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SUMMARY

Opioids regulate circuits associated with motivation and reward across the brain. Of the opioid
receptor types, delta opioid receptors (DORs) appear to have a unique role in regulating the
activity of circuits related to reward without liability for abuse. In neocortex, DORs are expressed
primarily in interneurons, including parvalbumin- and somatostatin-expressing interneurons that
inhibit somatic and dendritic compartments of excitatory pyramidal cells, respectively. But how
DORs regulate transmission from these key interneuron classes is unclear. We found that DORs
regulate inhibition from these interneuron classes using different G-protein signaling pathways
that both converge on presynaptic calcium channels but regulate distinct aspects of calcium
channel function. This imposes different temporal filtering effects, via short-term plasticity, that
depend on how calcium channels are regulated. Thus, DORs engage differential signaling cascades
to regulate inhibition depending on the postsynaptic target compartment, with different effects on
synaptic information transfer in somatic and dendritic domains.

In brief

Opioids can influence neuronal activity by regulating transmitter release. Here, Alexander
and Bender demonstrate that delta opioid receptors engage different mechanisms to regulate
release from parvalbumin- and somatostatin-expressing interneurons in mouse prefrontal circuits,
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resulting in differential temporal filtering of inhibitory transmission depending on presynaptic cell
identity.
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INTRODUCTION

The opioid receptor family is comprised of three isoforms—mu, delta, and kappa—that
are expressed throughout cortical and subcortical brain regions.1=3 Although mu receptors
are responsible for the main analgesic and addictive effects of opioid painkillers and
narcotics,*® delta opioid receptors (DORs) play a critical modulatory role in pain and
reward circuitry.5-8 While not habit forming on their own,” DORSs contribute strongly

to the development of reward associations. Indeed, DOR antagonists reduce conditioned
place preference (CPP) for addictive drugs including morphine,®-11 even though DORs
cannot bind morphine themselves.12 DORs are enriched in medial prefrontal cortex
(mPFC),13-15 where dysregulated opioidergic signaling is associated with impulsivity and
drug-seeking behavior.16:17 Remarkably, selective DOR knockdown in specific interneuron
subpopulations in mPFC can prevent morphine-induced CPP.18 Though DORs in mPFC,
particularly in GABAergic interneurons, appear to have central importance in reward
processing, how DORs regulate interneuron function remains unclear.
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DORs primarily influence neuronal activity by modulating transmitter release from
presynaptic terminals.19:20 Canonically, DORs couple to Gj, signaling cascades.?
Following receptor activation, G-y subunits dissociate from DORs and inhibit presynaptic
voltage-gated calcium channels (Cays)22 by depolarizing the voltage dependence of channel
activation.23-25 This leads to a net reduction in intracellular Ca required for transmitter
release and, thus, a reduction in vesicle release probability (P).2627 This style of
neuromodulation is common across multiple Gj,-coupled receptors, including presynaptic
GABAg, endocannabinoid, and catecholamine receptors.28:29 Reductions in Pptypically
increase the relative amplitude of subsequent events, a process termed short-term synaptic
facilitation. This form of short-term plasticity (STP) is due to the complex temporal
dynamics of Ca in presynaptic boutons, Ca buffering mechanisms, and vesicle release
proteins.30 Presynaptic inhibition by G-protein signaling is ubiquitous throughout the brain
and mostly results in increased STP.28:29 However, at a variety of synapses, DORs and other
opioid receptors appear to break this rule, inhibiting release with little to no increase in
STP.31-34 Why this occurs has remained largely unexplained.

Here, we studied DOR modulation in two subtypes of GABAergic interneurons that inhibit
layer 5 (L5) pyramidal cells: parvalbumin-expressing (PV+) interneurons, which target

the perisomatic regions, and somatostatin-expressing (SOM+) interneurons, which target
dendritic regions, including apical dendrites that span the upper layers of cortex. We found
that DORs suppressed GABA release in PV+ cells via canonical signaling pathways where
Gpy subunits alter the voltage dependence of activation of presynaptic Cays, thereby
reducing Prand increasing STP. By contrast, SOM+ cell transmission was regulated via
multiple DOR-dependent signaling cascades engaged in parallel in the same bouton. DORs
engaged both canonical Gpy-dependent modulation of Cays and a second, non-canonical
pathway that was completely independent of G;;o-based signaling. This second pathway
also regulated presynaptic Cays but through a reduction in Pp without increasing STP—a
mechanism recently described for dopaminergic regulation of glutamatergic transmission in
mPFC.35 These different forms of regulation at PV+ and SOM+ terminals thus produced
differential suppression, or filtering, of GABA release that varied depending on the

input frequency and inhibitory cell target. Taken together, these results show that DORs
regulate inhibitory transmission in mPFC through multiple presynaptic mechanisms, even
within a single axonal bouton of SOM+ interneurons. Further, this demonstrates that
neuromodulators can engage multiple signaling cascades simultaneously to impose different
temporal filtering rules depending on the target structure.

Unconventional regulation of prefrontal GABA release by DORs

DORs are highly expressed by GABAergic interneurons in mPFC, but how they regulate
inhibitory transmission is not known. To test this, we made whole-cell recordings from

L5 pyramidal cells in slices containing mPFC and evoked inhibitory postsynaptic currents
(elPSCs) with a bipolar stimulating electrode (Figure 1A). Application of the selective DOR
agonist DPDPE (1 uM) reduced elPSC amplitude (normalized amplitude [Norm Amp] =
0.47 £ 0.05, n/N=13/6; p< 0.0001; Figures 1B-1D). These effects were blocked by
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pre-treating slices with the DOR antagonist naltrindole (2 pM; Figure 1C). Deltorphin-11 (1
M), another agonist that displays preferential activation of type 2 DORs,38 had comparable
effects (Norm Amp = 0.41 £ 0.06, 7/ = 9/3; p< 0.0001), confirming that elPSC reduction
was mediated through DORs.

DORs, as with other opioid receptors, are commonly located presynaptically and reduce
Prwhen activated.%27:37-39 Reduced Py increases variability in response amplitude, as
measured by the coefficient of variance (CV), and typically increases short-term facilitation,
as measured by the paired-pulse ratio (PPR). The PPR increased following DPDPE (Norm
PPR =1.11 + 0.02; p=0.0024, Wilcoxon signed-rank test; Figure 1D), although the

change was relatively modest (11% PPR increase vs. 53% amplitude decrease), whereas no
significant change was observed with deltorphin-11 (Norm PPR = 1.08 + 0.04; p=0.13,
Wilcoxon signed-rank test). Both DOR agonists reduced CV~—2 (Norm CV~2; DPDPE = 0.64
+ 0.10; p=0.0031; deltorphin-I1 = 0.44 + 0.09; p=0.0002; Figure 1G), indicating that
DORs act presynaptically to decrease Pg. In agreement with this, DPDPE had no effect on
postsynaptic membrane properties in these recording conditions where potassium channels
are blocked by intracellular cesium (Figures S1B and S1C). In separate experiments using a
K*-based intracellular solution that does not block potassium channels, DPDPE modestly
affected Rjnpyt, Suggesting that DORs may have additional postsynaptic actions under
physiological conditions.

Changes in P often cause proportional reductions in response amplitude and increases in
PPR.40-42 By contrast, we observed what appeared to be relatively small increases in the
PPR with DOR modulation. To determine whether this reflects unique release properties
of mPFC GABAergic synapses or instead suggests that DORs modulate release without
typical changes in STP, we benchmarked DOR modulation against manipulations that
canonically affect P or postsynaptic components of transmission. First, the external Ca
concentration was reduced from 1.3 to 0.65 mM (“low Ca™), as this is known to reduce

Pp. This reduced elPSC amplitude and CV~2 while causing an increased PPR (Figures 1D
and 1G). To compare this to a purely postsynaptic form of neuromodulation, we blocked

a fraction of GABA receptors with gabazine (175 nM). This depressed the amplitude
without altering the PPR or CV~2 (Figures 1D and 1G). Of note, both manipulations were
tuned to produce similar reductions in IPSC amplitude (o = 0.55, one-way ANOVA; Figure
1D), allowing for a direct comparison to DOR-dependent modulation. When compared

to these benchmarks, we found that DPDPE and deltorphin-I1 both resulted in less PPR
changes than expected based on changing the external Ca concentration (DPDPE: p=
0.038; deltorphin-II: p=0.017, Kruskal-Wallis test; Figure 1D) but clearly altered CV~2, in
sharp contrast to gabazine. To better visualize these differences, the Norm Amp and PPR
in each condition were plotted as x-y coordinates with baseline values at (1.0, 1.0). This
allowed us to quantify each amplitude-PPR relationship as a slope. Within this scheme,
purely postsynaptic manipulations (e.g., gabazine) do not deviate from the x axis. By
contrast, canonical forms of presynaptic modulation (e.g., low Ca) are depicted with a
steep inverse relationship (Figure 1E). Surprisingly, both DPDPE and deltorphin-11 exhibited
slopes that were intermediate between both of these benchmarks (Figures 1E and 1F).
These observations, coupled with the clear changes in CV~2, suggest that DORSs engage
presynaptic signaling mechanisms that are difficult to explain at first sight.
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Differential DOR modulation of PV+ and SOM+ inputs

Electrical stimulation recruits GABAergic synapses independent of their source. Thus,

one explanation for the mixed effects observed above is that DORs differentially filter
transmission from different GABAergic inputs and the average of this is sampled with
electrical stimulation of tissue. In neocortex, DOR-encoding OprdZ mRNA is expressed
largely in PV+ and SOM+ cells#344 (Figure 2A). Therefore, we focused on release from
these two cell classes. To test whether there is differential DOR regulation between PV+
and SOM+ afferents, we expressed channelrhodopsin-2 (ChR2) in either class using Cre-
inducible vectors in PV- or SOM-Cre transgenic mice, respectively. Acute mPFC slices
were taken 4-6 weeks post-injection, and optically evoked IPSCs (0IPSCs) were recorded
in L5 pyramidal neurons (Figure 2B). Consistent with electrical stimulation and predictions
from mRNA expression, the application of DPDPE suppressed both PV- and SOM-derived
0IPSCs (Figures 2C and 2D). Although DPDPE increased the PPR in both subtypes (Norm
PPR; PV =1.32 + 0.03; p<0.0001; SOM =1.08 + 0.02, p=0.003), this change was

far more modest for SOM-compared to PV-0IPSCs (p < 0.0001; Figure 2D). The amplitude-
PPR slope for PV-0lPSCs was identical to that observed in low extracellular Ca (p= 0.98,
Holm-Sidak post hoc test; Figures 2E and 2F). By contrast, the SOM-0lPSC amplitude-PPR
slope was shallower (SOM vs. low Ca: p=0.0026; SOM vs. PV: p=0.0008, Holm-Sidak
post hoc test; Figure 2F) and mirrored that observed with electrical stimulation. Taken
together, these data suggest that DORs engage canonical signaling mechanisms at PV+
inputs, whereas effects observed at SOM+ inputs remain unexplained.

Recently, we described a form of presynaptic neuromodulation where Pg is reduced

without altering STP. At select excitatory inputs to mPFC pyramidal cells, the activation

of Gg-coupled dopamine receptors (D1R or D5R, referred to collectively as D1R hereafter)
suppressed glutamate release (i.e., lowered ) without an accompanying PPR increase.3°
This was termed “gain modulation” and was mediated by a form of protein kinase A (PKA)-
dependent presynaptic Cay, modulation that increased the probability that the channel would
fail to open at all in response to an action potential (AP). This contrasts with canonical

Gpy regulation, where channels still open in response to APs but do so only at more
depolarized potentials relative to unmodulated states. When plotted as an amplitude-PPR
slope, gain modulation resembles a postsynaptic effect and lies along the x axis. SOM+
DOR modulation is intermediate between both canonical and gain modulation forms of
presynaptic regulation, suggesting that DORs do not utilize either mechanism exclusively.
Therefore, we hypothesized that both processes are engaged in parallel in SOM+ terminals.

One prerequisite for this hypothesis, and gain modulation more broadly, is that Cay,s must
be coupled to release machinery in a “nanodomain” configuration where Ca influx from

an individual Cay, is sufficient to trigger vesicular fusion. This configuration is common;
most mature GABAergic synapses in hippocampus and cerebellum operate in a nanodomain
configuration.#>46 But whether release occurs via nanodomains in mPFC SOM+ and

PV+ terminals remains unknown. This can be tested simply with divalent Ca, inhibitors.
Manganese (Mn) and cadmium (Cd) are both divalents that block Ca permeation but do

so with different dissociation rates. Mn dissociates quickly and mimics Gp-y-dependent
canonical modulation by blocking and unblocking repeatedly during the duration of a single
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AP. By contrast, Cd dissociates slowly, blocking a single Cay, completely for the duration
of a single AP.47 Thus, Cd will mimic gain modulation if Cays are coupled to release
machinery in a nanodomain configuration.

To test the coupling configuration of mPFC interneurons, we applied external Mn or Cd and
monitored L5 elPSCs (Figures S2A-S2D). Both divalents suppressed elPSC amplitude and
CV~2 dose dependently, but only Mn increased the PPR. Similar results were observed with
PV- or SOM-specific 0lPSCs. Cd decreased the amplitude in both cases without increasing
the PPR (Figures S2E and S2F). Sub-saturating concentrations of Cd (5 uM) and Mn (100
uUM) had little influence on single AP waveforms in either PV+ or SOM+ interneurons
(Figures S2G-S2J), demonstrating that the main divalent effect on L5 IPSCs results from
the blockade of presynaptic Cay,. Ultimately, these data indicate that both PVV+ and SOM+
terminals exhibit nanodomain configurations, opening the possibility that DORs engage
non-canonical gain modulation in SOM+ terminals.

PV+ interneurons exhibit canonical presynaptic Cay inhibition

Before assessing the complexities of SOM+ terminals, we first wanted to validate that
DORs engage exclusively canonical signaling cascades in PV+ terminals. DORs, like

other opioid receptors, are classically coupled to inhibitory Gjj, proteins?148 that inhibit
presynaptic Cays directly via translocated GBy subunits.22:25:49-51 Sjnce DOR modulation
of PV-0lPSCs overlapped with the low-Ca relationship (Figures 2E and 2F), Gpy-dependent
Cay inhibition presumably underlies the decrease in Pg,27:28:48 as observed in hippocampal
basket cells.3” However, a recent study found that mu opioid receptors (MORS) suppress
PV-0IPSCs in orbitofrontal cortex through cAMP-dependent PKA.31 To test this in mPFC,
we recorded PV-0lPSCs with the selective PKA inhibitor H89 (10 uM) included in the
artificial cerebrospinal fluid (ACSF) (Figure 3A). Application of H89 alone had no effect
on L5 elPSCs (Figures S3A and S3B), indicating that PKA did not regulate GABA release
in mPFC under basal conditions. Following DPDPE, olPSC depression was comparable

to control (i.e., DPDPE alone; Figure 3B), as was the amplitude-PPR relationship (p =
0.73, Dunnett’s test; Figure 3C). This demonstrated that presynaptic DOR signaling in
PV+ neurons does not require PKA and, instead, is likely mediated by Gpy-mediated
mechanisms.

If DORs suppress release by altering presynaptic Cay function, then this should be

evident by imaging Ca influx at terminals. To test this, mPFC slices were obtained

from fluorescent reporter mice (PV-Ail4) that allowed identification of PVV+ somata via
two-photon microscopy. Whole-cell patch-clamp recordings were made from fluorescent
cells in L5, and cells were loaded with the volume-filling dye Alexa Fluor 594 (20

UM) and the Ca indicator Fluo-5F (250 uM) (Figure 3D). PV+ interneuron identity was
validated through neurophysiological characterization (low Rinpyt, high-frequency AP firing
with pronounced AP afterhyperpolarization [AHP]). A burst of 3 APs was then evoked,

and the resultant AP-evoked Ca influx was imaged at boutons (Figure 3E). Robust Ca
transients were elicited reliably by this protocol and stable over 40 min in control conditions.
Following the application of DPDPE, AP-evoked Ca transients decreased significantly
(Norm AG/R; vehicle vs. DPDPE = 0.90 £ 0.04 vs. 0.54 £ 0.03, /N =6/3 vs. 6/3; p=
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0.00011; Figures 3F and 3G), demonstrating that DORs inhibit presynaptic Cay, in PV+
terminals. Additionally, DPDPE lowered Rinpyt (Figure S4B) and increased outward holding
currents (Figure S4C) corresponding to membrane hyperpolarization, likely through GIRK
activation.3” These results demonstrate that DORs strongly inhibit PV+ output, influencing
both somatodendritic and axonal compartments, and suppress release from PV+ terminals by
modulating Cays.

DORs engage multiple modulatory cascades in SOM+ neurons

Excitatory synapses in mPFC express two forms of presynaptic modulation: a canonical G,
o-GPy pathway (i.e., GABAgR) and non-canonical signaling via Gs and PKA (i.e., D1R).3
DOR-dependent modulation in SOM+ terminals, by contrast, appears intermediate between
these two mechanisms. Thus, we hypothesize that DORs engage two independent signaling
cascades in SOM+ terminals that converge on Cays. If true, then each signaling cascade
should contribute partially to the total reduction in IPSC amplitude but with different effects
on the PPR. These different effects could then sum to yield an intermediate PPR result that
lies between canonical and gain modulation (Figure 2E).

Testing this requires selective block of the two putative signaling cascades driven by Gj/o-
GBy and Gs-PKA. While PKA activity can be easily blocked in slice preparations, blockade
of Gjjo-GBy is more difficult. Pertussis toxin (PTx)—a highly potent and specific inhibitor
of Gjjo-coupled signaling—requires prolonged exposure (>24 h) to achieve a saturating
effect in tissue,°253 making it unwieldy for traditional slice experiments. To achieve this
saturating block, we delivered PTx via stereotaxic injection locally to mPFC, 1-3 days
prior to slice preparation, in SOM-Cre mice previously infected with ChR2-expressing
viruses (Figure 4A). This strategy was chosen over other delivery methods due to its
increased efficacy (see STAR Methods, but see also Tang and Lovinger® and Thalmann®0).
To confirm that Gjo-Gpy signaling was attenuated by this method, we assayed GABAg-
dependent modulation of electrically evoked EPSCs with 1 uM baclofen in one slice from
each animal. Baclofen reduced eEPSCs by 77% in uninjected slices (/N =5/2, p< 0.0001),
comparable to prior observations.23:54 By contrast, baclofen reduced eEPSCs by only 10%
in slices from PTx-treated animals (Norm EPSC: 0.90 + 0.02, n/ /= 10/8; p< 0.0001;
Figure 4B), indicating that the majority of Gj,, signaling was blocked with this approach.

Following PTx validation, SOM-0lPSCs were evoked as described earlier (Figure 2). In
these conditions, DPDPE application still reduced olPSCs in PTx-injected slices (Norm
0IPSC =0.80 + 0.04, / N=7/3; p=0.0034), though to a lesser degree compared to DPDPE
application in the absence of PTx (p = 0.0006, Holm-Sidak post hoc test; Figures 4C and
4D). Similar effects were observed with the PKA blocker H89 (o = 0.0025, Holm-Sidak
post hoc test). Strikingly, the amplitude-PPR relationships were completely distinct for PTx
and H89 conditions. With PKA blocked, the residual modulation was completely canonical,
overlaying with low Ca. With Gj;,-GB+y blocked, the PPR was not altered (Figure 4E). Taken
together, these results demonstrate that DORs regulate SOM+ GABA release through two
mechanisms: one that is Gj;, dependent that increases the PPR and another that is Gj/o
independent but PKA dependent that does not alter the PPR.

Cell Rep. Author manuscript; available in PMC 2025 March 26.
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While the data above indicate that DORs engage two separate signaling cascades to regulate
release from SOM+ terminals, because IPSCs are the aggregate of activity across multiple
synapses, they cannot inform whether both cascades are engaged within single terminals

or selectively on a terminal-by-terminal basis, perhaps based on the SOM+ cell subclass.
SOM is expressed by a range of interneuron subclasses that can be grouped by intrinsic
electrophysiological characteristics.?>=57 Indeed, when recording directly from SOM+ cells,
we identified two distinct neurophysiological phenotypes, with some neurons exhibiting
high Rinput: SIOW Tmembrane: @nd small AHPs and others with lower Ringyt, faster tmembrane:
larger AHP, and quasi-fast-spiking behavior akin to P+ neurons (Figure S5B). These two
subgroups are defined as putative Martinotti (MC) and non-Martinotti (NMC) cells®® and
contrast with PV+ neurons further due to their repetitive spike patterns and AP waveforms
(Figure S5D). We therefore made whole-cell recordings from each of these classes and
imaged AP-evoked Ca influx in boutons (Figures 4F and 4G). The P/Q- and N-type Cay
inhibitor w-conotoxin-MVIIC (1 uM) reduced AP-evoked Ca transients by 72.6% (Figures
S6D and S6E), indicating that these isoforms mediate the majority of Ca entry in SOM+
terminals. Ca transients were reduced by DPDPE in all boutons imaged, independent of
SOM subclass (Norm AG/R in MCs: vehicle vs. DPDPE = 1.00 + 0.03 vs. 0.81 + 0.03, /N
=11/9 vs. 12/8; p=0.0007; NMCs: p< 0.0001, Holm-Sidak post hoc test; Figure 4H and
S5E-G). Remarkably, DPDPE was similarly effective in all boutons imaged in the presence
of H89 or PTx (H89: p=0.36; PTx: p=0.66, Holm-Sidak post hoc test; Figures 4l and

4J). The combined application of H89 and PTx completely eliminated the effect of DPDPE
on Ca transients in all SOM+ boutons imaged (p = 0.66, Holm-Sidak post hoc test; Figures
41 and 4J). Finally, the presence of w-conotoxin-MVIIC occluded further suppression of
bouton Ca by DPDPE (Figures S6D and S6E), demonstrating that DORs act via P/Q- and
N-type Cays. Taken together, these results indicate that DORs engage two distinct DOR
signaling pathways within all SOM+ boutons, independent of SOM subclass, and that both
cascades converge on presynaptic Cays.

DISCUSSION

Presynaptic opioid receptors engage a variety of intracellular cascades throughout the brain.
Although Gjj, (and specifically Gjjo-GBy) signaling is common, other pathways mobilize
B-arrestin or G subunits that may regulate HCN or Ky, channels instead of Cays and
GIRK.27:59 Pleiotropic signaling that regulates transmitter release via simultaneous, parallel
pathways may be more common than previously appreciated. If opioid receptors regulate
transmitter release by reducing Ppg, then the PPR should consistently and proportionately
increase during opioid-mediated suppression. This assumption does not always hold true.
Multiple studies of opioid-dependent synaptic regulation suggest that modulation occurs
presynaptically, even when the PPR changes only slightly or not at all.31-34.60 Wwhile

there are Cay-independent mechanisms that could account for some aspects of these
effects,61:62 we show here that parallel signaling cascades converging on Cays can account
for modulation entirely in these GABAergic terminals.

Revisiting prior findings through this lens suggests that this pleiotropic signaling may be
engaged at multiple synapses by multiple opioid receptors. Studies often conclude that
G-protein-coupled receptors (GPCRs) are acting presynaptically if any increase in the PPR
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is observed. But here, we show that the magnitude of PPR change, benchmarked against
how much it should change via canonical mechanisms, can inform on Aow Cays are

being modulated. As a case in point, DORs at nucleus raphe magnus synapses reduce
EPSC amplitude ~50%, while the PPR increases by only 129,53 a change far too small

to be explained via canonical mechanisms. There are comparable observations found
elsewhere,37:38.64.65 where GPCRs cause substantial synaptic depression with only modest,
yet statistically significant, effects on the PPR. That intermediate PPR change can result
from the combination of multiple pathways has implications for interpreting presynaptic
opioid effects more broadly and suggests that a new framework is necessary.

Gj/o-independent opioid receptor signaling

How could Gjj,-coupled DORSs signal via Gs?56:67 One possibility is that DORs
heterodimerize with G¢-coupled receptors in SOM+ terminals. Heterodimeric GPCR
complexes consist of two different receptor protomers that oligomerize directly or via shared
adenylyl cyclases (ACs).%8 DORs form heterodimers with both MORs and kappa opioid
receptors (KORs),89.70 as well as with cannabinoid and chemokine receptors,’172 affecting
desensitization, pharmacological efficacy, and signaling bias. Gg and Gj,, receptors, though
having opposed downstream effects, can also oligomerize in heterodimeric complexes.

For example, Gs-coupled adenosine Asa and Gjjp-coupled dopamine D2 receptors form

a common functional unit with AC5 proteins, each exerting allosteric control over the
catalyzation of cAMP.”3 DORs have also been shown to co-immunoprecipitate with G-
coupled B2 adrenergic receptors in cardiac tissue,’# establishing physiological precedent for
DOR-containing Gg-Gj/o heterodimers.

GPCR heterodimers are attractive therapeutic targets, potentially offering tissue specificity
and limited side effects compared to receptor protomers or homodimers.58 Selective
pharmacology has been developed for a small subset of discovered heterodimer pairs,
including mGIuR,4 receptors.”> A combination of positive and negative allosteric
modulators was used to show that mGIuR heteromers, but not homomers, regulate thalamic
inputs to mPFC but not those from hippocampus or amygdala.”® Targeting peripheral
MOR/DOR or MOR/KOR heterodimers has shown promise for producing analgesia with
less tolerance and withdrawal effects, but the functional relevance of opioid receptor
heterodimers in the brain is less well characterized.”’

Functional implications

Both PV+ and SOM+ neurons exhibit strong presynaptic regulation by DORs, which would
have compartment-specific effects in individual pyramidal cells. Perisomatic-targeting PV+
neurons are important for establishing synchronous firing, particularly in the gamma range
(30-80 Hz),”8 of pyramidal cell networks in the neocortex and hippocampus.’® Gjj-GBry-
dependent DOR signaling at these synapses imposes a high-pass filter on GABA release;
therefore, the strength of inhibitory drive onto perisomatic compartments will recover
during longer and higher-frequency stimuli. Brief disinhibition via DORs could tune the
oscillatory phase of pyramidal activity on shorter timescales, as very few PV+ APs can
control spike timing,8 while preventing runaway network excitation on longer timescales.81
Comparatively, SOM+ neurons instead modulate local dendritic excitability. In L5 neurons,
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this may affect the generation and propagation of dendritic Ca spikes, which are important
for integrating signals from multiple brain areas.82 SOM-derived GABA has been shown
to suppress dendritic spikes,?3 so local disinhibition by DORs may increase the likelihood
of such events and promote associative plasticity.84 Such disinhibition and expansion of
plasticity associative timing windows has been observed for the D2 dopaminergic regulation
of interneurons in prefrontal cortex.8> DOR-based regulation could therefore selectively
promote the associative plasticity of long-range synaptic inputs that converge on apical
dendrites. Given that DOR-mediated disinhibition at SOM+ terminals is less affected by
presynaptic firing frequency, plasticity could be facilitated even during periods of elevated
circuit activity. New intersectional genetic tools (i.e., conditional DOR deletion in either
PV+ or SOM+ neurons) will be required to fully elucidate the role of differential DOR
disinhibition on pyramidal cell computation and prefrontal circuit processing.

Limitations of the study

RESOURC

Though we provide evidence of Gjo-independent gain modulation at a subset of SOM+
terminals, the specific biophysical mechanism of Cay, regulation is unknown. Cay, channels
may be regulated by direct PKA phosphorylation or through downstream activation of
additional signaling molecules, which can be revealed by further experiments. Likewise,
efforts should be made in the future to determine whether DORs engage PKA through

a heterodimer complex. If they do, it will be important to determine the identity of this
putative Gg-coupled partner. Finally, we observed putative NMCs that were identified in
SOM-Cre mice. Given that these neurons are presumably targeted in ChR2 experiments, the
relative contribution of NMC-derived inhibitory synaptic input remains unclear.
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STARXMETHODS
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse strains—All procedures were performed in accordance with guidelines approved
by the UCSF Institutional Animal Care and Use Committee (IACUC). All procedures
conform to the relevant regulatory standards outlined by this committee. All experiments
were performed on mice housed under a 12:12 h light/dark cycle with ad /ibitum access

to food and water. C57BL/6J wild-type (JAX: 000664), C57PV-Cre*/~ (JAX: 017320) and
C57SOM-Cre*/~ (JAX: 028864) mice were used for synaptic stimulation experiments. PV-
Cre*/~:Ai14 and SOM-Cre*/~:Ai14 mice were used for 2-photon imaging experiments in
cortical interneurons. Male and female mice aged postnatal day (P) 30-90 were used for all
experiments. No significant differences based on sex were observed, and data were pooled
between sexes.

METHOD DETAILS

Stereotaxic injections—Subjects were injected with virus at P30-45. Prior to viral
injection, mice were anesthetized by isofluorane and head-fixed in a stereotaxic frame.

For channelrhodopsin stimulation experiments, subjects were then unilaterally injected
with 400-600 nL of AAV5-EF1a-DIO-hChR2(H134R)-eYFP (“DIO-ChR2”) virus into left
prefrontal cortex (from bregma: A/P +1.70, M/L -0.35, D/V —-2.60 mm). Acute slices were
prepared approximately 4-6 weeks after injection. For PTx experiments, fresh lyophilized
pertussis toxin powder (50 pg, Tocris) was obtained and reconstituted in PBS to 0.5 pg/uL
and stored at 4°C (maximum 3 weeks). 2-2.5 uL. PTx solution was injected into left PFC
(same coordinates as above) at a rate of 150 nL/min. Following injection, the stereotaxic
needle was left in place for 15 min before removing. Mice were used 24—72 h after surgery
for electrophysiology experiments.

Slice preparation—All experiments were performed in accordance with guidelines set

by the University of California Animal Care and Use Committee. Mice aged P30-90 were
anesthetized under isoflurane. Brains were dissected and placed in 4°C cutting solution
consisting of (in mM): 87 NaCl, 25 NaHCOg, 25 glucose, 75 sucrose, 2.5 KClI, 1.25
NaH,POy4, 0.5 CaCl,, and 7 MgCl, and bubbled with 5% CO,/95% O,. 250 pm-thick
coronal slices that included the medial prefrontal cortex were obtained via vibrating blade
microtome (VT1200S, Leica). Slices were then incubated for 30 min at 33°C in a holding
chamber with artificial cerebrospinal fluid (ACSF; see below). Following 30-min incubation,
slices in holding chamber were placed at room temperature until recording, up to 8 h. All
recordings were performed in ACSF at 32°C-34°C.

Ex vivo electrophysiology—Slices were placed in recording chamber with circulating
ACSF perfusion containing (in mM): 125 NaCl, 2.5 KCI, 1 MgCl,, 25 NaHCOs3, 1.25
NaH,POy, 25 glucose, bubbled with 5% CO,/95% O,, osmolarity adjusted to ~300 mOsm.
Before recording, ACSF was supplemented with 1.3 mM CacCl, from stock solution (except
for 0.65 mM Ca experiments). Neurons were identified using differential interference
contrast (DIC) optics for conventional visually-guided whole-cell recording, or with 2-
photon-guided imaging of tdTomato fluorescence overlaid on a scanning DIC image of
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the slice. Patch electrodes were pulled from Schott 8250 glass (3—4 MU tip resistance).

For voltage-clamp IPSC recordings, patch electrodes were filled with an internal solution
that contained (in mM): 80 KCI, 40 CsMeSOy, 10 HEPES, 4 NaCl, 5 QX-314, 10 Na,-
phosphocreatine, 4 Mg-ATP, 0.4 Nay-GTP; 290 mOsm, pH 7.2-7.25. For current-clamp and
voltage-clamp EPSC recordings, internal solution contained (in mM): 113 K-Gluconate, 9
HEPES, 4.5 MgCl,, 14 Trisy-phosphocreatine, 4 Na,-ATP, 0.3 Tris-GTP; 290 mOsm, pH
7.2-7.25. Each recording day (if not imaging), internal solution was supplemented with 0.1
mM EGTA from stock.

Electrophysiological recordings were collected with a Multiclamp 700B amplifier
(Molecular Devices) and a custom data acquisition program in Igor Pro software
(Wavemetrics). Voltage-clamp recordings of synaptic currents were acquired at 20 kHz

and filtered at 3 kHz. Current-clamp recordings were acquired at 20-50 kHz and filtered

at 3—20 kHz. Whole-cell compensation of pipette capacitance (90%) and series resistance
(Rs; 50%) were applied upon patch breakthrough. All data were corrected for measured
junction potentials of +8 and +12 in high CI~ and K-gluconate-based internals, respectively.
All recordings were made using a quartz electrode holder to minimize electrode drift within
the slice. Data inclusion was based on the following criteria: Ry <16 MQ at baseline

and <15% change over recording; holding leak current <—150 pA and <50 pA change;
temperature change <1.5°C; Rinpyt <20% change. AP properties were measured in the first
AP elicited by the current step after rheobase (rheobase+1). AP threshold was defined

as the membrane potential when dV/dt first crossed 15 V/s. AHP amplitude was defined

as the minimum voltage between APs relative to AP threshold. Membrane time constant
(tmembrane) Was determined by fitting an exponential to the hyperpolarization induced by

a =50 pA step. Rinput Was determined by -5 mV step in voltage-clamp (pyramidal), or
multiple hyperpolarizing steps in current-clamp and taking the slope of the I-V relationship
(interneurons). For examination of AP properties in L5 interneurons after Cd and Mn
application, short current steps (15-40 ms; 20-160 pA) were applied every 10 s so that

1 AP was initiated reliably each sweep. Due to AP changes observed in the first 10 min
(particularly in PV + neurons86), baseline (i.e., pre-drug) measurements were obtained >10
min following patch breakthrough. Divalent or time-locked control measurements were
obtained 8-12 min after baseline/drug application.

Extracellular afferent stimulation was applied through a bipolar silver electrode in theta
glass pipette connected to a battery. Patched neurons were held at —=76 mV throughout
recording. Pairs of stimuli were elicited through a pulse generator (0.2-0.8 VV amplitude, 200
us duration, 20 Hz frequency) at 15 s intervals to avoid induction of synaptic plasticity.

The extracellular stimulating pipette was embedded in layer 5 neuropil ~100-150 um
lateral from the recorded neuron to avoid direct stimulation. Optical stimulation of ChR2-
expressing afferents was made via pairs of blue light flashes (472 nm LED, 0.5-2 mW/
mm?, 0.1-2 ms duration, 20 Hz frequency) through the 40X objective while whole-cell
recording. To avoid polysynaptic responses, voltage amplitude/LED power were tuned so
that responses were synchronous and monosynaptic, no failures were observed, and E/IPSC
variability between sweeps was minimized. If necessary, the stimulating electrode or LED
field-of-view would be moved to recruit more stable inputs.
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For PTx experiments, mPFC slices from mice locally-injected with PTx were obtained
as normal. Slices near the injection site were chosen for recording. Saturating PTx effect
was verified in the first slice of each recording day by bath-applying 1 pM baclofen
while measuring electrically-evoked EPSCs in L5 pyramidal neurons. If EPSC amplitude
changed by more than 15%, the injection was considered a failure and no slices from
that animal were used for DOR experiments. Previous attempts to achieve saturating PTx
concentration in PFC included intraperitoneal®” and intracerebroventricular8® injection of
PBS-PTx solution, where 1-1.5 ug total PTx was administered to each animal. Although
significant differences were observed compared to control, the effect of baclofen was
reduced by a maximum of ~20%. Sufficient block (~90%) of Gjj, signaling was only
achieved through local PTx injection.

2-Photon microscopy—For imaging experiments, a modified K-Gluconate-based
internal was used where EGTA was replaced with 250 uM Fluo-5F and 20 uM Alexa

594 (Invitrogen). 2-photon laser scanning microscopy was performed as previously
described.89 A Coherent Ultra Il was tuned to 810 nm for Ca imaging and morphology
experiments. Fluorescence signals were captured either through a 40X, 0.8 NA objective for
morphological imaging or a 60X, 1.0 NA objective for bouton Ca imaging paired with a

1.4 NA oil immersion condenser (Olympus). For Ca imaging, fluorescence was split into
red and green channels using dichroic mirrors and band-pass filters (575 DCXR, ET525/70
m-2p, ET620/60 m-2p, Chroma). Green fluorescence (Fluo-5F) was captured with 10770-40
photomultiplier tubes (PMTs) selected for high quantum efficiency and low dark counts
(Hamamatsu). Red fluorescence (Alexa 594) was captured with R9110 PMTs.

During bouton imaging, PV + or SOM+ neurons were first identified using tdTomato
signal overlaid on DIC scanning of PV- or SOM-Ai14 reporter mice, respectively. Neurons
were then patched and neurophysiological characterization was performed with cells held
near —80 mV. Boutons were identified by imaging Alexa 594 in the red channel only and
searching for thin processes relatively close to the slice surface exhibiting the characteristic
string-of-pearls appearance (see Figures 3E and 4F). Ca imaging was initiated >15 min
following patch breakthrough to allow sufficient dialysis and equilibration of both Alexa
and Fluo dyes in distant axonal processes. Pairs of boutons were chosen if they were in

the same z-plane and could be imaged simultaneously. This allowed us to detect instances
of propagation failure and also compare modulation between neighboring boutons (Figure
S7D and S7E). Trains of 3 APs were elicited through somatic current injection (1-2

nA amplitude, 1 ms duration, 50 Hz). Fluo-5F and Alexa 594 signals were collected
simultaneously in linescan mode (~600 Hz), with line ROIs encompassing both boutons.
Each measurement consisted of 10 linescans repeated at 5 s intervals. After an initial 10
scans following patch equilibration (>15 min), a linescan bout was taken every 10 min

for another 30 min, where drug application occurred after the 2"d bout. Between bouts,
adjustments were made at low laser power to keep both boutons in the imaging plane.
ACSF was supplemented with 0.01% bovine serum albumen during experiments involving
w-conotoxin-MVIIC to aid drug wash-out between recordings.

Analysis was performed on 10-linescan averages at each timepoint. AG/R peaks were
determined by fitting an exponential to the fluorescence decay following the final stimulus.
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We also measured AG/R of the initial peak in the triplet stimulus by averaging fluorescence
over a 10 ms window surrounding the first AP. These measurements were highly correlated
with each other (Figure S7C). Furthermore, group differences in SOM+ bouton Ca transients
across drug conditions were similar when using initial peaks compared to final peaks (Figure
S7B). Peak extraction was performed in MATLAB and smoothed with a 3-point binomial
filter for presentation. Maximum intensity image projections are displayed using the “Red
Hot” lookup table in FI1JI. Full neuronal and dendritic reconstructions were stitched together
using pairwise stitching in F1JI before generation of maximum intensity projections.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are summarized by mean + standard error (SEM) with individual data points overlaid.
Number of recordings per group are denoted in the text as n for cells and N for mice.
Normality for each group was tested using Kolmorogov-Smirnov test, and group differences
were assessed with parametric (Student’s T test) or non-parametric tests (Wilcoxon signed
rank, Holm-Sidak post-hoc test). accordingly. Data were mostly normally distributed, and
paired or unpaired t-tests were used unless otherwise specified. Statistical analysis was
performed using Prism (GraphPad) and reported in the results or supplemental figure
legends. ***p< 0.001, **p < 0.01, *p < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Delta opioid receptors suppress transmission from parvalbumin and
somatostatin cells

DOR signaling in PV neurons engages canonical, Gpy-dependent signaling

SOM DOR engages two cascades in parallel, including G;,,-independent
mechanisms

DOR signaling imposes different temporal filters on PV and SOM
transmission

Cell Rep. Author manuscript; available in PMC 2025 March 26.



1duasnuely Joyiny 1duosnue|y Joyiny

1duosnuepy Joyiny

1duosnuep Joyiny

Alexander and Bender Page 21

A 1uM DPDPE 1uM Deltorphln -l
evoked IPSCs in raw
medial prefrontal cortex \[
Layer 5 \[
electrical stim
\ I_°° PA
/ low Ca2+ 175 nM Gabazme

ABAergic ———

/ inputs ~—» /
mPFC slice [ tf
Pyramidal cell
recording basellne

post-

treatment

c DPDPE or Deltorphin-II D >

1.5 1.0 *

" ns *%k%

—_ + Naltrindole 1.5
£ 1 5
'g 3 o © DPDPE
= 1= — Deltorphin-II
s 1.0 = ‘i—/\—-\/\/\/ g (:. E | _} e  Gabazine
=] ~ ® o [}
= [} . c ey O
= . 0.5 = c
g E t -} 14 e %
© = K4 o i (4

0.5 =3 o 1.0
g DPDPE < o® hd
° 1 Deltorphin-II ®

+ Naltrindole
0.0 T T T T T T T T 0.0-
-5 0 5 10

E F * o) G

1.4- A- sk 9. dedkek * *kk NS

DPDPE
Deltorphin-I| ]
Gabazine =

-
N
1

PPR (norm)
5
1
Yl
slope
o
1
h % o
H
H
CV2 (norm)
n
‘Forfis e
®
HH

°
T & %
° o
0.8 . - 1 9 &£ N @ 0 & » @
05 1.0 S K S & & & &
Amplitude (norm.) Q é\o& s N i Cid

Figure 1. DOR signaling suppresses inhibitory transmission onto L5 pyramidal neurons in
mPFC

(A) Schematic of experimental paradigm.

(B) Example current traces evoked by paired-pulse synaptic stimulation before and after
application of DPDPE, deltorphin-Il, gabazine, or low external Ca. Synaptic currents are
overlaid as either raw values (left) or normalized to the first response (right) to visualize
PPR differences. Scale bars depict 100 pA and 10 ms in all conditions.

(C) Summary time course plot of normalized elPSC amplitudes during DOR agonist
application (1 min bins).

(D) Summary plots of normalized elPSC amplitude (left) and PPR (right) for all conditions.
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(E) Plot of normalized PPR as a function of normalized elPSC amplitude for each condition,
with baseline at (1,1). Line slopes represent the degree of PPR change relative to the degree
of amplitude change.

(F) Summary slope values for all conditions.

(G) Summary normalized CV~2 for all conditions.

Colored circles represent individual cells, and black bars depict mean values + SEM. *** p
<0.001; ** p<0.01; * p<0.05; ns, non-significant.
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Figure 2. GABA release from PV+ and SOM+ interneurons is differentially regulated by DORs
(A) Expression of OprdZ mRNA across GABAergic cell classes from Allen Institute mouse

patch-seq database.*3

(B) Schematic depicting optogenetic stimulation paradigm.

(C) Example current traces of PV- (top) and SOM-derived (bottom) synaptic responses
evoked by pairs of blue light-emitting diode (LED) flashes before and after DPDPE.

(D) Summary plots of normalized olPSC amplitude (left) and PPR (right) between cell
types.

(E) Normalized amplitude-PPR plot depicting slope relationships for P\V- and SOM-0IPSCs
after DPDPE, as well as for eIPSCs after DPDPE (blue line) and low Ca (yellow line) from
Figure 1.

(F) Summary amplitude-PPR slopes for PV- and SOM-0IPSCs after DPDPE. The yellow bar
depicts a low-Ca elPSC slope for comparison.

Data are depicted as mean values + SEM. *** p< 0.001; ns, non-significant.
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Figure 3. DORs mediate canonical Cay inhibition in PV+ interneurons
(A) Example PV-0lPSC traces before and after DPDPE application with external H89.

(B) Summary normalized PV-0IPSC amplitudes.

(C) Summary amplitude-PPR plot depicting slope relationships of PV-0lPSCs after DPDPE.
The low-Ca elPSC relationship from Figure 1 is included for comparison (yellow line).

(D) z stack image of filled L5 PV+ interneuron. Imaging location (white box) is enlarged
and rotated in the inset (top left). The line-scan region of interest (ROI) is represented as a
white bar.

(E) Top: raw APs evoked by 1 ms step. Middle: superimposed Alexa 594 (red) and Fluo-5F
(green) signals from boutons during high-frequency line scanning. Bottom: example Ca
transients from AG/R fluorescence data at baseline and after DPDPE.

(F) Summary time course plot of normalized peak AG/R averaged over multiple PV+ cells
for control and DPDPE conditions.

(G) Summary normalized peak AG/R in control and DPDPE conditions. Normalized AG/R
data represent the final time point (20 min after DPDPE application) relative to the baseline
average. Data are depicted as mean + SEM. *** p< 0.001; ns, non-significant.
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Figure 4. SOM+ interneurons exhibit heterogeneous regulation by DORs
(A) Cartoon depicting injection schedule for electrophysiology experiments involving

pertussis toxin (PTXx).

(B) Top: example EPSC traces in L5 pyramidal neurons evoked by electrical stimulation
before (black) and after (gray or green) application of baclofen in control mice (left) or those
injected with PTx (right). Bottom: summary plot of normalized eEPSC amplitudes after
baclofen application.
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(C) Example SOM-0lIPSC traces before and after DPDPE with either H89 pre-incubation
(top) or injected PTx (bottom).

(D) Summary plot of normalized olPSC amplitudes after DPDPE in control (blue), H89
(maroon), and PTx (green) conditions.

(E) Normalized amplitude-PPR plot depicting slope relationships for SOM-0IPSCs in all
conditions.

(F) z stack image of filled SOM+ interneuron. Imaging location (white box) is enlarged and
rotated in the inset (bottom left). The line-scan ROI is represented as a white bar.

(G) Top: raw APs evoked by step protocol. Middle: superimposed Alexa 594 (red) and
Fluo-5F (green) signals from boutons in line-scan ROI. Bottom: example Ca transients from
AG/R fluorescence data at baseline and after DPDPE application.

(H) Summary time course plot of normalized peak AG/R in SOM+ boutons for control and
DPDPE conditions.

(1) Example AP-evoked Ca transients before and after DPDPE with H89, locally injected
PTx, or both.

(J) Summary normalized peak AG/R data in control and drug conditions.

(K) Schematic depicting DOR-dependent signaling pathway in PV+ and SOM+ boutons.
Data are depicted as mean = SEM. *** p< 0.001; ns, non-significant.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strain

AAV5-Efl a-DIO-hChR2(H134R)-eYFP UNC Viral Core N/A
Chemical, peptides, and recombinant proteins

DNQX disodium salt Tocris 2312
DPDPE Tocris 1431
[D-Ala2]-Deltorphin 11 Tocris 1180
Naltrindole Tocris 0740
SR 95531 hydrobromide Tocris 1262
Pertussis toxin Tocris 3097
(R)-Baclofen Tocris 0796
H-89 dihydrochloride Tocris 2910
Fluo-5F, Pentapotassium Salt, cell impermeant Invitrogen F14221
Alexa Fluor 594 hydrazide Invitrogen A10438
w-conotoxin-MVIIC Alomone C-150

Experimental models

Mouse: C57BL/6J

Mouse: B6; 129S6-Gt(ROSA)26Sormi4(CAG-tdTomato)Hze/ 3
Mouse: B6.129P2-Pvalbtmi(cre)Arbr/g

Mouse: B6J.Cg-Ssttm2LCre)Zih/Mwar)

The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory

RRID:IMSR_JAX:000664
RRID:IMSR_JAX:007908
RRID:IMSR_JAX:017320
RRID:IMSR_JAX:028864

Deposited data

Cortex and hippocampus SMART-seq (mouse)

Yao et al.*3

Allen Brain Map: https://portal.brain-map.org/atlases-
and-data/rnaseq/mouse-whole-cortex-and-hippocampus-
smart-seq

Software and algorithms

IGOR Pro
pClamp
Prism
MATLAB
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