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Abstract

Aberrant signaling within cortical inhibitory microcircuits has been identified as a common
signature of neuropsychiatric disorders. Interneuron (IN) activity is precisely regulated by
neuromodulatory systems that evoke widespread changes in synaptic transmission and principal cell
output. Cortical interneurons express high levels of Mu and Delta opioid receptors (MOR and DOR),
positioning opioid signaling as a critical regulator of inhibitory transmission. However, we lack a
complete understanding of how MOR and DOR regulate prefrontal cortex (PFC) microcircuitry. Here,
we combine whole-cell patch-clamp electrophysiology, optogenetics, and viral tools to provide an
extensive characterization MOR and DOR regulation of inhibitory transmission. We show that DOR
activation is more effective at suppressing spontaneous inhibitory transmission in the prelimbic PFC,
while MOR causes a greater acute suppression of electrically-evoked GABA release. Cell type-
specific optogenetics revealed that MOR and DOR differentially regulate inhibitory transmission from
parvalbumin, somatostatin, cholecystokinin, and vasoactive intestinal peptide-expressing INs. Finally,
we demonstrate that DOR regulates inhibitory transmission through pre- and postsynaptic
modifications to IN physiology, whereas MOR function is predominantly observed in somato-dendritic

or presynaptic compartments depending on cell type.

Significance Statement

The endogenous opioid system regulates behaviors that rely on prefrontal cortex (PFC)
function. Previous studies have described Mu and Delta opioid receptor expression within cortical
GABAergic interneurons, but a detailed understanding of how opioids regulate different interneuron
subtypes and cortical microcircuits has not been reported. We use whole-cell patch-clamp
electrophysiology, genetically engineered mice, and optogenetics to assess MOR and DOR regulation
of PFC inhibitory transmission, demonstrating that MOR and DOR inhibition of interneurons display

gualitative and quantitative variation across GABAergic circuits within mouse prelimbic PFC.
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Introduction

The prefrontal cortex (PFC) is critical for regulating reward, motivation, and affective
processing—dysfunction of which represent core features of neuropsychiatric disorders. PFC function
is maintained by a diverse pool of GABAergic interneurons (INs) that control pyramidal cell spike-
timing, synaptic plasticity, and oscillatory states [76]. Disruptions to PFC INs have been implicated in
the etiology of schizophrenia, major depressive disorder, and autism, among other diseases [4, 5, 21,
25, 28, 31, 39, 48, 58] . Conversely, manipulations that target PFC INs represent attractive strategies
for the treatment of psychiatric symptoms, motivating a better understanding of the biological
processes and signaling elements that regulate these circuits.

Neuropeptides and their cognate G protein-coupled receptors (GPCRSs) are preferentially
expressed within cortical INs. GPCR modulation of INs has been well-documented [8, 9, 27, 30, 42,
43, 68] and can modify behaviors relevant to psychiatric disease [24, 37, 54]. The endogenous opioid
peptides and receptors comprise perhaps the most prominent neuropeptide system within the
forebrain. Opioid signaling is typically transmitted through Gain-dependent signaling that regulates
pre- and postsynaptic functions to suppress neuronal activity [26, 64]. The opioid system plays a
major role in regulating physiological processes related to cognition, sensation, and behavior.

Aberrant opioid signaling has been proposed in biological hypotheses related to several
diseases that affect PFC function [10, 57, 62, 66, 77]. Furthermore, medications that engage opioid
receptors are used to treat addictive disorders and pain, with experimental opioid-based treatments
under investigation for major depressive disorder and other diseases [1, 11, 13]. Despite these
compelling associations, we have a limited underlying of the mechanisms through which opioids
regulate PFC IN function. The Mu opioid receptor (MOR) and Delta opioid receptor (DOR) display
predominant expression within INs, and only weak expression in excitatory pyramidal cells [69]. A
handful of studies spread across frontal cortex subregions have described how MOR or DOR regulate
discrete aspects of inhibitory transmission [2, 12, 15, 18, 36, 45]; however, a comprehensive and

comparative assessment of MOR and DOR regulation of PFC has not been reported.
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In this study, we use whole-cell patch-clamp electrophysiology, slice pharmacology, and cell
type-specific optogenetics to characterize MOR and DOR modulation of prelimbic (PL)-PFC inhibitory
transmission. We show that MOR and DOR signaling differentially suppress spontaneous inhibitory
transmission through different molecular mechanisms. Furthermore, we find that MOR and DOR
suppress action potential-dependent GABA transmission through a set of dissociable mechanisms.
We next surveyed MOR and DOR expression and functions throughout GABAergic INs, finding that
MOR and DOR actions are synapse-specific and show differences in presynaptic versus somato-
dendritic function across different IN subtypes. Overall, this study advances our understanding of how
Mu and Delta opioid signaling regulate local inhibitory microcircuitry in the mouse PL cortex, providing

a framework for understanding synapse-specific perturbations in disease states.

Materials and Methods

Mice

Adult (>10 week) male and female genetically engineered mice were bred at Charles River Laboratory
(Wilmington, MA) and allowed to acclimate to the animal housing facility for at least one week before
experiments. Mice were identified as male or female based only on external genitalia. PV-Cre [33],
PV-Cre/SST-FIp [32], CCK-Cre/VGAT-FIp [74] , and VIP-Cre/SST-FIp [32] mice were used for
optogenetic experiments. PV-Cre-tdTomato, SST-Flp-tdTomato, CCK-Cre/VGAT-FIp, and VIP-Cre-
tdTomato mice [33, 40, 53] were used to target IN types for holding current recordings. All mice were
bred on a congenic C57BL/6J background. Mice were provided with food and water ad libitum and
maintained on a 12-hour light/dark cycle. Approximately 75% of experiments were conducted after
sacrificing mice during the light phase (lights on at 7:00 am) and 25% conducted during the dark
phase (lights off at 10:00 am). No significant effect of phase was observed, and data are pooled
across light cycle. All experiments were performed in groups of sex-matched littermates housed 2-5
per cage. Experiments were approved by the University of Pittsburgh IACUC and conducted in

accordance with NIH Guidelines.
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Whole-Cell Patch-Clamp Electrophysiology

Whole-cell patch-clamp recordings were performed as previously described [38]. Mice were deeply
anesthetized under isoflurane anesthesia and rapidly decapitated. Acute 300-micron coronal slices
containing the PL-PFC were prepared in N-methyl-D-glucamine (NMDG)-based cutting solution (in
mM: 93 NMDG, 20 HEPES, 2.5 KCl, 0.5 CaCl,, 10 MgCl,, 1.2 NaH2PO., 25 glucose, 5 Na-ascorbate,
and 3 Na-pyruvate) at room temperature and immediately transferred to 32°C NMDG solution for 10
minutes. Slices then recovered for 1 hour in artificial cerebrospinal fluid (aCSF) (in mM:119 NacCl, 2.5
KCI, 2 CaCl;, 1 MgCl,, 1 NaH2PO.4, 11 glucose, and 26 NaHCO3) (20-24°C) before being transferred
to a recording chamber and perfused (2 mL/min) with heated (30-32°C) aCSF. All solutions were
oxygenated with 95% O,/5% CO,. Data were acquired using a Multiclamp 700B amplifier and
pClamp1l1 software (Molecular Devices). Putative pyramidal neurons were identified based on
characteristic membrane properties (i.e. high capacitance, low input resistance, spike-firing
adaptation) and INs were identified by tdTomato or GFP fluorescence. All recordings were performed
in PL-PFC L2/3. Cells were patched with a borosilicate glass micropipette pulled to 3-6 MQ with a
horizontal electrode puller (P-1000, Stutter Instruments). After gaining whole-cell access, cells were
dialyzed for 5 minutes in voltage-clamp configuration at a command potential of -80mV. Membrane
properties were assessed in current-clamp configuration as previously described [38] using a series of
1s current injections (-150pA to +500pA, A25pA) to evoke spike-firing.

For electrical- and optically-evoked IPSC recordings, the recording pipette was filled with a
potassium-based internal solution (in mM: 125 K-gluconate, 4 NaCl, 10 HEPES, 0.1 EGTA, 4 MgATP,
0.3 NaxGTP, 10 Tris-phosphocreatine; pH adjusted to 7.3 with KOH, 296 mOsm). IPSCs were evoked
using a paired-pulse protocol under voltage-clamp configuration at -60 mV. Excitatory currents were
abolished using the AMPAR receptor blocker NBQX (10 uM) For electrically-evoked IPSCs, two
pulses of electrical stimulation (0.14 ms, 100 ms ISI, 0.1 Hz) were delivered through a bipolar
stimulating electrode placed in L1 of PL-PFC. In optogenetic experiments, GABA release was
stimulated from ChR2-expressing neurons using two pulses of 470 nm blue light (1-2 ms, 100 ms IS,

0.1 Hz) delivered via wide-field illumination through the microscope objective. Light intensity was
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adjusted to produce stable olPSCs between 100-400 pA amplitude. Paired-pulse ratio (PPR) was
calculated by dividing the average amplitude of the second IPSC over the average amplitude of the
first during the 10-minute baseline and the last two minutes of drug washes. Coefficient of variance
(CV) was calculated by dividing the standard deviation over the mean amplitude of the first IPSC
during the last 5 minutes of the drug wash. sIPSCs were recorded under voltage-clamp configuration
at -80 mV in NBQX with a cesium-based internal solution (in mM: 125 CsCl, 5 NaCl, 10 HEPES, 5
QX-314 bromide, 4 Mg-ATP, 0.2 Na-GTP, 10 Tris-phosphocreatine; pH adjusted to 7.3 with CsOH,
296 mOsm). Changes in access resistance (Ra) were monitored throughout all recordings, and cells

that showed an increase or decrease in Ry >20% were discarded and excluded.

Viruses
Virus Source Stock Titer
AAVs-EF1a-DIO-hChR2(H134R)-EYFP -
>
WPRE Addgene >7e
AAVs-nEF-Coff/Fon-ChR2(ET/TC)-EYFP Addgene >1e®®
AAV;s-mDIx-Flex-ChR2-mCherry VectorBuilder 1.63e™
AAV;-Flex-tdTomato Addgene >1e®d
AAVs-EF1a-fDIO-mCherry Addgene >7el?
AAVg-hDIx-Flex-GFP-Fishell-6 Addgene >7el?
AAV5-mMORp-EYFP Stanford 1.1eB

AAVs-EF1a-DIO-hChR2(H134R)-EYFP WPRE, AAVs-nEF-Coff/[Fon-ChR2(ET/TC)-EYFP, AAVs-mDIx-
Flex-ChR2-mCherry were used for Cre- or Flp-driven ChR2 expression in PV, SST, VIP, and CCK-
INs. To record SST-IN transmission onto PV-INs, AAVs-nEF-Coff/[Fon-ChR2(ET/TC)-EYFP and AAV:1-
Flex-tdTomato were combined 2:1. To record VIP-IN transmission onto fluorescently labeled SST-INs,
AAVe-nEF-Coff/Fon-ChR2(ET/TC)-EYFP and AAVs-EF1a-fDIO-mCherry were combined 1:1. AAVs-
hDIx-Flex-GFP was used to label CCK-INs. AAVs-mMORp-EYFP [65] were used to label MOR+ cells.

AAVs-mMORp-EYFP was diluted 1:7 in cold phosphate-buffered saline.

Stereotaxic Surgery
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Stereotaxic surgery was performed in mice 5-6 weeks of age under aseptic conditions. Mice were
initially anesthetized with 3% isoflurane and maintained on 1-2% for the duration of the surgery. Prior
to the procedure, mice were administered 5 mg/kg carprofen dissolved in 0.9% saline. The scalp was
cleaned with ethanol and betadine and an incision was made. A single burr hole was made above the
PL-PFC (AP: +2.2, ML: +/- 0.3, DV: -1.8) and 0.4-0.6 pL of virus was delivered at 0.1 yL/minute by a
glass capillary nanoinjector (Stoelting). The injector was left in place for 2 minutes at the termination
of the infusion and then slowly retracted. The incision was closed with surgical glue (Vetbond) and
treated with topical antibiotic ointment. Animals recovered on a heating pad in a clean cage before
being returned to the homecage. Animals received post-operative injections of Carprofen (5 mg/kg)
for 72 hours following the surgical procedure. At least 3 weeks was allowed for viral incubation before

animals were sacrificed for electrophysiological recordings.

Drugs

DAMGO ([D-Ala?,N-Me-Phe*,Glyol°]Enkephalin), forskolin, tetrodotoxin (TTX), and NBQX were
purchased from HelloBio. DPDPE ([D-Pen2,5]Enkephalin) was purchased from Tocris. DAMGO,
DPDPE, and TTX were dissolved in deionized water. Forskolin and NBQX were dissolved in DMSO.
All drugs were made at 1000x, aliquoted, and frozen until use. DAMGO and DPDPE each have low-
nanomolar binding affinities for MOR and DOR, respectively, in cell-based assays with >30-fold

selectivity over other opioid receptors [81].

Imaging
Viral targeting was confirmed with live imaging during slice recordings. Images were acquired with a
3-channel LED system (pE300) and a SciCam Pro CCD camera. Animals with mistargeted viral

injections were discarded and excluded from analysis.

Statistics
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ClampFit 11.2 (Molecular Devices) was used for primary analysis of electrophysiological data.
Statistical analyses were performed using GraphPad Prism (v10). The total number of animals and
cells included in an experiment are denoted by “N” and “n”, respectively. For all analyses, p<0.05 was
considered significant. Data were analyzed using two-tailed student’s t-test, one-sample t-test, two-
way ANOVA, three-way ANOVA, repeated measures ANOVA, or mixed-effect analysis. Bonferroni

post-hoc comparisons were used for analyses requiring multiple comparisons. Statistical analyses are

reported in the legends and text. Data are presented as meantSEM.

Results
MOR and DOR suppress spontaneous PL-PFC inhibitory transmission through different
molecular mechanisms.

Given their expression within inhibitory cells in PFC [12, 18, 36, 45, 73, 80], we first compared
and contrasted how MOR and DOR modulate GABA transmission onto pyramidal cells. We made
whole-cell recordings from pyramidal neurons (PNs) in L2/3 of the PL-PFC and recorded spontaneous
inhibitory postsynaptic currents (sIPSCs). To activate MOR or DOR in separate cells, we applied
either DAMGO ([D-Ala?, N-MePhe?*, Gly-ol]-enkephalin) (MOR ECso=1.5 nM) [52] or DPDPE (d-
Pen?,d-Pen® enkephalin) (DOR ECso=5.2 nM) [17]. In each cell, we examined the sensitivity of SIPSC
frequency and amplitude to 100 nM or 1 uM concentrations of each drug (Figure 1A). Previous
studies found that effects of 1 yM DAMGO and DPDPE in brain slices are blocked by MOR- and
DOR-selective antagonists, respectively [2, 45]. We found that DAMGO and DPDPE suppressed
sIPSC frequency (Figure 1B-C), while sIPSC amplitude remained intact (Figure 1D-E), consistent
with a presynaptic locus of inhibition. Interestingly, equipotent concentrations of DPDPE were more
effective at suppressing sIPSC frequency than DAMGO (DAMGO: 84 + 5% of baseline vs DPDPE: 59
+ 4% of baseline) (Figure 1C). One possible explanation for this difference is that DAMGO activates
MORs on synapses that disinhibit IN activity. To test this idea, we repeated these experiments in the
presence of tetrodotoxin (TTX) to block action potentials and isolate monosynaptic transmission. TTX

did not alter the effects of DAMGO or DPDPE: the reductions in miniature IPSC (mIPSC) frequency
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were comparable to effects on sIPSCs from Figure 1C (Figure 1F). mIPSC amplitude was also not
affected (data not shown). While this observation does not rule out MOR/DOR actions at disinhibitory
synapses, we hypothesized that a difference in molecular mechanism drives the differential
suppression of sIPSC frequency by MOR and DOR.

Opioid receptors engage canonical Gai,-dependent signaling to initiate chemical messaging.
Opioid receptor activation attenuates adenylyl cyclase (AC) function to reduce cAMP levels, impacting
downstream effectors and ion channels [64]. We probed this pathway by using the AC activator
forskolin (FSK) to override Gay, signaling. Concurrent application of FSK (10 uM) blocked the
DAMGO-induced suppression of sIPSC frequency but did not prevent inhibition by DPDPE (DAMGO
control: 78 + 7% of baseline vs FSK: 99% + 4% of baseline; Control DPDPE: 73 + 4% of baseline vs
FSK: 80 + 6% of baseline) (Figure 1G). These results show that MOR suppresses spontaneous
inhibitory transmission via a cAMP-dependent mechanism and provide molecular insight into the

differential efficacy of MOR and DOR in reducing GABA release probability.

MOR and DOR suppress evoked PL-PFC inhibitory transmission through dissociable
mechanisms.

Synaptic transmission involves both spontaneous and action potential-dependent release. The
processes mediating spontaneous and evoked neurotransmission are partially segregated at
inhibitory synapses [34], and this separation may occur through multiple molecular mechanisms. MOR
signaling reduces evoked IPSCs in orbitofrontal cortex (OFC) [45] and anterior cingulate cortex (ACC)
[12], and DOR reduces evoked IPSCs in L5 of the mPFC [2], but results from comparative studies
have not been reported. Here, we directly compared MOR and DOR suppression of evoked IPSCs in
L2/3 PL-PFC. We delivered paired-pulse electrical stimulation to L1 of PL-PFC and recorded
electrically-evoked IPSCs (elPSCs) in L2/3 PNs (Figure 2A). DAMGO (1 uM, 5 min) caused an acute
suppression of elPSC amplitude that gradually reversed upon washout (Figure 2B-C). We also
monitored paired-pulse ratio (PPR) as a proxy for changes in presynaptic neurotransmitter release

probability. We observed a modest increase in PPR that emerged following the drug washout (min 40-
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45), consistent with a reduction in GABA release probability (Figure 2D). DPDPE (1 uM, 5 min) also
suppressed elPSC amplitude (Figure 2E-F) and increased PPR at the long-term timepoint (Figure
2G). Like with spontaneous transmission, DAMGO and DPDPE displayed different efficacies for
suppressing elPSCs; however, by contrast, MOR activation suppressed elPSC amplitude to a greater
extent than DOR (DAMGO: 68 + 3% of baseline vs DPDPE: 79 + 4% of baseline) (Figure 2H).

To test whether MOR and DOR suppress evoked GABA release through a shared
mechanism, we applied DAMGO and DPDPE sequentially in an occlusion experiment. If MOR and
DOR use shared machinery in common cell types, then activation of one receptor system should
preclude further suppression of elPSC amplitude by the other. In these experiments, we extended
drug application times to 10 minutes to ensure stable suppression of elPSCs. In the presence of
DPDPE, the addition of DAMGO further decreased elPSC amplitude to a similar magnitude as seen
under previous control conditions (64 + 4% of baseline vs 68 + 3% of baseline) (Figure 2I-J).
Conversely, pre-application of DAMGO did not reduce subsequent actions of DPDPE (85 + 4% of
baseline vs 79 + 4% of baseline) (Figure 2K-L). In both experiments, DAMGO and DPDPE (1 uM, 10
min) alone increased the coefficient of variance (CV), providing additional corroboration of a change in
presynaptic release probability (Figure 2M). These data indicate that MOR and DOR suppress PFC
inhibitory transmission through separate mechanisms in L2/3 of PL-PFC.

Given that forskolin blocked the suppression of spontaneous transmission by MOR but not
DOR (Figure 1G), we hypothesized that the greater effects of DAMGO on elPSC amplitude were
driven by cAMP signaling. The results did not support this hypothesis, as pre-treatment with FSK (10
KM) had no effect on either DAMGO- or DPDPE-induced suppression of elPSC amplitude (Figure
2N-P). Taken together, these data suggest that MOR and DOR reduce spontaneous and evoked
transmission through separate molecular mechanisms. Furthermore, the additive effects of DAMGO
and DPDPE suggest that MOR and DOR may attenuate GABAergic transmission through distinct

populations of INs.

MOR and DOR differentially inhibit cortical IN output.
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Opioid receptor signaling can have diverse outcomes depending on which cells harbor that
receptor. We used cell type-specific ex vivo optogenetics to test the hypothesis that MOR and DOR
differentially modulate GABA release across IN subtypes.

Previous studies found that DOR activation potently suppresses inhibitory transmission from
parvalbumin-expressing INs (PV-INs) onto PFC PNs [3, 12], while MOR-dependent modulation of PV-
IN transmission is more complex, showing differential sensitivity to DAMGO depending on cortical
subregion [12, 45]. To compare the effects of MOR and DOR signaling on PV-IN-mediated
transmission, we examined the response of optically-evoked IPSCs (0IPSCs) from PV-INs onto
pyramidal cells to DAMGO or DPDPE (Figure 3A). MOR activation by DAMGO had no effect on
olPSC amplitude (95 + 2% of baseline), while DPDPE potently suppressed PV-IN olPSCs (60 + 4%
of baseline) (Figure 3B-C). These results suggest that opioid-mediated suppression of PV-IN

inhibitory transmission is primarily mediated through DOR expression at the presynaptic terminal.

Based on our previous observations that DAMGO potently suppresses elPSCs in PL cortex,
the insensitivity of PV-0lPSCs to DAMGO suggests that MOR likely suppress inhibitory transmission
from other INs with higher efficacy. Somatostatin-expressing INs (SST-INs) in the rodent neocortex
contain high levels of Oprm1 and Oprd1, encoding for MOR and DOR, respectively [69]. Bath
application of DPDPE inhibits SST-IN output onto pyramidal cells in L5 of the PL-PFC [2], but the
extent to which MOR and DOR inhibit SST-IN transmission has not been compared. DAMGO and
DPDPE both suppressed SST-IN olPSC amplitude, though DPDPE showed higher efficacy than

DAMGO (DAMGO: 74 + 5% of baseline vs DPDPE: 51 + 2% of baseline) (Figure 3D-F).

INs that express cholecystokinin (CCK-INs) are also abundant in L2/3 PL-PFC and transmit
monosynaptic IPSCS onto pyramidal cells [41]. The extent to which CCK-INs express functional
opioid receptors has not been reported. Here, we found that DAMGO and DPDPE each modestly
suppressed CCK-IN output (DAMGO: 86 + 3% of baseline vs DPDPE: 82 + 2% of baseline) (Figure

3G-I), demonstrating that MOR and DOR expression on CCK-IN presynaptic terminals can regulate
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CCK-IN synaptic transmission. Ultimately, DOR is positioned to primarily control GABA release from

L2/3 PL-PFC PV and SST-INs onto PNs, while MOR and DOR comparably suppress CCK-IN output.

MOR and DOR regulate PFC disinhibitory circuits.

Disinhibition plays a key role in behavior and memory processing by dampening the activity of
other INs and enhancing pyramidal cell activity [6, 20, 79]. To our knowledge, there are no published
studies examining opioid actions at disinhibitory synapses in PFC. Given that MOR and DOR potently
suppress olPSCs from SST-INs onto PNs (Figure 3E-F), we next explored how MOR and DOR
regulate SST-IN disinhibitory transmission. SST-INs can disinhibit PFC activity through connections
with PV-INs [20]. To isolate inhibitory transmission from SST-INs onto PV-INs, we delivered a viral
cocktail to express Cre-Off/FIp-On ChR2 vector and Cre-dependent tdTomato in the PL-PFC of
double transgenic SST-FIp/PV-Cre mice (Figure 4A). Both DAMGO and DPDPE suppressed SST-IN
output onto PV-INs to approximately 70% of baseline (Figure 4B). Interestingly, the effect of DPDPE
was more modest at SST-PV synapses compared to SST-PN (71 + 6% of baseline vs 51 + 2% of
baseline) (Figure 4C), despite no significant difference in basal release probability across synapses
(Figure 4D).

INs that express vasoactive intestinal peptide (VIP-INs) form prominent disinhibitory circuits
with SST-INs [44, 47, 61]. At VIP-SST synapses, we found that DAMGO modestly inhibited VIP-
0lPSCs while DPDPE had no effect (DAMGO: 83 + 4% of baseline vs DPDPE: 100 + 3% of baseline)
(Figure F-G). These results show that MOR and DOR regulate primary synapses onto glutamatergic

cells, as well as disinhibitory synapses between INs, to modulate cortical function.

Opioids differentially regulate IN subtypes depending on receptor type and localization.

In addition to presynaptic opioid receptors modulating neurotransmitter release probability,
somato-dendritic opioid receptors can reduce cell excitability by activating G protein-coupled inwardly
rectifying K* (GIRK) channels [46, 70, 72, 77]. To assess this function, we recorded directly from PV,

SST, CCK, and VIP-INs and monitored changes in holding current in response to DAMGO or DPDPE
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application. We patched fluorescently identified PV, SST, and VIP-INs from genetically engineered
PV-Cre-tdTomato, SST-FIp-tdTomato, or VIP-Cre-tdTomato reporter mice, respectively. PV-INs and
SST-INs responded to DAMGO and DPDPE, but both cell types showed a larger change in holding
current with DPDPE (PV-IN: 21 + 3 pAvs 7 + 2 pA; SST-IN: 27 + 11 pAvs 12 + 3 pA) (Figure 5A).
VIP-IN holding current did not change with either drug (Figure 5A).

To selectively label CCK-INs, we delivered Cre-dependent GFP under the DIx enhancer
element into the PL-PFC of CCK-Cre-VGAT-FIp mice [22, 41]. Using this approach, we observed two
distinct populations of CCK-INs previously characterized by Kamalova et al. [41]. Approximately half
of the total GFP+ CCK cells that we patched (15/34) displayed a fast-spiking phenotype (FS-CCK-
INs), which we defined as having a firing frequency >70 Hz. The remaining cells were classified as
regular-spiking CCK-INs (RS-CCK-INs). We applied DAMGO and DPDPE (1 uM, 5 min) to a subset
of FS- and RS-CCK-INs while holding cells at a command potential of -60 mV to enhance the driving
force for potassium. FS-CCK-INs displayed large hyperpolarizing outward currents in response to
DPDPE (29 + 4 pA), consistent with enhanced GIRK channel conductance, and no significant
response to DAMGO (Figure 5A). To account for GIRK channel desensitization [63], we quantified
the peak response during the 5 minute drug wash. There was no effect of DAMGO or DPDPE on RS-
CCK-INs, suggesting that DOR cellular expression patterns may be cell subtype-specific.

For DPDPE, the magnitude of the somato-dendritic response generally coordinated with the
presynaptic response. Cells that showed outward currents upon DOR activation (Figure 5A) also
showed a reduction in their synaptic output (Figure 5B). We observed a more complex relationship
between pre- and postsynaptic MOR function. The relationship between the change in holding current
and reduction in olPSC amplitude was nonlinear for DAMGO (Figure 5C), suggesting there are cell
type-specific differences in the regulation of presynaptic and somato-dendritic MOR. By contrast, we
observed a strong correlation (r> = 0.9459) between the change in holding current and reduction in
olPSC amplitude for DOR (Figure 5D). Together, these observations suggest there are profound

differences in subcellular functions of MOR but not DOR in PFC INs.
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MOR expression is predominantly localized to fast-spiking interneurons.

Our finding that pre- and post-synaptic functions of MOR are not correlated within PFC INs
raised concerns that (1) our selected measurements of MOR function are limited and incomplete, and
(2) these measurements may not provide clear insight into overall, cellular expression patterns. To
address these two limitations, we used a novel, orthogonal approach to characterize MOR expression
in PFC neurons based on expression of Oprm1. To label MOR+ cells, we delivered AAVs-mMORp-
EYFP into the PL-PFC of congenic C57BL/6J mice [65]. Three weeks following the viral infusion, we
performed current-clamp experiments from EYFP+ cells in L2/3. From these experiments, we
collected a series of membrane properties including a spike-firing input-output curve and rheobase,
which we used in conjunction with cell capacitance (Cn) to classify cells as either putative excitatory
PNs or INs. We were able to further subdivide putative GABAergic cells into groups that had
membrane properties characteristic of low-threshold spiking INs (LTS), fast-spiking INs (FSI), and
regular-spiking non-pyramidal neurons (RSNP) (Figure 6A). These criteria were applied post hoc to
fluorescently identified PV-INs, SST-INs, CCK-INs, and VIP-INs, confirming that these parameters
accurately capture membrane physiology representative of FSIs, LTS cells, and RSNP cells (Figure
6B-E). Of the 33 MOR-EYFP+ cells that we patched, 15 had membrane properties characteristic of
FSls (45%), 11 appeared characteristic of RSNP neurons (33%), 6 appeared characteristic of LTS
neurons (18%), and 1 cell was classified as a putative pyramidal cell (3%) (Figure 6G). Cells
identified by EYFP fluorescence displayed outward currents in response to DAMGO (1 pyM) (Figure
6H), confirming functional MOR expression. Using this promoter-based tool to complement our
physiological assessment of MOR function in PFC INs, we show that FSIs and RSNP cells comprise
the majority of MOR+ neurons in the PL-PFC, despite relatively modest effect sizes for functional

assessments of MOR signaling.

Discussion
In this study, we show that MOR and DOR differentially regulate inhibitory transmission onto

L2/3 PL-PFC pyramidal cells depending on mode of inhibition, inhibitory input, and putative receptor
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localization. MOR-mediated suppression of spontaneous inhibitory synaptic transmission is CAMP-
dependent, while DOR suppresses sIPSCs independently of cAMP signaling. MOR and DOR regulate
action potential-dependent transmission through dissociable mechanisms that suppress elPSCs with
different efficacy. We demonstrate that MOR and DOR regulate PFC GABA signaling through peri-
somatic and presynaptic regulation of IN activity, though there is significant heterogeneity in opioid
sensitivity across inhibitory synapses. Our findings emphasize the complexity of endogenous opioid
signaling in PFC microcircuitry and highlight important considerations for interpreting opioid actions

within intact circuitry.

Differential suppression of spontaneous and evoked transmission by MOR and DOR
Consistent with the existing literature [14, 35, 49, 50, 55], we show that MOR and DOR
suppress spontaneous transmission. DAMGO and DPDPE reduced sIPSC frequency but not
amplitude, consistent with a presynaptic inhibition of GABA release. DPDPE inhibited sIPSC
frequency to a greater extent than DAMGO, indicating that MOR and DOR regulate spontaneous
transmission through different mechanisms. Indeed, enhancing cAMP signaling with FSK blocked
MOR-mediated suppression of sIPSC frequency but not did not alter the effect of DPDPE. Unlike
spontaneous transmission, MOR- and DOR-induced suppression of stimulation-evoked inhibitory
transmission was not sensitive to FSK treatment. This observation contrasts with previous reports of
cAMP-dependent MOR- and DOR-induced long-term depression of inhibitory transmission in other
cortical [45] and subcortical [59] structures. One interpretation for these data is that MOR and DOR
can situationally engage signaling cascades to regulate related but distinct forms of synaptic
transmission across brain structures. We also observed an intriguing dichotomy between
spontaneous versus evoked inhibition, as DAMGO elicited a greater suppression of elPSCs than
DPDPE. Several non-exclusive possibilities may account for these mixed effects. First, excitatory
synapses can exhibit either spontaneous or evoked release [56, 60, 78], so spontaneous and evoked
inhibition may preferentially sample inhibitory synapses that are predominantly regulated by DOR or

MOR signaling, respectively. Second, an important caveat to our experimental preparation is that


https://doi.org/10.1101/2024.10.17.618870
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.17.618870; this version posted October 21, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

electrical stimulation elicits the release of a multitude of chemical messengers alongside GABA. It is
therefore possible that electrical stimulation stimulates cell signaling that acts synergistically with
DAMGO to suppress elPSCs. For example, prior reports of endocannabinoid-MOR interactions at
excitatory synapses suggest shared signaling pathways between CB1 receptors and MORs [7].
Finally, we cannot exclude that postsynaptic opioid signaling could contribute to reductions in elPSC
amplitude; however, this seems unlikely given the weak expression of MOR and DOR in L2/3

pyramidal cells.

Somato-dendritic versus presynaptic regulation of GABA signaling by MOR and DOR

Nuances in the regulation of pre- and postsynaptic signaling can lead to important differences
in how opioids regulate different circuits and behavior. We show that the balance of MOR or DOR
signaling towards pre- or postsynaptic inhibition in the PL-PFC is shifted across IN types. The
relationship between pre- and postsynaptic DOR signaling is linear, where the somatic response to
DPDPE scales with the magnitude of presynaptic inhibition. In contrast, MOR activation had opposing
effects on presynaptic versus postsynaptic signaling depending on the cell type. The most dramatic
example of divergent pre- and postsynaptic function was observed in PV-INs, where MOR activation
induced hyperpolarizing outward currents but did not alter PV-mediated olPSCs. The converse was
also observed, where CCK-IN olPSCs were suppressed by MOR activation, but neither FS-CCK-INs
or RS-CCK-INs exhibited DAMGO currents. One exciting explanation for these results is that MOR
expression may be restricted to certain subcellular domains in PV-INs and CCK-INs. Future studies
using advanced imaging technigues would be needed to rigorously test this hypothesis. Another
interesting implication to these findings is that presynaptic MOR and DOR are less susceptible to
desensitization than somato-dendritic receptors following prolonged receptor activation [19]. This is
especially relevant in the context of opioid use disorder and related animal models that involve chronic
opioid exposure. Receptor desensitization and internalization following repeated agonist treatment

may differentially affect cells within which pre- and postsynaptic components of MOR signaling are
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skewed. For instance, PV-INs may be more susceptible to a loss of MOR signaling following
prolonged receptor activation compared to cells with strong presynaptic signaling such as SST-INSs.

One limitation of the CCK-IN optogenetic experiments is that we could not parse the effect of
DAMGO and DPDPE on synaptic output from FS-CCK-INs versus RS-CCK-INs. The striking
divergence in DOR sensitivity that we observed in whole-cell recordings from FS-CCK-INs and RS-
CCK-INs suggests that there may also be differences in opioid regulation of their inhibitory output.
Paired recordings from basket and pyramidal cells in the hippocampus have shown that GABA
transmission from fast-spiking but not regular-spiking basket cells is inhibited by DAMGO [29], though
the molecular identity of these cells is unclear. Future studies using more selective and/or
combinatorial genetic approaches are needed to better define subtypes of CCK-INs.

Presynaptic inhibition of neurotransmitter release was measured by MOR- or DOR-induced
suppression of olPSC amplitude. Synaptic output from PV-INs and VIP-INs was inhibited by DOR or
MOR signaling, respectively, while GABA release from SST-INs and CCK-INs can be reduced by both
receptor systems. Opioid regulation of disinhibitory synapses may involve both presynaptic and
postsynaptic signaling, providing a potential mechanism for differential DOR signaling at SST-PV and
SST-PN synapses. Opioid-mediated plasticity of GABAergic transmission does not appear to be
homologous across brain structures. Indeed, PV-IN and SST-IN synapses in the visual cortex are
insensitive to MOR and DOR activation, respectively, while MOR and DOR both suppress
hippocampal GABA signaling from these cells [15]. It is unclear whether other IN populations display
similar patterns of opioid-associated plasticity across neo- and allocortex.

Despite the absence of pre- and postsynaptic MOR signaling in FSIs and RSNPs, a large
proportion of MOR-EYFP+ cells were characterized as FSI or RSNP. Opioid receptors may alter
neuronal excitability via AC or arrestin-mediated signaling, or kinases such as p38, ERK, PKC, and
Src, leading to downstream changes in not reflected in the acute response to DAMGO or DPDPE.
The large number of signaling pathways and downstream effectors coupled to these receptors
necessitate additional pharmacological and electrophysiological assays to fully characterize opioid

receptor function in these cell populations.
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Conclusions

GPCRs are targets for approximately one third of all FDA-approved medications for the
treatment of psychiatric disorders [67]. MORs have emerged as effective targets for the treatment of
substance use disorders-- especially OUD, though most opioid-based compounds are plagued by
aversive side effects [23]. The DOR system has been heavily implicated in preclinical assessments of
reward and negative affect [51, 71, 75], though the development of DOR-based therapeutics has been
hindered by epileptic activity of first-generation DOR agonists [16]. The ongoing opioid epidemic has
motivated recent advances in opioid receptor pharmacology which point towards molecular and cell
type-specific drug development strategies as safer and more effective options.

We show that MOR and DOR control discrete aspects of inhibitory transmission through
different signaling pathways, cellular functions, and circuit motifs in PFC, identifying several
opportunities for potential cell- and synapse-restricted targets. In vivo characterization of how MOR
and DOR guide IN function in health and disease will be the next step for translating these discoveries

into next-generation psychiatric treatments.
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Figure Legends

Figure 1. MOR and DOR suppress PL-PFC spontaneous inhibitory transmission.

A) Representative traces of spontaneous inhibitory postsynaptic currents (sIPSCs) in pyramidal cells
at baseline (grey) and during bath-application of 100 nM and 1 yM DAMGO (light purple and dark
purple) or DPDPE (light green and dark green). Scale bar represents 100 pA and 1 second.

B) DAMGO and DPDPE decrease sIPSC frequency (two-way RM ANOVA, agonist x concentration
interaction; F,3s=8.6, p=0.0008). DAMGO: BL=5.3 + 0.7 Hz, 100 nM =5.0 Hz + 0.6 Hz, 1 yM=4.3 +
0.5 Hz; DPDPE: BL=6.9 + 0.8 Hz, 100 nM=5.0 + 0.8 Hz, 1 yM = 4.1 + 0.6 Hz. sIPSCs recorded
from n/N= 8-13/6-8 cells/mice.

C) DPDPE suppresses sIPSC frequency to a greater extent than DAMGO (two-way RM ANOVA,
main effect of agonist: F110= 16.1, p = 0.0007, main effect of concentration: F119= 9.4, p = 0.0063).
DAMGO: 100 nM= 1.0 £+ 0.05, 1 yM= 0.8 £+ 0.05; DPDPE 100 nM= 0.7 + 0.07, 1 uyM: 0.6 £+ 0.04.

D) DAMGO and DPDPE do not affect sIPSC amplitude (two-way RM ANOVA, main effect of agonist:
p= 0.5615, main effect of concentration: p= 0.25). DAMGO: BL=80 + 6.2 pA, 100 nM=80 + 4.5 pA, 1
MM=75 + 4.1 pA; DPDPE: BL=82 + 7.6 pA, 100 nM= 86 + 7.6 pA, 1uM=80 £+ 7.2 pA.

E) There is no difference between the effect of DAMGO and DPDPE on sIPSC amplitude (two-way
RM ANOVA, main effect of agonist: p= 0.51, main effect of concentration: p= 0.11). DAMGO: 100
nM=1.0 £ 0.04, 1 uyM = 1.0 + 0.04; DPDPE: 100 nM= 1.1 + 0.08, 1yM= 1.0 £+ 0.08.

SIPSCs recorded from n/N= 8-13/6-8 cells/mice.

F) DAMGO and DPDPE have similar effects on sIPSCs and miniature IPSCs (mIPSCs) (three-way
RM ANOVA, main effect of agonist: F131= 34.6, p<0.0001, main effect of concentration: F1 1= 12.1, p=
0.0015, main effect of TTX: p=0.77). DAMGO mIPSC: 100 nM=1.0 £+ 0.05, 1 uM= 0.9 + 0.09;
DPDPE mIPSC: 100 nM= 0.7 £+ 0.02, 1 yM= 0.6 + 0.05. mIPSCs recorded from n/N= 7/3-4
cells/mice, control data from 1C.

G) Forskolin (FSK) blocks the effect of DAMGO but hot DPDPE (two-way ANOVA, main effect of

forskolin: F125= 6.0 p= 0.0218, main effect of agonist: F1 5= 4.7 p= 0.0391). Control DAMGO= 0.8 +
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0.07, FSK+DAMGO-= 1.0 + 0.04; Control DPDPE= 0.7 + 0.04, FSK+DPDPE= 0.8 + 0.06. n/N= 7-8/4-

6 cells/mice. *p<0.5, **p<0.01, ***p<0.001, Bonferroni’s multiple comparisons test.

Figure 2. MOR and DOR inhibition of evoked transmission is additive.

A) Schematic depicting experimental preparation for evoked IPSC (elPSC) recordings.

B) Representative traces of elPSC amplitude at baseline (grey trace) and during the last 2 minutes of
1 uM DAMGO application (purple trace). Scale bar represents 50 pA and 50 ms.

C) DAMGO acutely suppresses elPSC amplitude. Timecourse plot shows elPSC amplitude
expressed as a percentage of baseline elPSC amplitude.

D) Change in paired-pulse ratio (PPR) is significant at long-term but not acute timepoints (one-sample
t-tests, acute: p= 0.0776, long-term: p= 0.0232). Acute= 1.1 + 0.03, long-term= 1.1 + 0.05. n/N= 10/7
cells/mice.

E) Representative traces of elPSC amplitude at baseline (grey trace) and during the last 2 minutes of
1 uM DPDPE application (green trace). Scale bar represents 50 pA and 50 ms.

F) DPDPE suppresses elPSC amplitude. Timecourse plot shows elPSC amplitude expressed as a
percentage of baseline elPSC amplitude.

G) Change in PPR is significant at long-term but not acute timepoints (one-sample t-tests, acute: p=
0.6128, long-term: p= 0.0087). Acute= 1.0 %+ 0.05, long-term= 1.1 + 0.03. n/N= 6/3 cells/mice.

H) DAMGO causes a greater acute suppression of elPSC amplitude than DPDPE (unpaired t-test, p=
0.0260). DAMGO: 68 + 2.8 %; DPDPE: 79 + 3.5 %. n/N= 6-10/3-7 cells/mice.

I) Timecourse plot of elPSC amplitude expressed as a percentage of baseline elPSC amplitude
during sequential application of DPDPE and DAMGO.

J) Pretreatment with DPDPE does not prevent elPSC suppression by DAMGO (unpaired t-test p=
0.4492). The effect of DAMGO is expressed as a percentage of average elPSC amplitude during the
DPDPE wash. % DPDPE: 64 + 4.1 %. n/N= 5/4 cells/mice, control data from 2H.

K) Timecourse plot showing elPSC amplitude expressed as a percentage of baseline elPSC

amplitude during sequential application of DAMGO and DPDPE.
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L) Pretreatment with DAMGO does not prevent elPSC suppression by DPDPE (unpaired t-test, p=
0.3716). The effect of DPDPE is expressed as a percentage of average elPSC amplitude during the
DAMGO wash. % DAMGO: 85 + 5.4 %. n= 5/5 cells/mice, control data from 2H.

M) Extended DAMGO and DPDPE treatment increased coefficient of variance (CV) (one-sample t-
tests, DAMGO: p= 0.0005, DPDPE: p= 0.0013). DAMGO= 1.3 + 0.1; DPDPE= 1.2 + 0.2. n= 5/4-5
cells/mice per group.

N) Timecourse plot of elPSC amplitude expressed as a percentage of baseline elPSC amplitude
during FSK and DAMGO application.

O) Timecourse plot of elPSC amplitude expressed as a percentage of baseline elPSC amplitude
during FSK and DPDPE application.

P) FSK does not prevent elPSC suppression by DAMGO or DPDPE (two-way ANOVA, main effect of
agonist: F13= 6.4, p= 0.0156, main effect of forskolin: p= 0.9824). The effect of DAMGO or DPDPE
with FSK is expressed as a percentage of average elPSC amplitude during FSK pretreatment. Control
DAMGO= 68 + 2.8 %, FSK+DAMGO= 66 + 7.7 %; Control DPDPE= 78 + 3.5 %, FSK+DPDPE= 80
+ 5.0 %. n/N= 4-5/4-5 cells/mice, control data from 2H.

*p<0.05

Figure 3. MOR and DOR differentially regulate cortical IN output.

A) Schematic of viral construct and recording preparation used to record PV-IN optically-evoked
IPSCs (0IPSCs).

B) DPDPE suppresses PV-0lPSCs. Timecourse plot shows olPSC amplitude during DAMGO or
DPDPE application expressed as a percentage of baseline olPSC amplitude.

C) DPDPE causes a greater suppression of PV-IN output than DAMGO. (unpaired t test, p<0.0001).
DAMGO: 95 + 2.1 %; DPDPE: 60 + 3.9 %. n/N= 6-9/8 cells/mice per group.

D) Schematic of viral construct and recording preparation used to record SST-0IPSCs.

E) DAMGO and DPDPE suppress SST-0lPSCs. Timecourse plot showing olPSC amplitude during

DAMGO or DPDPE application expressed as a percentage of baseline olPSC amplitude.
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F) DPDPE causes a greater suppression of SST-IN output than DAMGO. (unpaired t test, p= 0.0033).
DAMGO: 74 + 5.2 %; DPDPE: 51 + 1.9 %. n/N= 5/8 cells/mice per group.

G) Schematic of viral construct and recording preparation used to record CCK-o0lPSCs.

H) DAMGO and DPDPE suppress CCK-0lPSCs. Timecourse plot showing olPSC amplitude during
DAMGO or DPDPE application expressed as a percentage of baseline olPSC amplitude.

I) DAMGO and DPDPE suppress CCK-IN output to similar levels (unpaired t test, p= 0.2939).

DAMGO: 86 + 3.1 %; DPDPE: 82 + 2.0 %. n/N= 7/8 cells/mice per group.

Figure 4. MOR and DOR regulate disinhibitory circuitry.

A) Schematic of viral constructs and recording preparation used to record SST-0lPSCs onto PV-INs
and representative traces. Scale bar represents 20 pA and 100 ms.

B) SST-PV-0IPSCs are suppressed by DAMGO and DPDPE. Timecourse plot showing olPSC
amplitude during DAMGO or DPDPE application expressed as a percentage of baseline olPSC
amplitude.

C) DAMGO and DPDPE suppress inhibitory transmission from SST-INs onto PV-INs. DPDPE is more
effective at suppressing SST-o0lPSCs onto pyramidal cells than PV-INs (two-way ANOVA, agonist X
synapse interaction: Fi117= 4.9, p= 0.0409). SST-PV: DAMGO: 70 + 7.1 %; DPDPE: 72 + 6.1 %; SST-
PN: DAMGO: 74 + 5.2 %; DPDPE: 51 + 1.9 %.SST-PN data from 3F.

D) SST-INs show similar basal release probability across SST-PV and SST-PN synapses (unpaired t-
test, p= 0.7650). SST-PV PPR: 0.87 + 0.071; SST-PN PPR: 0.89 + 0.021. n= 5-6 cells/group from 5
mice.

E) Schematic of viral constructs and recording preparation used to record VIP-0IPSCs in SST-INs and
representative traces. Scale bar represents 20 pA and 100 ms.

F) Timecourse plot showing olPSC amplitude during DAMGO or DPDPE application expressed as a
percentage of baseline olPSC amplitude.

G) DAMGO causes a greater suppression of VIP-IN output onto SST-INs than DAMGO. (unpaired t-

test, p= 0.0074). DAMGO: 83 + 4.3 %; DPDPE: 100 + 3.1 %. n/N= 8-11/6 cells/mice per group.
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Figure 5. Pre- and postsynaptic opioid reqgulation of inhibitory transmission varies by cell and

receptor type.

A) Summary of the maximal DAMGO or DPDPE-induced change in holding current. MOR- and DOR-
induced change in holding current varies across IN types (two-way ANOVA, main effect of cell type:
Fas50= 4.8, p= 0.0022, main effect of agonist: F1 5= 9.3, p= 0.0035; uncorrected Fisher's LSD *p<0.05,
**p<0.01). PV-IN: DAMGO: 6.5 + 1.7 pA; DPDPE: 21 + 3 pA; SST-IN: DAMGO: 12 + 2.8 pA,;
DPDPE: 27 + 11 pA %; FS-CCK-IN: DAMGO: 3.8 + 3.6 pA; DPDPE: 29 + 3.7 pA; RS-CCK-IN:
DAMGO: -0.9 + 1.1 pA; DPDPE: -0.04 + 1.8 pA; VIP-IN: DAMGO: 4.5 + 2.8 pA; DPDPE: 2.3 + 2 pA.
n/N = 5-12/3-6 cells/mice per group.

B) Summary of the maximal DAMGO or DPDPE-induced change in olPSC. MOR- and DOR-induced
suppression of olPSC varies across IN types (two-way ANOVA, agonist x synapse interaction: Fase=
13.11, ***p<0.0001; Bonferroni’'s multiple comparisons test **p<0.01, ****p<0.0001). PV-IN: DAMGO:
4.9 + 2.1 %; DPDPE: 40 + 3.9 %; SST-IN: DAMGO: 26 + 5.2 %; DPDPE: 49 + 1.9 %; CCK-IN:
DAMGO: 14 + 3.1 %; DPDPE: 18 + 2.1 %; VIP-IN: DAMGO: 17 + 4.3 %; DPDPE: -0.2 + 3.1 % .n/N
= 5-11/5-6 cells/mice per group.

C) The relationship between DAMGO-induced change in holding current and change in olPSC is
nonlinear (simple linear regression, R?= 0.2850, p= 0.4662). Vertical error bars represent holding
current change SEM and horizontal error bars represent olPSC change SEM.

D) The relationship between DPEPE-induced change in holding current and change in olPSC is linear
(simple linear regression, R?= 0.9459, p= 0.0274). Vertical error bars represent holding current

change SEM and horizontal error bars represent olPSC change SEM.

Figure 6. Cellular expression patterns of MOR in L2/3 of PL-PFC.

A) Schematic depicting workflow used for cell type classification.
B) Proportion of tdTomato+ PV-INs that displayed membrane physiology characteristic of low-

threshold spiking (LTS) cells, regular-spiking non-pyramidal (RSNP) cells, and FSls. n= 25 total cells.
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C) Proportion of tdTomato+ SST-INs that displayed membrane physiology characteristic of low-
threshold spiking (LTS) cells, regular-spiking non-pyramidal (RSNP) cells, and FSIs. n= 30 total cells.
D) Proportion of GFP+ CCK-INs that displayed membrane physiology characteristic of low-threshold
spiking (LTS) cells, regular-spiking non-pyramidal (RSNP) cells, and FSls. n= 34 total cells.

E) Proportion of tdTomato+ VIP-INs that displayed membrane physiology characteristic of low-
threshold spiking (LTS) cells, regular-spiking non-pyramidal (RSNP) cells, and FSls. n= 10 total cells.
F) Schematic of viral construct and recording preparation for MORp-EYFP+ cells.

G) Proportion of EYFP+ cells that displayed membrane physiology characteristic of pyramidal neurons
(PNs), FSls, LTS neurons, and RSNP neurons.

H) EYFP+ cells exhibit outward currents upon MOR activation (one-sample t-test, *p<0.05).
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Figure 1. MOR and DOR suppress PL-PFC spontaneous

inhibitory transmission.
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Figure 2. MOR and DOR inhibition of evoked
transmission is additive.
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Figure 3. MOR and DOR differentially requlate

cortical iN output.
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Fiqure 4. MOR and DOR requlate disinhibitory
circuitry.
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Figure 5. Pre- and postsynaptic opioid regulation of

inhibitory transmission varies by cell and receptor

type.
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Figure 6. Cellular expression patterns of MOR in
L2/3 of PL-PFC.
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