Thus, it is feasible that
mu-opioid modulation of PV1 interneuron-mediated inhibitory
synaptic transmission onto mOFC pyramidal neurons may con-
tribute to optimized behavioral flexibility.

Endogenous opioid stimulation elicits long-term depression
of inhibitory synapses in the mOFC
Here, we have demonstrated that moderate frequency stimula-
tion in the mOFC can induce an LTD of inhibitory transmission
dependent on endogenous opioid release and activation of mu-
opioid receptors. This suppression of inhibition was transient
under naive conditions, but became persistent in the presence of
peptidase inhibitors. This indicates that under normal condi-
tions, moderate to high levels of activity can induce endogenous
opioid release, but metabolic degradative enzymes, at least in
vitro, tightly restrict their action. It is important to note that the
targeted peptidases are nonselective metalloproteases and may
have the potential to enhance the activity of other nonopioid en-
dogenous signaling peptides, for example, substance P and neu-
rokinin B (Iritani et al., 1989; Wang et al., 1991; Marksteiner et
al., 1992), that may act either in concert with or in opposition to
endogenous opioid signaling. While we did not observe a signifi-
cant change in evoked IPSCs with peptidase inhibitors alone, we
cannot exclude that other endogenous peptides may be modulat-
ing opioid inhibition of IPSCs. It remains unclear which endoge-
nous opioids mediate mu-opioid LTD at inhibitory synapses, as
both b -endorphin and met-enkephalin are expressed in the
mOFC. Notably, b -endorphin is much less sensitive to peptidase
degradation compared with met-enkephalin (McKnight et al.,
1982). Furthermore, while we determined that b -endorphin is
not colocalized with PV1 interneurons, further work could
determine which subpopulation of cells in the OFC express these
endogenous opioids. In summary, we have demonstrated that
endogenous opioid release can be induced by physiological stim-
ulation, but only elicits a functional effect on inhibitory synapses
in the mOFC dependent on metabolic activity.

Our work is consistent with previous evidence demonstrating
endogenous opioid-induced LTD at inhibitory synapses. Within
the hypothalamus, k -opioid-mediated LTD depends on retro-
grade opioid signaling, induced via postsynaptic depolarization
and activation of mGluR5 (Wamsteeker Cusulin et al., 2013).
While the locus of opioid release was not determined in the pres-
ent study, retrograde opioid signaling was unlikely given that
mOFC pyramidal neurons were maintained at �70mV during
the stimulation protocol. In the striatum, mu-opioid-induced
LTD at inhibitory synapses also occurs presynaptically and in the
presence of a peptidase inhibitor (Atwood et al., 2014). Similarly,
a presynaptically mediated d -opioid LTD at inhibitory synapses
in the CA2 of the hippocampus can occur (Piskorowski and
Chevaleyre, 2013). Thus, opioid-induced LTD can involve differ-
ent opioid release mechanisms and/or variations in the down-
stream intracellular cascades activated by mu-, kappa-, and
delta-opioid receptor activation in different brain regions.

Conclusions
Our findings elucidate the cellular mechanism of action by mu-
opioids in the OFC. We found subregional selectivity of mu-
opioid action such that mu-opioids suppressed inhibition in the
mOFC rather than the lOFC. This subregional difference may be
associated with the differential functional effects by mu-opioids
on OFC-dependent behaviors. Mu-opioid suppression of inhibi-
tory synaptic transmission in the mOFC was long lasting, sug-
gesting a role of mu-opioids in mediating long-term adaptive

changes within this region. Furthermore, these mu-opioid effects
were in large part mediated by PV1 interneurons in the OFC
and, therefore, may play a role in shaping cortical oscillatory ac-
tivity. Given that activity-dependent endogenous opioid release
can suppress inhibitory synaptic transmission in the OFC, this
effect may play a fundamental role in shifting network dynamics
during reward-seeking behaviors. While these studies primarily
focused on OFC from male mice, future studies could examine
whether similar mechanisms of opioid action occur in the OFC
of female mice. In conclusion, understanding how opioids influ-
ence synaptic transmission within the OFC may reveal new
mechanisms of action and potential treatments for multiple psy-
chiatric disorders, where altered mu-opioid signaling within the
OFC may lead to impaired behavioral flexibility and a loss of in-
hibitory control over appetitively motivated behaviors such as
observed in drug abuse and binge-eating disorders.
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