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The dynorphin/kappa opioid receptor (KOR) system within the nucleus accumbens (NAc) contributes to affective states.
Parvalbumin fast-spiking interneurons (PV-FSIs), a key component of feedforward inhibition, participate in integration of excitatory
inputs to the NAc by robustly inhibiting select populations of medium spiny output neurons, therefore greatly influencing NAc
dependent behavior. How the dynorphin/KOR system regulates feedforward inhibition in the NAc remains unknown. Here, we
elucidate the molecular mechanisms of KOR inhibition of excitatory transmission onto NAc PV-FSIs using a combination of whole-
cell patch-clamp electrophysiology, optogenetics, pharmacology, and a parvalbumin reporter mouse. We find that postsynaptic
KOR stimulation induces long-term depression (LTD) of excitatory synapses onto PV-FSI by stimulating the endocytosis of AMPARs
via a PKA and calcineurin-dependent mechanism. Furthermore, KOR regulation of PV-FSI synapses are input specific, inhibiting
thalamic but not cortical inputs. Finally, following acute stress, a protocol known to elevate dynorphin/KOR signaling in the NAc,
KOR agonists no longer inhibit excitatory transmission onto PV-FSI. In conclusion, we delineate pathway-specific mechanisms
mediating KOR control of feedforward inhibitory circuits in the NAc and provide evidence for the recruitment of this system in

response to stress.

Neuropsychopharmacology (2021) 46:2340-2349; https://doi.org/10.1038/s41386-021-01146-8

INTRODUCTION

The nucleus accumbens (NAc) is a key node within the mesolimbic
dopamine system, integrating glutamatergic input from limbic,
cortical, and thalamic brain regions to drive motivated behavior
[1, 2]. Experience dependent plasticity of these inputs has been
shown to underlie maladaptive motivational states [2-7]. NAc-
dependent motivational output is organized by networks of
parvalbumin-expressing fast-spiking interneurons (PV-FSIs) that
gate medium spiny neuron (MSN) output via feedforward
inhibition [8-13]. For example, inhibition of NAc PV-FSIs increases
impulsivity and decreases psychostimulant induced associative
learning [14, 15]. Studies from our lab and others indicate that
feedforward glutamatergic synapses onto PV-FSIs exhibit multiple
molecularly distinct modes of plasticity, each proceeding via G-
protein-coupled  receptor  (GPCR)-dependent  mechanisms
[10, 11, 16, 17]. However, it is unknown whether endogenous
opioid signaling, a neuromodulatory system critically involved in
adaptive and pathological reward behavior, modulates PV-FSI-
embedded feedforward microcircuits.

The dynorphin/kappa opioid receptor (KOR) system is heavily
implicated in stress, stress induced reinstatement of drug seeking,
as well as negative affective states during withdrawal [18-21].
Importantly, recruitment of the dynorphin/KOR system in the NAc
is aversive [22-24], and dynorphin is increased in the NAc of
individuals with cocaine use disorder and suicidal ideologies, as

well as in rodent models of addiction and depression [25-28].
KORs are Gai-coupled GPCRs that dynamically and heterosynapti-
cally regulate glutamate release in the NAc, highlighting the
importance of KORs as key mediators of NAc signal transduction
[29-33]. How KORs modulate PV-FSl-embedded feedforward
microcircuits, and PV-FSI relevant behaviors, represent an
important gap in understanding how this receptor influences
NAc circuit activity. We examined prefrontal cortex (PFC) and
midline nuclei of the thalamus (mThal) inputs into the NAc as they
regulate opposing behaviors. Stimulation of PFC—NAc afferents
promotes real-time place preference, and stimulation of mThal—
NAc afferents promotes real-time place aversion [5, 34].

We used whole-cell patch-clamp electrophysiology, transgenic
mice, and behavioral manipulations paired with pharmacology to
probe the dynorphin/KOR system at excitatory inputs onto NAc
core (NAcc) PV-FSls. We report that postsynaptic KORs diminish
feedforward drive onto NAcc PV-FSIs via AMPAR endocytosis
through a PKA/calcineurin-dependent mechanism. Interestingly,
we also find that mThal afferents onto PV-FSIs are preferentially
regulated by KORs over PFC afferents. To test for in vivo
recruitment of the KOR system we used immobilization stress.
Acute immobilization stress prevented KOR-induced depression of
excitatory transmission onto NAcc PV-FSIs. Importantly, KOR-
dependent long-term depression (LTD) was recovered by pre-
exposure to the KOR antagonist nor-BNI, suggesting the
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involvement of this mechanism in response to acute stress.
Together, these findings provide novel insight into mechanisms
by which the endogenous dynorphin/KOR system regulates
feedforward drive in the NAcc and implicates KORs on NAcc PV-
FSls in acute stress.

MATERIALS AND METHODS

Animals

Mice were housed in the Vanderbilt University Medical Center animal care
facility in accordance with Institutional Animal Care and Use Committee
guidelines. Mice were group housed 2-5/cage with ad lib access to food
and water and kept on a 12-h light-dark cycle. Male and female mice ages
7-12 weeks were used for all experiments. No differences were found
between sexes, so data was combined. To allow for fluorescent
visualization of PV-FSIs in electrophysiology experiments, Cre-induced
STOP™-tdTomato mice (A9, Gt(ROSA)26Sor™(¢ACtdTomatoltize) (jackson
Laboratory Stock No.. 007909) were crossed with parvalbumin (PV) PV-
IRES-Cre mice (PVE™, Pvalb™! €&t stock No.: 008069), generating PVEe-
tdTomato™™ (PV9T) mice.

Electrophysiology

For detailed electrophysiological methods see [35]. In brief, PVT mice
were killed under isoflurane anesthesia, brain dissected, and sagittal brain
slices 250 um thick prepared using a Leica VT1200S Vibratome. Slices were
prepared in oxygenated (95% 02; 5%C02) ice-cold N-methyl-D-glucamine
(NMDG)-based solution (in mM: 2.5 KCl, 20 HEPES, 1.2 NaH,PO, 25
Glucose, 93 NMDG, 30 NaHCOs;, 5.0 sodium ascorbate, 3.0 sodium
pyruvate, 10 MgCl,, and 0.5 CaCl,-2H,0) and recovered for 10 min in the
same solution at 34 °C. Slices were then recovered for 1 h in oxygenated
artificial cerebrospinal fluid (ACSF) containing (in mM: 119 NaCl, 2.5 KCl, 1.3
MgCl,-6H,0, 2.5 CaCl2-2H,0, 1.0 NaH,P0O,-H,0, 26.2 NaHCO;, and 11
glucose; 287-295 mOsm). During experiments, slices were continuously
perfused with oxygenated ACSF containing 50 uM picrotoxin (GABAAR
antagonist to isolate excitatory postsynaptic currents; EPSCs) at a rate of 2
mL/min and a temperature of 32 +2°C. To isolate miniature (m) EPSCs,
tetrodotoxin (1 uM) was added to the ACSF. PVIT cells in the NAcc were
visualized using Scientifica PatchVision software via 530 nm LED light. PV-
FSIs were confirmed according to biophysical properties (capacitance,
membrane resistance, and AMPAR decay kinetics) [11, 17].

Whole-cell patch-clamp electrophysiology was performed using a CV-7B
headstage, Multiclamp 700B Amplifier, Axopatch Digidata 1550 digitizer,
and 3-6 MQ glass recording micropipettes (Sutter P1000 Micropipette
Puller). Voltage clamp recordings were done at —70 mV using a K*-based
intracellular solution (in mM: 135 K*-gluconate, 5 NaCl, 2 MgCl2, 10 HEPES,
0.6 EGTA, 3 Na2ATP, 0.4 Na2GTP; 285-292 mOsm). For experiments using
GDPS trilithium salt, Na2GTP was excluded from the internal solution and
1 mM GDP@S added. BAPTA (10 mM), D15 (2 mM), S15 (2 mM) were added
to the internal solution as indicated. In these subsets of experiments, cells
were dialyzed for 30 min prior to the beginning of the recording.

A bipolar electrode was placed at the cortico-accumbens interface and
stimulated at 0.1 Hz to examine local neurotransmission. Paired-pulse ratio
(PPR) was acquired within experiment by giving two 0.15 ms pulses with a
50 ms interstimulus interval and dividing the amplitude of the second
EPSC by the first. For experiments examining mThal or PFC synapses onto
NAcc PV-FSls, 473-nm Cool LED stimulation was delivered at 0.1 Hz with a
0.3-ms pulse duration to slices prepared from mice expressing ChR2 on
terminals within the NAcc. Cells with a >15% change in series resistance
(Rs) we excluded from analysis.

Immobilization stress

For immobilization stress experiments, mice were constrained in a
cylindrical tube for 1 h, allowed to recover for 10 min, and then sacrificed
for electrophysiology. KOR antagonist, nor-BNI (10 mg/kg), or saline was
administered by intraperitoneal (IP) injection 24 h prior to immobilization
stress.

Stereotaxic injections

To probe input specificity, mice underwent stereotaxic surgery for viral-
mediated gene transfer of channel rhodopsin (ChR2). At ~4 weeks of age
mice were given bilateral injections (400nL) of AAV5-CaMKII-ChR2-EYFP
(Addgene, Watertown, MA) and killed 3-5 weeks after surgery for
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electrophysiological experiments. Coordinates were (relative to bregma):
mThal (medial-lateral (ML):+£0.3, anterior-posterior (AP): —1.2, dorsal-
ventral (DV): —3.0) or PFC (ML: +0.3, AP: —1.75, DV: —2.75).

Pharmacology

1-Naphthyl acetyl spermine (NASPM) trihydrochloride, isoflurane, tetrodo-
toxin, (-)-U50488 hydrochloride, and nor-binaltorphimine dihydrochloride,
were obtained from Tocris/Bio-Techne, Minneapolis, MN. Picrotoxin, BaCl2,
and GDP@S trilithium salt were obtained from Sigma-Aldrich, St. Louis, MO.
D15 (PPPQVPSRPNRAPPG) and S15 (ANVRRGPPPPPQPSP) were synthesized
by Bio-Synthesis Inc. Lewisville, TX.

Statistics

Clampfit 104 and GraphPad Prism v7.0 were used to analyze all
experiments. Changes in EPSC amplitude, EPSC frequency, coefficient of
variance (CV), and PPR were calculated by comparing the mean values
during the first 5 or 10 min (defined for each experiment) to the mean
values in during the final 5 or 10 min of each experiment. Each data point
represents the average of one cell, n=number of cells N=number of
mice. Paired or unpaired t tests were used. Errors bars represent SEM. For
all analyses, p <0.05 was considered significant.

RESULTS

The dynorphin/KOR system triggers LTD of excitatory drive
onto NAcc PV-FSlIs

KORs depress excitatory synapses onto NAc MSNs by inhibiting
glutamate release, however, their function at PV-FSls is unknown
[31, 36, 37]. To determine the contribution of KORs to excitatory
drive onto NAcc PV-FSIs, we tested KOR pharmacology on
electrically evoked EPSCs (eEPSC). Application of the endogenous
KOR agonist, dynorphin A, elicited a depression of eEPSCs (Fig. 1B,
D, F; Dyn. A: 75.0+5.8%, n=7, p =0.005, paired t test). To gain
KOR specificity, as dynorphin A exhibits activity at the mu and
delta opioid receptors, we used KOR selective agonist (-)-U-50488.
Consistent with dynorphin A, U-50488 triggered a decrease in
eEPSC amplitude that persisted in the presence of KOR antagonist,
nor-binaltorphimine (nor-BNlI), indicating LTD (Fig. 1C, E, F U-
50488: 714+54%, n=7, p=0.002, paired t-test). To further
ensure the specificity of the observed effect to KORs, we washed
on the agonist U-50488 in the presence of nor-BNI and observed
no depression (Fig. 1G; U-50488 in nor-BNI: 95.7 + 4.0%,n =8, p =
0.31, paired t test). Furthermore, KORs lack tonic regulation of
excitatory drive onto PV-FSIs exemplified by no change in the
eEPSC amplitude following the application of nor-BNI (Fig. 1H
105.5+5.2%, n=28, p=0.327, paired t test). These data demon-
strate LTD of excitatory drive onto NAcc PV-FSIs by KORs.

KOR triggered LTD is expressed post-synaptically

To determine whether KOR-induced LTD is expressed pre- or post-
synaptically, we examined PPR and coefficient of variance (CV),
metrics which are inversely correlated with release probability.
Consistent with a postsynaptic locus of action, we observed no
significant changes in either PPR (50 ms) or CV (Fig. 2A; PPR
baseline: 1.32 +0.05; PPR 40-50 min: 1.38+0.05, n=7, p=0.25,
paired t test) (Fig. 2B; CV baseline: 0.18 £ 0.02; CV 40-50 min: 0.18
+0.02, n=7, p=0.84, paired t test). However, presynaptic KOR
mediated depression of EPSCs have been reported with no
observable change in PPR [33]. Therefore, we incorporated TTX-
insensitive mEPSC analyses in response to pharmacological
activation of KORs. mEPSCs were analyzed during the first 5 min
and from minutes 40-45 of U-50488 application experiments.
U-50488 elicited no change in mEPSC frequency while significantly
decreasing amplitude, consistent with a decrease in post-synaptic
response to neurotransmitter release (Fig. 2C; frequency 0-5 min:
10.26 £ 1.53 Hz; frequency 40-45 min: 1040+ 1.61 Hz, n=10, p=
0.87, paired t test; amplitude 0-5 min: 18.78 £ 0.91 pA; amplitude
40-45 min: 16.75+0.72 pA, n=10, p=0.042, paired t-test). To
further validate the postsynaptic action of KOR-mediated LTD of
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Fig. 1 Kappa opioid receptor stimulation triggers a long-term depression of excitatory transmission onto NAc core PV-FSIs. A Sagittal
mouse brain slice representing location of electrophysiological recordings in the dorsomedial NAc core. B Representative experiment of
eEPSC amplitudes before, during, and post Dynorphin A (500 nM) drug wash from NAc core PV-FSls, and representative current traces from
the first and last ten minutes of the experiment. C Representative experiment of eEPSC amplitudes before, during, and post U-50488 (1 uM)
drug wash and nor-BNI antagonist (500 nM) chase from NAc core PV-FSls, and representative current traces from the first and last ten minutes
of the experiment. D Time-course summary of normalized eEPSCs in PV-FSIs depicting a Dyn. A triggered depression that persists following
drug washout. E Time-course summary of normalized eEPSCs in PV-FSIs depicting U-50488 triggered long-term depression. F Average eEPSC
amplitudes taken from baseline and 40-50 min for Dyn. A and U-50488 drug washes (Dyn. A: 75.0 + 5.8%, n = 7; U-50488: 71.4 + 5.4%,n=7). G
Time-course summary of U-50488 (1 uM) washes in the presence of nor-BNI (500 nM) with average eEPSC amplitudes taken from baseline and
20-30 min (95.7 +£4.0%, n=28, p=0.31). H Time-course summary of nor-BNI (500 nM) washes with average eEPSC amplitudes taken from
baseline and 10-20 min (105.5 = 5.2%, n = 8, p = 0.327). Error bars indicate SEM. Baseline = 0-10 min. Scale bars = 50 pA/10 ms. Gray boxes
indicate timepoint used to compare to baseline.

NAcc PV-FSIs EPSCs, we replaced GTP with non-hydrolysable system [39, 40], we tested if dopamine was required for KOR-
GDP@S in the internal solution to inhibit G-protein signaling. In induced LTD by applying U-50488 in the presence of D1- and D2-
GDPS loaded cells, U-50488-induced depression was lost and like dopamine receptor antagonists SCH 23390 and sulpiride,
significantly different from control (containing GTP) (Fig. 2D; Ctl: respectively. Inhibiting D1- and D2-like dopamine receptors had
71.4 + 5.4%; GDPS: 102.6 + 7.8%, n =7 and 5, p = 0.007, unpaired no effect on U-50488 triggered LTD of PV-FSI eEPSCs (Fig. 3B;
t test). Together, these data are consistent with a postsynaptic, U-50488 in SCH + Sulp: 68.8 £ 9.2%, n = 4, p = 0.043, paired t test).

G-protein dependent LTD initiated by KORs. GPCR signaling can recruit protein kinase A (PKA) via GBy. We
determined that the mechanism was PKA dependent by the loss
KOR activation initiates the endocytosis of PV-FSI AMPARs of LTD following application of U-50488 when the PKA antagonist

A canonical signaling pathway for opioid receptors is the H89 (10 uM) was included in the bath solution, implicating the
activation of GIRK channels, which leads to hyperpolarization of GBy signaling arm of KORs (Fig. 3C; U-50488 in H89: 92.6 + 3.6%,
the cell and could explain the decrease in PV-FSI eEPSC amplitude n =26, p=0.090, paired t-test). The loss of LTD in the presence of
mediated by KORs [38]. To test this, we washed on U-50488 in the H89 was also significantly different from control LTD (Ctl: 71.4 £
presence of Ba’" and recorded eEPSCs from NAcc PV-FSls. 5.4%; H89: 92.6 £ 3.6%, n =7 and 6, p = 0.009, unpaired t test). We
U-50488 triggered LTD in the presence of Ba®*, suggesting LTD also report that H89 alone has no effect on the eEPSC amplitude
is not mediated by Ba®" sensitive potassium channels, including of NAcc PV-FSIs (Fig. 3C inset; H89: 98.3+4.9%, n=4, p=0.75,
GIRKs (Fig. 3A; U-50488 in Ba®™: 75.0+3.5%, n=4, p=0.006, paired t test, final 10 min compared to first 10 min).

paired t-test). Consistent with blockage of potassium channels, To narrow the intracellular signaling mechanisms recruited by
bath-application of Ba>" was accompanied by a decrease in Iy, KORs to trigger LTD, we determined whether the effect was
(Fig. 3A inset). Given the established regulatory relationship calcium dependent by incorporating the fast-acting calcium
between dopamine and the KOR in the midbrain dopaminergic chelator, BAPTA, into the internal solution. Intracellular BAPTA
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Fig. 2 Kappa opioid receptor mediated long-term depression is expressed post-synaptically. A Representative PPR current traces taken
from baseline and 40-50 min (scale bars =50 pA/25 ms). Average PPR taken from baseline and 40-50 min (PPR baseline: 1.32 £ 0.05; PPR
40-50 min: 1.38 £0.05, n =7, p = 0.25). B Average CV taken from baseline and 40-50 min timepoints (CV baseline: 0.18 + 0.02; CV 40-50 min:
0.18+0.02, n =7, p=0.84). C Representative mEPSC traces taken from baseline and 40-45 min timepoints. Average mEPSC frequency taken
from 0 to 5 min and 40-45 min timepoints (0-5 min: 10.26 + 1.53 Hz; 40-45 min: 10.4 = 1.61 Hz, n =10, p = 0.87). Average mEPSC amplitude
taken from 0 to 5min and 40-45 min timepoints (0-5 min: 18.78 +0.91 pA; 40-45 min: 16.75+0.72 pA, n=10, p =0.042). D Time course
summary of U-50488 (1 uM) drug washes in the presence of internally loaded GDP@S or control internal solution, representative current traces
from baseline and 40-50 min timepoints for GDPS loaded cells (scale bars = 50 pA/10 ms), and average eEPSC amplitudes taken from 40 to
50 min for control and GDPfS loaded cells (Ctl: 71.4 + 5.4%; GDP{S: 102.6 + 7.8%, n =7 and 5, p = 0.007). Gray box represents timepoint used
for GDP@S vs Ctl statistics. Error bars indicate SEM. Baseline = 0-10 min.

prevented U-50488-LTD (Fig. 3D; U-50488 with BAPTA: 88.0 +
10.1%, n =6, p = 0.290, paired t test). Given the requirement for
calcium in U-50488-LTD of PV-FSI AMPARs, we tested whether the
Ca*"calmodulin-dependent protein phosphatase calcineurin, a
downstream effector of Ca®" that has been shown to initiate
clathrin-mediated endocytosis of AMPARs [41-44], is responsible

Neuropsychopharmacology (2021) 46:2340 - 2349

for KOR-LTD. We found that incubating slices in calcineurin
inhibitor, cyclosporin A, for 1-2 h blocked the ability of U-50488 to
trigger LTD (Fig. 3E; U-50488 following cyclosporin A: 103.3 +
11.3%, n=7, p=0.78, paired t test). The loss of LTD following
cyclosporin A incubation was also significantly different from
control LTD (Ctl: 71.4 £ 5.4%; cyclosporin A: 1033+ 11.3%, n=7
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Fig. 3 Kappa opioid receptor activation triggers the endocytosis of PV-FSI AMPARs. A Time-course summary of U-50488 (1 uM) washes in
the presence of Ba>"(1 mM) and average eEPSC amplitudes from baseline and 40-50 min (75.0 + 3.5%, n = 4, p = 0.006). Inset: representative
experiment showing effect of Ba>" on holding current. B Time-course summary of U-50488 (1 uM) washes in the presence of SCH 23390/
Sulpiride (10 pM) and average eEPSC amplitudes from baseline and 40-50 min (68.8 £ 9.2%, n =4, p =0.043). C Time-course summary of
U-50488 (1 uM) washes in the presence of H89 (10 puM) and average eEPSC amplitudes from baseline and 40-50 min (92.6 +3.6%, n=6, p =
0.090). Inset: time-course summary of the effect of H89 (10 uM) on eEPSC amplitude (98.3 +4.9%, n = 4, p = 0.75, final 10 min compared to first
10 min) (D) Time-course summary of U-50488 (1 pM) washes in the presence of cellularly loaded BAPTA (10 mM) and average eEPSC
amplitudes from baseline and 40-50 min (88.0 + 10.1%, n = 6, p = 0.290). E Time-course summary of U-50488 (1 uM) washes in cyclosporin A
incubated slices (1-2 h, 20 uM) and average eEPSC amplitudes from baseline and 40-50 min (103.3+11.3%, n=7, p =0.78). F Time-course
summary of U-50488 (1 uM) washes in cells loaded with either D15 or S15 (2 mM) and average eEPSC amplitudes taken from 40 to 50 min from
both groups (S15: 77.2 £ 4.8%; D15: 99.3+8.1%, n=5 and 5, p = 0.046). Error bars indicate SEM. Baseline = 0-10 min. Gray boxes indicate
timepoint used to compare to baseline in (A-E), and between S15 and D15 in (F). G Representative experiments of time-matched control or
dynorphin A (500 nM) triggered LTD followed by NASPM (100 pM). Time course summary taken from minutes 40-65 to compare NASPM
induced depression between control and dynorphin A (control: 48.4 +5.1%; dyn. A: 41.4+4.6, n=5 and 5, p=0.34).

and 7, p =0.026, unpaired t-test). Given this result, we wanted to (ANVRRGPPPPPQPSP), into the internal patch solution [45, 46].

determine if the activation of KORs was ultimately leading to the
trafficking of AMPARs on PV-FSls. To test this, we introduced
the peptide inhibitor D15 (PPPQVPSRPNRAPPG), which blocks the
interaction between dynamin and AP1/2 and inhibits the
endocytosis of AMPARs, or the scrambled peptide S15

SPRINGER NATURE

U-50488 had no effect on cells loaded with D15, while it elicited a
significant depression in cells loaded with S15 compared to those
loaded with D15 (Fig. 3F; U-50488 with S15: 77.2 + 4.8%; D15: 99.3
+8.1%, n=5 and 5, p=0.046, unpaired t-test). Previous work
from our lab has established that ~50% of EPSC on NAc PV-FSls is
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Fig. 4 Kappa opioid receptor preferentially regulates mThal afferents. A Schematic depicting the optogenetic strategy used to isolate PFC
or mThal synapses onto NAc core PV-FSIs. B Time-course summary of oEPSCs from mThal synapses onto PV-FSls during U-50488 (1 pM)
washes and average oEPSCs from baseline and 40-50 min (72.6 £5.3%, n=6, p =0.003). C Time-course summary of oEPSCs from PFC
synapses onto PV-FSIs during U-50488 (1 uM) washes and average oEPSCs from baseline and 40-50 min (96.4 + 9.6%, n =5, p = 0.73). D Time-
course summary of oEPSCs from PFC or mThal synapses onto PV-FSIs beginning at the 40 min timepoint following U-50488 (1 uM) wash and
through a 15 min wash of NASPM (100 uM) and average oEPSCs from 60 to 65 min compared between the two afferents (PFC: 40.1 £ 7.6%;
mThal: 41.3 £4.1%, n =4 and 5, p = 0.89). Error bars indicate SEM. Baseline = 0-10 min. Gray boxes indicate timepoint used for comparison to

baseline in B and C and between mThal and PFC in (D).

attributed to calcium permeable AMPARs (CP-AMPARs) with the
remainder being resistant to the CP-AMPAR blocker NASPM
(calcium impermeable AMPARs, CI-AMPARs) [17]. To determine if
KOR-LTD differentially targets the trafficking of CP- or CI-AMPARs
we bath applied NASPM following either time-matched control or
dynorphin A triggered LTD. We found no difference in NASPM-
induced depression of EPSCs, suggesting indiscriminate AMPAR
targeting by KORs (Fig. 3G; control: 48.4 +5.1%; dyn. A: 41.4+ 4.6,
n=>5 and 5, p = 0.34, unpaired t test). Taken together, these data
suggest that KORs mediate the endocytosis of AMPARs on NAcc
PV-FSIs in a PKA/calcineurin-dependent manner.

KOR preferentially regulates mThal afferents

The thalamus is implicated in drug seeking behaviors [47-49], and
the thalamic to NAc pathway is required for the expression of
opiate withdrawal aversive symptoms [5]. Zhu et al also reports
the recruitment of feedforward inhibitory currents in the thalamus
to NAc pathway, making this afferent an attractive target for KOR
regulation of feedforward inhibitory drive. To test this we injected
an adeno-associated virus expressing channelrodopsin2 (AAV-
ChR2) into the mThal and recorded optically evoked EPSCs
(0EPSCs) in NAcc PV-FSIs (Fig. 4A). U-50488 elicited an LTD of
mThal oEPSCs (Fig. 4B; U-50488: 72.6+5.3%, n=6, p=0.003,
paired t test). We also note no change in CV following U-50488
application at this synapse (data not shown: CV baseline: 0.16 +
0.016%; CV 40-50 min: 0.20 £ 0.055%, n = 6, p = 0.33, paired t test).
To determine if KORs on PV-FSIs in the NAcc similarly regulate
cortico-accumbens afferents, we injected AAV-ChR2 into the PFC
and recorded oEPSCs (Fig. 4A). U-50488 had no effect on oEPSCs
from PFC-ChR2 terminals (Fig. 4C; U-50488: 96.4 £ 9.6%, n=5,p =
0.73, paired t test). To determine if KOR-LTD of thalamo-
accumbens synapses was due to trafficking of Cl- or CP-AMPARs,
we again washed on NASPM following the 30-min U-50488
washout. There was no difference in depression elicited by NASPM

Neuropsychopharmacology (2021) 46:2340 - 2349

at either the PFC or mThal afferent following U-50488 application
(Fig. 4D; PFC: 40.1 £7.6%; mThal: 41.3+4.1%, n=4 and 5, p=
0.89, unpaired t test), consistent with KOR-LTD of PV-FSIs AMPARs
that does not involve the specific targeting of Cl- or CP-AMPARs.

KOR-LTD is absent following immobilization stress

Dynorphin is increased in the NAc of persons diagnosed with
cocaine use disorder and persons with suicidal ideologies, as well
as in rodent models of addiction and depression [25-28].
Immobilization stress has also been shown to increase dynorphin
A immunoreactivity in the NAc [50]. To investigate the physiolo-
gical relevance of KOR- LTD on NAcc PV-FSIs, we used an
immobilization paradigm in which mice were restricted in a
cylindrical tube for 1h, allowed to recover for 10 min prior to
preparation for electrophysiology assays. U-50488 failed to induce
LTD in stressed mice as compared to control mice (Fig. 5A; Stress:
106.8 £ 7.0%; Ctl: 71.4+5.4%, n=5 and 7, p=0.002, unpaired t
test). To determine if the loss of U-50488 effect in stressed mice
was due to activity at KORs in vivo, 24 h prior to stress mice were
given either an IP injection of nor-BNI or saline. Following
immobilization stress, U-50488 elicited a significant depression
in mice pretreated with nor-BNI compared to saline treated mice
(Fig. 5B; Saline: 100.0 + 4.6%, n=7; nor-BNI: 83.4+2.7%, n=6, p
=0.012, unpaired t test). Together, these data suggest that PV-FSI
KORs are involved in the response to immobilization stress.

DISCUSSION

Here we describe modulation of feedforward drive onto NAcc PV-
FSIs by the dynorphin/KOR system. Using whole-cell patch clamp
electrophysiology, pharmacology, and a PV reporter mouse, we
find that activating postsynaptic KORs depresses excitatory
transmission onto PV-FSIs by triggering the endocytosis of
AMPARs via PKA/calcineurin-dependent mechanisms. We provide
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Fig. 5 Kappa opioid receptor agonist does not depress PV-FSI EPSCs following restraint stress and can be rescued by prior
administration of the antagonist, nor-BNI. A Above: Schematic depicting immobilization stress paradigm. Below: Representative experiment
of eEPSCs collected during U-50488 (1 uM) wash from an immobilization stressed mouse, time course summary of eEPSCs collected during
U-50488 (1 uM) washes from immobilization stressed or control (ghosted) mice, and average eEPSC amplitudes from 40 to 50 min compared
between stress and control mice (Stress: 106.8 + 7.0%; Ctl: 71.4 + 5.4%, n =5 and 7, p = 0.002). B Above: Schematic depicting nor-BNI or saline
administration prior to immobilization stress paradigm. Below: Time-course summaries of eEPSCs collected during U-50488 (1 uM) washes
from IP saline or nor-BNI (10 mg/kg) administered mice prior to immobilization stress and average eEPSC amplitudes from 40 to 50 min
compared between saline and nor-BNI groups (Saline: 100.0 £ 4.6%, n = 7; nor-BNI: 83.4 £ 2.7%, n =6, p = 0.012). Error bars indicate SEM. Gray
boxes indicate timepoint used for comparison between treatment groups.

evidence for afferent-specific regulation of excitatory drive onto inhibited by KORs in mice [33]. Our studies address PFC and mThal
these cells, with mThal but not PFC synapses exhibiting KOR-LTD. afferents into the NAcc of mice and differs from the O'Donnell
Finally, we show that immobilization stress prevents U-50488 group in that we see little effect of KOR activation at the PFC input.
depression of glutamatergic transmission that is rescued by prior These studies highlight possible species differences in KOR
in vivo administration of the KOR antagonist, nor-BNI. Together, function as PFC and HP afferents are regulated in rats and BLA
these findings provide evidence for the modulation of NAcc and mThal afferents in mice. It is also important to note that the
microcircuits via the dynorphin/KOR system, and the involvement current study is the first to examine KOR regulation of excitatory

of these mechanisms in the response to stress. drive onto PV-FSls. While PV-FSIs in the NAc receive the same
The predominant locus of KOR function at excitatory synapses collateralizing afferents as MSNs, it is possible that the collater-
onto MSNs is presynaptic, despite imaging data showing pre- and alizing axons express different molecular regulators. Further

post-synaptic KOR expression [30, 31, 33, 36]. This manuscript characterization of afferent specific regulation by KORs in the
provides the first evidence for postsynaptic KOR mediated NAc across species and cell types will be important for the field.
regulation of neurotransmission in the NAc. Work from the Prior studies described presynaptic mechanisms by which the
O'Donnell lab has shown presynaptic inhibition of PFC and KOR inhibits glutamate release onto NAc shell MSNs downstream
hippocampal (HP) inputs onto NAc MSNs in rats [32]. In contrast, of Ca®" entry, an effect reversed by nor-BNI [31, 36]. These results
Tejeda et al. show that BLA but not HP inputs onto NAc MSNs are differ significantly from the clear postsynaptic and non-reversible
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LTD shown here. Differences in these mechanisms may be
ascribed to the different cell types being examined, PV-FSIs vs
MSNs. Anatomical differences may also play a role as we
exclusively recorded from cells in the rostral NAc core while
Fields’ group recorded in the NAc shell. Behavioral data suggests
that KORs along the rostro-caudal axis can differentially regulate
hedonic or aversive behaviors, providing behavioral precedent for
differing KOR function depending upon the subregion of the NAc
[51, 52]. Like the Fields’ group we do see a range of depression
percentages upon KOR activation. However, in contrast we see a
depression in all cells recorded. It is possible that this range of
depressions we see is due to a density difference of specific
afferent synapses onto PV-FSls.

The balance between PKA and calcineurin activity is vitally
important for both long-term potentiation (LTP) and LTD of
excitatory synapses, often both being required for plasticity to
occur [53, 54, 55]. KOR activation has been well characterized to
lead to PKC,ers and Ca® mobilization [56]. Both PKC and Ca®*can
activate adenylyl cyclase subtypes to promote cAMP production
and PKA activation [57]. We hypothesize this may be a mechanism
behind KOR activation of PKA. PKA may then be required to
phosphorylate an intermediate regulator of calcineurin, or leading
to the release of ER stores of Ca®"and thus activating calcineurin.
A well-documented mechanism of calcineurin-dependent LTD is
the dephosphorylation of Ser845 on the GIuAT subunit of
AMPARs [58-60]. As NAcc PV-FSIs express Cl- and CP-AMPARs,
both of which can contain GIuA1, this would lead to the
endocytosis of both receptors. This is supported by the NASPM
experiments where no difference was found in NASPM induced
depression following U-50488 at the PFC and mThal synapses, as
well as no difference in the depression of eEPSCs using NASPM
following dynorphin A (Figs. 3 and 4). In summary, our data
support KOR-LTD depends on PKA, calcineurin and endocytosis of
AMPAR:s.

The dorsal paraventricular and paratenial nuclei of the mThal
project to the NAc and are implicated in affective states [5, 61].
Therefore these nuclei were targeted as in Joffe et al. [62]. The
prelimbic region of the medial PFC has been shown to promote
the expression of drug seeking behavior and fear learning, and
projects to the NAc core [63, 64]. The mThal, but not PFC, input
into the NAc is strengthened following chronic social defeat stress,
and stimulating mThal - NAc afferents drives real-time place
aversion while stimulating PFC - NAc afferents drives place
preference [5, 34, 65]. Given the KOR's role in mediating stress and
negative affective states, we wanted to determine if KORs
differentially regulate these two afferents. KORs exhibited limited
control over PFC inputs but triggered LTD at mThal synapses,
adding to previous work from our lab characterizing mThal - NAc
specific plasticity mechanisms [62, 66-68]. Given the high level of
expression of the KOR within the NAc, it is likely that KOR also
regulates other NAc inputs, potentially in a stress-dependent
manner. Given the robust loss of KOR-LTD following stress in all
cells recorded, we believe it is likely that most inputs onto the
NAcc PV-FSIs regulated by the KOR are affected by stress.

The NAc is highly implicated in stress-induced behavioral
adaptations [65, 68-73]. Dynorphin levels are upregulated in the
NAcc and shell of rodents following immobilization stress, and
KOR expression is upregulated in the NAc 2 days following a single
bout of immobilization stress [50, 74]. We found that restraint
stress prevented U-50488-LTD of NAcc PV-FSI EPSCs and that nor-
BNI given before the stress rescues the ability of U-50488 to
trigger LTD. Similarly, acute stress has been shown to constitu-
tively activate the KOR at a subset of synapses in the ventral
tegmental area [75]. These findings provide strong evidence for
the involvement of KORs on NAc PV-FSIs in response to
immobilization stress.
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CONCLUDING REMARKS

The current hypothesis regarding NAc PV-FSIs functional con-
tribution is that they orchestrate the required neuronal ensembles
to support motivated behavioral activity [76]. Inputs into the NAc
have been shown to drive feedforward inhibition, and in
behavioral states where dynorphin is increased in the NAc, such
as stress, this feedforward drive could be biased to ensure the
proper neuronal ensembles are recruited to initiate the appro-
priate behavioral response to the stress. An important future
direction is to determine if KOR regulation of this feedforward
circuit becomes dysregulated following chronic stress, and if so,
what affect does this have on behavior. NAc PV-FSls have been
implicated in impulsivity, where chemogenetic and optogenetic
silencing of PV-FSIs leads to loss of impulse control [14]. Loss of
impulse control is a hallmark of addiction and is evident in stress-
induced relapse. KORs on NAc PV-FSlIs represent an excellent
candidate for the underlying molecular substrate for stress-
induced loss of impulse control. Finally, to our knowledge this is
the first description of postsynaptic KOR regulation of neuro-
transmission in the NAc and greatly advances our understanding
of how the KOR regulates NAcc microcircuitry.
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