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The nucleus accumbens shell (NAcSh) receives extensive monoaminergic input from multiple midbrain structures. However,
little is known how norepinephrine (NE) modulates NAc circuit dynamics. Using a dynamic electrophysiological approach
with optogenetics, pharmacology, and drugs acutely restricted by tethering (DART), we explored microcircuit-specific neuro-
modulatory mechanisms recruited by NE signaling in the NAcSh of parvalbumin (PV)-specific reporter mice. Surprisingly,
NE had little direct effect on modulation of synaptic input at medium spiny projection neurons (MSNs). In contrast, we
report that NE transmission selectively modulates glutamatergic synapses onto PV-expressing fast-spiking interneurons (PV-
INs) by recruiting postsynaptically-localized a2-adrenergic receptors (ARs). The synaptic effects of a2-AR activity decrease PV-
IN-dependent feedforward inhibition onto MSNs evoked via optogenetic stimulation of cortical afferents to the NAcSh. These
findings provide insight into a new circuit motif in which NE has a privileged line of communication to tune feedforward in-
hibition in the NAcSh.
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Significance Statement

The nucleus accumbens (NAc) directs reward-related motivational output by integrating glutamatergic input with diverse
neuromodulatory input from monoamine centers. The present study reveals a synapse-specific regulatory mechanism
recruited by norepinephrine (NE) signaling within parvalbumin-expressing interneuron (PV-IN) feedforward inhibitory
microcircuits. PV-IN-mediated feedforward inhibition in the NAc is instrumental in coordinating NAc output by synchroniz-
ing the activity of medium spiny projection neurons (MSNs). By negatively regulating glutamatergic transmission onto PV-
INs via a2-adrenergic receptors (ARs), NE diminishes feedforward inhibition onto MSNs to promote NAc output. These find-
ings elucidate previously unknown microcircuit mechanisms recruited by the historically overlooked NE system in the NAc.

Introduction
The nucleus accumbens (NAc) receives extensivemonoaminergic
input from multiple midbrain structures, including the ventral

tegmental area (VTA) anddorsal raphenucleus.However, norepi-
nephrine (NE), synthesized primarily in dopamine (DA)-b -
hydroxylase (DBH)-containing cells in the nucleus of the solitary
tract (NTS) and locus coeruleus, has garnered only modest atten-
tion regarding NAc circuit function (Fallon and Moore, 1978;
Allin et al., 1988). Relative to other subcortical regions within the
reward network, the NAc is sparsely innervated by DBH-(1)
noradrenergic fibers, with immunoreactivity for DBH highest in
the NAc shell (NAcSh; Berridge et al., 1997; Delfs et al., 1998).
Accordingly, a and b adrenergic receptors (ARs) and the NE
transporter (NET) are expressed highest in theNAcSh along a ros-
tral-caudal gradient (Brog et al., 1993; Kerfoot andWilliams, 2011;
Mitrano et al., 2012). Despite the presence of functional NEergic
afferents to theNAc,mechanismsbywhichnoradrenergic signaling
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influences NAc circuit dynamics remain unknown (McKittrick
andAbercrombie, 2007).

Central NE signaling contributes to stress-induced reinstate-
ment of drug-seeking behavior by engaging extrastriatal limbic
networks, including the bed nucleus of the stria terminalis
(BNST), prefrontal cortex (PFC), and VTA (Mantsch et al., 2016;
Harris et al., 2018; Giustino et al., 2019). However, the functional
significance of NE in the NAc is unclear. Ex vivo studies in rat
suggest that NE modulates glutamatergic transmission onto me-
dium spiny projection neurons (MSNs) via presynaptic a-ARs
(Nicola and Malenka, 1998; Peng et al., 2018). Both a1-AR and
a2-AR subtypes are expressed in the NAc, with ultrastructural
analyses showing that a-ARs are expressed at presynaptic and
postsynaptic domains in the core and shell (Mitrano et al., 2012;
Park et al., 2017). Monoaminergic crosstalk between mesoac-
cumbens dopamine (DA) and NE signaling has also been
described (Sánchez-Soto et al., 2016, 2018), indicating that NE,
despite a relatively sparse innervation pattern, may exert diverse
neuromodulatory effects on NAc circuit output.

A primary circuit element governing NAc output is feedfor-
ward inhibition mediated by fast-spiking parvalbumin (PV)-
expressing interneurons (PV-INs; Wright et al., 2017; Yu et al.,
2017; Manz et al., 2019). PV-INs are instrumental in coordinating
D1 and D2 DA receptor-expressing MSN output and are required
for experience-dependent behavioral plasticity (Yu et al., 2017;
Wang et al., 2018; Pisansky et al., 2019). Recent evidence suggests
that glutamatergic synapses onto PV-INs exhibit dynamic compu-
tational properties that guide NAc-dependent motivational behav-
ior (Manz et al., 2020b). For example, glutamatergic transmission
onto PV-INs is gated by synapse-specific plasticity mechanisms
that accelerate psychostimulant-induced associative learning (Yu
et al., 2017). However, it remains unknown how monoaminergic
transmission, such as NE signaling, modulates PV-IN-embedded
feedforward inhibitory networks in the NAc.

Here, we interrogate the neuromodulatory actions of NE sig-
naling on feedforward inhibitory microcircuit function leverag-
ing a dynamic electrophysiological approach with pharmacology,
input-specific optogenetics, and drugs acutely restricted by teth-
ering (DART). We find that NET-regulated NE release decreases
glutamatergic synaptic efficacy onto PV-INs in the NAcSh. This
effect is specific to NE, as transporter-regulated DA or 5-HT
release does not replicate the phenomena. The actions of NE at
PV-IN synapses are postsynaptically mediated via a2-AR and
accompanied by an inward conductance likely confined to den-
dritic specializations. In contrast to feedforward synapses onto
PV-INs, NE signaling minimally affected local glutamatergic and
GABAergic synapses onto MSNs. The precise synaptic modifica-
tions elicited by NE are sufficient to promote MSN escape from
PFC-evoked feedforward inhibition mediated by PV-INs. These
data highlight a privileged synaptic locus within feedforward
microcircuits through which NEergic transmission modulates
NAcSh circuit output.

Materials and Methods
Animals
Animals were bred and housed at Vanderbilt University Medical Center
in accordance with IACUC. Male and female mice 7–12weeks of age
were used for all electrophysiological experiments. Experimental mice
were housed in groups of three to five per cage on a 12/12 h light/dark
cycle with ad libitum access to standard food and water. Breeding cages
were given 5LOD chow to improve litter viability. For all electrophysio-
logical experiments examining PV-INs, Cre-induced STOPfl/fl-tdTomato
mice (Ai9, Gt(ROSA)26Sortm9(CAG-tdTomato)Hze) obtained from The

Jackson Laboratory (stock no. 007909) were crossed with PV PV-IRES-
Cre mice (PVCre, Pvalbtm1(cre)Arbr/J, stock no. 012358), generating PVCre-
tdTomatofl/fl (PVtdT) mice. Experiments requiring optogenetic access to
the PFC were performed in C57BL/6J wild-type (WT) and PVCre mice.

Electrophysiology
Whole-cell patch-clamp electrophysiological recordings were obtained
in acute brain slice preparations from PVtdT and WT mice. Mice were
euthanized under isoflurane anesthesia after which parasagittal slices
(250 mM) containing the medial NAcSh were prepared from whole brain
tissue using a Leica Vibratome in oxygenated (95% O2; 5%CO2) ice-cold
N-methyl-D-glucamine (NMDG)-based solution (2.5 mM KCl, 20 mM

HEPES, 1.2 mMNaH2PO4, 25 mM glucose, 93 mMNMDG, 30mMNaHCO3,
5.0 mM sodium ascorbate, 3.0 mM sodium pyruvate, 10 mM MgCl2, and
0.5mM CaCl2-2H2O). Slices were then recovered in NMDG-based re-
covery solution for 10–15 min at 30–32°C before being transferred to
a chamber containing artificial CSF (ACSF; 119 mM NaCl, 2.5 mM

KCl, 1.3 mM MgCl2-6H2O, 2.5 mM CaCl2-2H2O, 1.0 mM NaH2PO4-
H2O, 26.2 mM NaHCO3, and 11 mM glucose; 287–295 mOsm). All
experiments were performed using a Scientifica Slicescope Pro
System with continuously-perfused 28–32°C ACSF at 2 ml/min.
PV-INs in the NAcSh were visualized using Scientifica PatchVision
software and differentiated according to the expression of the red
tdTomato fluorophore via 530-nm LED light. Additionally, PV-INs
were confirmed according to morphologic (size, shape) and biophysi-
cal properties (e.g., capacitance, membrane resistance, and AMPAR
decay kinetics) and patched with 3–7 MV recording pipettes (P1000
Micropipette Puller). Whole-cell recordings were performed in a K1-
based intracellular solution (135 mM K1-gluconate, 5 mM NaCl, 2 mM

MgCl2, 10 mM HEPES, 0.6 mM EGTA, 3 mM Na2ATP, and 0.4 mM

Na2GTP; 285–292 mOsm). Experiments requiring a depolarized com-
mand voltage to isolate GABAergic transmission were performed in a
Cs1-based intracellular solution (120 mM CsMeSO3, 15 mM CsCl, 8 mM

NaCl, 10 mM HEPES, 0.2 mM EGTA, 10 mM TEA-Cl, 4.0 mM Mg-ATP,
0.3 mM Na-GTP, 0.1 mM spermine, and 5.0 mM QX 314 bromide). Cell-
attached recordings in voltage-clamp were performed with 5–7 MV re-
cording pipettes backfilled with ACSF.

For voltage-clamp recordings of glutamatergic transmission, AMPAR-
mediated electrically-evoked EPSCs were obtained at �70mV and iso-
lated with GABAAR antagonist, picrotoxin (50 mM). Interleaved electri-
cally-evoked and optically-evoked IPSCs (e/oIPSCs) in MSNs were
isolated electrochemically at 0 (65) mV using the ECl and EAMPAR/NMDAR

of the Cs1-based internal solution. In experiments examining local
synaptic transmission, a bipolar electrode was placed at the corticoac-
cumbens interface and stimulated at 0.1Hz. Paired pulse ratios
(PPRs) were obtained within-experiment by delivering two 0.3-ms
duration pulses with a 50-ms interstimulus interval and calculating
the amplitude ratio of the second EPSC to the first EPSC (EPSC2/
EPSC1) at the indicated time point. In optogenetic experiments exam-
ining input-specific synaptic transmission, 473 nM Cool LED stimula-
tion was delivered at 0.1 Hz with a 0.3- to 1-ms pulse duration. For
current-clamp recordings, cells were permitted 5 min after entering
whole-cell configuration to equilibrate to the intracellular dialysate,
after which a depolarizing plateau potential was established to maintain
cells at approximately �70mV. To assess intrinsic membrane excitability,
action potentials (APs) were elicited following 50-pA current steps
increasing from �400 to 550 pA with an 800-ms step duration every
2 min. Input-output experiments exhibiting pronounced depolariza-
tion block were omitted from analysis. Cell-attached recordings of AP
fidelity were quantified as the percentage of successful APs elicited fol-
lowing eight stimuli at 50% stimulus intensity. Because of the lim-
ited Cre penetrance in PV-IRES-Cre mice, DART manipulations
were performed in Tomato-negative MSNs adjacent to Tomato-
expressing PV-INs in the NAcSh. Membrane resistance (Rm) and series
resistance (RS) were monitored continuously during all experiments,
with.15% change in RS resulting in the omission of that experiment.
Postsynaptic conductances were quantified according to time-locked
changes in holding current (Iholding) and membrane resistance
obtained within experiment in voltage-clamp configuration.
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DART
We leveraged the second-generation DART2.0 system, which offers a
wider dosing window than its predecessor (Shields et al., 2017). To select
PV-INs as the target of DART manipulation, we injected 500 nl of
rAAV2/1-CAG-DIO-HaloTagDART2.0-2A-dTomato-WPRE bilaterally
into the NAc of PVCre mice. Mice were given four to six weeks to allow
for viral expression before preparation of acute brain slices. Reagents
were validated in HT-expressing [HT(1)] and HT lacking [HT(–)]
neurons by examining pharmacosensitivity to low-dose (300 nM)
YM90KDART2.0 (hereafter, YM90KDART). At this dose, ambient
YM90KDART has negligible impact on HT(–) neurons but accumu-
lates within minutes to produce a saturating dose on the surface of
HT(1) neurons. Prior characterization of YM90KDART indicates that
its pharmacophore is an AMPAR-specific antagonist, with no impact
on the NMDAR nor significant off-target activity in a screen of 30
brain-enriched receptors (Shields et al., 2017).

Stereotaxic surgery
Six- to eight-week-old male WT or PVCre mice were anesthetized using
ketamine (75mg/kg, i.p.) and dexdomitidor (0.5mg/kg, i.p.). Briefly, cra-
niotomies were performed using a drill, AmScope microscope, and
World Precision Instruments Aladdin Al-2000 syringe pump hydraulic
system. The following coordinates were used based on The Mouse Brain
in Stereotaxic Coordinates: PFC (AP 1.4, ML6 0.5, DV �2.9 mm) and
NAc (AP1.20, ML6 0.5, DV �4.0 mm). Injection sites were located
using Leica AngleTwo Stereotaxic software. AAV-CaMKII-ChR2-eYFP
(Addgene) was injected into the PFC at 100 nl/min. Mice were revived
using antisedan (atipamezole, 0.5mg/kg, i.p.) and treated with ketopro-
fen (5mg/kg, i.p.) for 3 d postoperatively. ChR2 expression and ana-
tomic specificity were validated empirically according to the expression
of eYFP in the medial PFC and the presence of high-fidelity AMPAR-
mediated monosynaptic oEPSCs, as described previously (Turner et al.,
2018; Manz et al., 2020a).

Traditional pharmacology
1-Naphthyl acetyl spermine (NASPM) trihydrochloride, NBQX diso-
dium salt, picrotoxin, (R)-tomoxetine (TMx) HCl, desipramine HCl,
GBR12783 dihydrochloride, noradrenaline bitartrate (NE), atipamezole
HCl, guanfacine HCl, propranolol, (R)-phenylephrine (PE), and phen-
tolamine mesylate were purchased from Tocris Biosciences. BaCl2, co-
caine (COC) HCl, GDPbS trilithium salt, and fluoxetine HCl were
purchased from Sigma-Aldrich.

Statistics and data analysis
Electrophysiological experiments were analyzed using Clampfit 10.4 and
GraphPad Prism v7.0. Changes in baseline EPSC amplitude, coefficient
of variance (CV), and PPR were calculated by comparing mean values
during 5-min intervals specified in each time course to baseline PPR and
CV values. A depression was defined as a significant difference in EPSC,
eIPSC, or eIPSC amplitude from baseline calculated during the time
interval specified in the recording. Paired or unpaired t tests were used
to analyze statistical differences between datasets. Sidak’s post hoc analy-
ses were used for analyses requiring multiple comparisons. Power analy-
ses were performed with preliminary data during the acquisition of each
new dataset. The sample size obtained from each power analysis calcula-
tion was then compared with sample sizes reported in the literature for
similar experiments. Errors bars depicted in figures represent SEM. For
all analyses, a was set as 0.05, with p values, a indicating a statistically
significant difference.

Results
Feedforward glutamatergic synapses onto PV-INs are
negatively regulated by noradrenergic signaling in the
NAcSh
To distinguish PV-INs from MSNs and other cell-types in the
NAcSh, we bred PVCre mice with tdTomatofl-STOP-fl (PVtdT)
mice in which the PV promoter drives Cre-dependent tdTomato
(tdT) expression (Fig. 1A). Using whole-cell patch-clamp

electrophysiology in ex vivo brain slices, we first confirmed that
tdT(1) cells correspond functionally to PV-INs by comparing
the biophysical properties of tdT(1) cells with tdT(–) cells (puta-
tive MSNs). Following somatic current injection, tdT(1) cells
exhibited high-frequency AP firing with short-duration wave-
forms and steep after-hyperpolarizations (AHPs), consistent
with the fast-spiking electrophysiological profile of PV-INs in
the NAc (Yu et al., 2017; Manz et al., 2020b). In contrast, tdT(–)
cells displayed a regular-spiking interval AP profile with pro-
nounced, low-amplitude AHPs (Fig. 1B). Thus, tdT(1) cells cor-
respond to fast-spiking PV-INs in the NAcSh.

PV-INs require robust glutamatergic input to initiate feedfor-
ward inhibition of MSNs in the NAcSh (Yu et al., 2017; Scudder
et al., 2018). To assess whether monoamines broadly regulate
glutamatergic synaptic strength onto PV-INs, we prepared ex
vivo brain slices from PVtdT mice and recorded electrically-
evoked EPSCs from PV-INs in the NAcSh (Fig. 1C). To discern
whether monoamine transporter (MAT)-regulated transmitter
release modulates glutamatergic transmission onto PV-INs, we
bath-applied selective pharmacological reuptake inhibitors for
the DA transporter (DAT), 5-HT transporter (SERT), and NET.
Bath-application of selective DAT inhibitor, GBR12873 (1 mM),
or SERT inhibitor, fluoxetine (1 mM), failed to evoke a change in
EPSC amplitude (DAT, 95.766 3.98%, n=7, p=0.144; SERT,
94.496 4.59%, n= 6, p= 0.221; Fig. 1D–F). In contrast to DAT
and SERT blockade, desipramine (10mM), a tricyclic NET inhibi-
tor with minimal actions at DAT or SERT, resulted in a robust
decrease in EPSC amplitude at PV-IN synapses (NET, 37.176
3.77%, n=5, p, 0.001; Fig. 1D–F). These data suggest that NET-
regulated NE release in the NAcSh regulates glutamatergic syn-
aptic strength onto PV-INs.

Noradrenergic control of glutamatergic transmission occurs
at PV-in but not MSN synapses
To ensure that the effects of desipramine were not because of
atypical properties of the drug itself, we repeated experiments
with the more selective NET inhibitor, TMx (10 mM; Matsui and
Alvarez, 2018). TMx recapitulated the effects of desipramine on
EPSC amplitude, reaffirming the observation that endogenously-
released NE from NET-expressing varicosities decreases gluta-
matergic synaptic efficacy onto PV-INs in the NAcSh (TMx PV-
IN: 50.606 4.39%, n=10, p, 0.001; Fig. 1G,I,J). We next asked
whether this effect simultaneously occurs at glutamatergic synap-
ses onto MSNs, as these synapses grossly outnumber feedforward
inputs onto PV-INs and are the canonical sites of neuromodula-
tion in the NAc (Lüscher and Malenka, 2011; Manz et al., 2019).
To our surprise, unlike synapses onto PV-INs, TMx had no effect
on EPSC amplitude in tdT(–) MSNs [TMx MSN: 99.806 2.22%,
n= 7, p= 0.999, one-way repeated measures (RM)-ANOVA,
TMx cell-type effect, p, 0.001, F(3,30) = 14.15, Sidak’s post hoc
analysis; Fig. 1H–J]. To circumvent the pharmacological contin-
gency on NET expression with TMx, we incorporated NE (1–10
mM) into the ACSF bath while recording EPSCs in tdT(–) MSNs
and tdT(1) PV-INs. Congruent with experiments performed
with TMx and desipramine, NE significantly decreased EPSC
amplitude in PV-INs (NE PV-IN: 66.176 6.06%, n= 6,
p, 0.001; Fig. 1K,M,N). However, on average, NE had no dis-
cernible effect at synapses onto MSNs (NE MSN: 96.796 2.69%,
n= 7, p=0.887, one-way RM-ANOVA, NE cell-type effect,
p, 0.001, F(3,22) = 4.115, Sidak’s post hoc analysis; Fig. 1L–N).
Thus, glutamatergic synapses onto PV-INs and MSNs, despite
arising from the same corticolimbic and thalamic structures, are
differentially regulated by NE signaling in the NAcSh.
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Figure 1. NET blockade decreases glutamatergic drive onto fast-spiking PV-INs but not MSNs in the NAcSh. A, top, Parasagittal mouse brain slice depicting recording region within NAcSh
and the PV-IN-containing feedforward inhibitory microcircuit Bottom, Schematic depicting breeding strategy used to generate PVCre-tdTomatofl-STOP-fl (PVtdT) mice. B, left, Representative traces
of APs elicited via 350-pA somatic current injection in tdT(1) PV-INs and tdT(–) MSNs. Scale bar: 20 mV/100 ms. C, Schematic of candidate monoaminergic inputs regulating feedforward glu-
tamatergic synapses onto PV-INs. D, Representative traces of EPSCs obtained preapplication and postapplication of DAT inhibitor, GBR12783 (gray), SERT inhibitor, fluoxetine (black), or tricyclic
NET inhibitor, desipramine (blue). Scale bars: 100 pA/20 ms. E, Time course summary of EPSCs in tdT(1) PV-INs cells during application of each MAT inhibitor. F, Quantification of average
EPSCs amplitude post-MAT inhibitor at t(gray) = 35–40. G, Representative experiment and traces of EPSCs in tdT(1) PV-INs during bath-application of the more selective NET inhibitor, TMx.
H, Representative experiment and traces of EPSCs in tdT(–) MSNs during bath-application of TMx. I, Time course of EPSCs obtained from tdT(1) PV-INs and tdT(–) MSNs during TMx applica-
tion. J, Quantification of average EPSCs before and after [t(gray) = 45–50] TMx application in tdT(1) PV-INs and tdT(–) MSNs. K, Representative experiment and traces of EPSCs in tdT(1) PV-
INs during bath-application of NE. L, Representative experiment and traces of EPSCs in tdT(–) MSNs during bath-application of NE. M, Time course summary of EPSCs obtained from tdT(1)
PV-INs and tdT(–) MSNs during NE application. N, Summary of average EPSCs before and after [t(gray) = 45–50] NE application in tdT(1) PV-INs and tdT(–) MSNs. All scale bars: 100 pA/50
ms. Error bars indicate SEM; pp, 0.05.
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Postsynaptic a2-ARs mediate the
actions of NE signaling at
glutamatergic synapses onto PV-INs

While the NAc is only sparsely innervated
by NE afferents, a-AR and b -AR are
expressed highly in both the NAc core and
shell with differential effects on downstream
signaling pathways (Kirouac and Ciriello,
1997; McKittrick and Abercrombie, 2007;
Fig. 2A). b -ARs (b 1–b 3) are collectively
Gs-coupled G-protein-coupled receptors
(GPCRs), whereas a1-AR and a2-AR are
Gq-coupled and Gi/o-coupled GPCRs,
respectively (Federman et al., 1992). To
identify which AR subtype mediates the
effect of NE signaling at glutamatergic
synapses onto PV-INs, we first super-
fused TMx in the presence of b -AR
antagonist, propranolol (5 mM). The
TMx-induced depression in EPSC am-
plitude remained completely intact in
the presence of propranolol (TMx in
PROP: 53.226 3.65%, n = 10, p ,
0.001; Fig. 2B,C,E). However, in ACSF
containing pan-a-AR antagonist,
phentolamine (1 mM), TMx had no sig-
nificant effect on EPSC amplitude,
indicating that NET-regulated NE
release decreases glutamatergic transmis-
sion onto PV-INs via a-ARs (TMx in
phentolamine: 97.836 2.99%, n= 6,
p= 0.997; Fig. 2B,C,E). We next exam-
ined the contribution of a2-ARs to the
effect of TMx, as prior studies suggest that
a2-AR activity decreases glutamatergic
transmission in the NAc (Peng et al.,
2018). In the presence of a2-AR-selective
antagonist, atipamezole (1 mM), the TMx-
induced decrease in EPSC amplitude was
completely abolished (TMx in atipamezole:
93.276 4.01%, n=6, p=0.588; Fig. 2B,D,
E). Furthermore, atipamezole reversed the
NE-induced depression in EPSC amplitude,
suggesting that the acute inhibitory actions
of NE signaling are a2-AR dependent (NE-
atipamezole, 98.76 6 5.54%, n=5,
p=0.003; Fig. 2F–H). To further character-
ize a1-AR and a2-AR function at glutama-
tergic synapses onto PV-INs, we bath-
applied selective a1-AR and a2A-AR ago-
nists, PE (1 mM) and guanfacine (5 mM),
respectively. Consistent with the a2-AR-de-
pendent actions of TMx andNE, guanfacine
resulted in a robust depression in EPSC am-
plitude, whereas PE had no effect (PE,
97.056 1.46%, n=6; guanfacine, 54.51 6
5.15%, n=9, p, 0.001; Fig. 2I–K).
Mirroring the synapse-specific effects of
NE and TMx at PV-INs, guanfacine had
minimal effect on EPSC amplitude in
MSNs (GUAN, tdT(–) MSN local EPSCs,
93.026 7.16%, n=7, p=0.349; Fig. 2L–N).
Collectively, these data indicate that NE

Figure 2. a2-ARs mediate the actions of NE signaling at glutamatergic synapses onto PV-INs. A, Schematic depicting NE
input regulating PV-IN-embedded feedforward inhibitory microcircuit. B, Representative traces of EPSCs in tdT(1) PV-INs
during bath-application of TMx in ACSF containing non-selective a-AR antagonist, phentolamine (left); non-selective b -AR
antagonist, propranolol (middle); and selective a2-AR antagonist, atipamezole (right). Scale bars: 100 pA/50 ms. C, Time
course summary of EPSCs obtained from tdT(1) PV-INs during bath-application of TMx in ACSF containing non-selective
phentolamine (dark blue) or propranolol (light blue). D, Time course summary of EPSCs obtained from tdT(1) PV-INs during
bath-application of TMx in ACSF containing atipamezole. Gray-shaded region depicts the ghosted ACSF control. E,
Quantification of average EPSCs in tdT(1) PV-INs before and after [t(gray) = 45–50] TMx application in the presence of
each AR antagonist. F, Representative traces of EPSCs in tdT(1) PV-INs at baseline, during NE superfusion, and in the pres-
ence of atipamezole. Scale bars: 100 pA/50 ms. G, Time course summary of EPSCs obtained from tdT(1) PV-INs during
bath-application of NE chased by atipamezole. H, Quantification of average EPSCs following NE superfusion [t(blue) = 15–
35] and in the presence of atipamezole [t(gray) = 35–40 min]. I, Representative traces of EPSCs in tdT(1) PV-INs before
and after PE or guanfacine. Scale bars: 100 pA/20 ms. J, Time course summary of EPSCs obtained from tdT(1) PV-INs during
bath-application of a1-AR agonist, PE (black) or a2A-AR agonist, guanfacine (blue). K, Quantification of average EPSCs fol-
lowing bath-application of PE or guanfacine. L, left, Schematic depicting MSN recording strategy within feedforward inhibi-
tory microcircuits. M, Representative EPSCs and time course summary of electrically-evoked local EPSCs in tdT(–) MSNs
during bath-application of guanfacine. N, Quantification of average EPSC amplitude postguanfacine in MSNs. Scale bar: 100
pA/50 ms. Error bars indicate SEM; pp, 0.05.
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signaling via a2-ARs selectively decreases glutamatergic transmis-
sion onto PV-INs.

Heterosynaptic a-ARs are expressed on presynaptic afferents
in the NAcSh, with early reports implicating an a2-AR-depend-
ent effect on glutamate release probability (Nicola and Malenka,
1998; Peng et al., 2018). To define the synaptic locus recruited by
NE signaling at glutamatergic synapses onto PV-INs, we first
examined changes in the PPR and CV of EPSCs following multi-
ple pharmacological manipulations. Bath-application of TMx or
NE did not result in a change in PPR and CV (PPR = ACSF:
1.206 0.09, NE: 1.186 0.08, n=8, p=0.6414; ACSF: 1.296 0.06,
TMx: 1.346 0.076, n=17, p=0.657; CV = ACSF: 0.156 0.01, NE:
0.166 0.01, n=8, p=0.4=5477; ACSF: 0.166 0.013, TMx:
0.186 0.01, n=12, p=0.186; Fig. 3A,B). Similarly, a2A-AR ago-
nist, guanfacine, had no effect on PPR or CV, suggesting that

presynaptic glutamate release probability is unaffected by NE sig-
naling (PPR = ACSF: 1.256 0.09, GUAN: 1.286 0.08, n= 7,
p= 0.4972; CV = ACSF: 0.156 0.017, GUAN: 0.166 0.014,
n= 7, p=0.9830; Fig. 3A,B).

If NE effector function is restricted to postsynaptic domains,
disabling postsynaptic G-protein signaling should also abolish
the effects of NE transmission. Incorporation of cell-impermeant
GDP analog, GDPbS (1 mM), into the intracellular solution of
the patch pipette completely blocked the TMx-induced depression
in EPSC amplitude relative to a thermally-hydrolyzed control so-
lution (GDPbS, 97.966 1.88%, n=6; control, 60.806 4.44%,
n=4, p, 0.001; Fig. 3G–I).

To assess whether the postsynaptic effects of NE coincide
with shifts in intrinsic membrane excitability, we quantitated the
input-output function of PV-INs via somatic current injection in

Figure 3. NE signaling is mediated by a postsynaptic mechanism at glutamatergic synapses onto PV-INs. A, Representative traces of 50-ms ISI paired-pulse EPSCs at baseline and in the pres-
ence of NE (blue), TMx (light blue), and guanfacine (black). Scale bars: 100 pA/50 ms. B, Quantification of average PPR and CV pre-NE and post-NE, TMx, and guanfacine. C, Representative
traces of EPSCs in tdT(1) PV-INs during bath-application of TMx with GDPb S-loaded internal solution (left) and a thermally-hydrolyzed control internal solution (right). Scale bars: 100 pA/50
ms. D, time course summary of EPSCs obtained from tdT(1) PV-INs during bath-application of TMx with GDPb S-loaded internal solution (dark) and a thermally hydrolyzed control internal so-
lution (open circles). E, Quantification of average EPSCs post-TMx [t(gray) = 45–50 min] in GDPbS and control internal solutions. F, Representative traces of APs elicited via 300-pA somatic cur-
rent injection in ACSF (light blue) or NE (dark blue). Scale bar: 20 mV/100 ms. G, Input-output function of PV-INs following 50-pA sequential increases in current injection (ACSF, open circles;
NE, blue circles). H, Rheobase obtained from PV-INs in ACSF or NE. I, VRMP of PV-INs in ACSF or NE. J, left, Representative experiment of an NE-induced shift in IHolding, rendering the cell NE(1)
(blue). Right, Representative experiment of a PV-IN not undergoing a change in IHolding, rendering the cell NE(–) (black). Scale bar: 50 pA/10 min. K, Segregated time course summary depicting
the effects of NE on IHolding in NE(1) (blue) and NE(–) (open circles) PV-INs. L, Quantification of IHolding post-NE in all 18 PV-INs quantified at t(gray) = 20 min. M, Pie chart summary showing
the percentage of cells undergoing a NE-induced change in IHolding (blue). Error bars indicate SEM; pp, 0.05.
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Figure 4. PV-INs mediate PFC-evoked feedforward inhibition of MSNs in the NAcSh. A, Schematic depicting optogenetic targeting of PFC afferents to the NAcSh to examine PFC-evoked FFI
in WT mice. B, left, Representative traces of PFC-evoked oIPSCs (red) and local eIPSCs (black) obtained from MSNs at 0 mV in ACSF. Right, Representative traces and quantification of PFC-
evoked oIPSCs and local eIPSCs obtained from MSNs in ACSF containing GABAAR antagonist, picrotoxin. C, Quantification of latency onset of eIPSCs and oIPSCs in MSNs. D, Quantification of aver-
age e/oIPSC amplitude postpicrotoxin. E, Representative traces of PFC-evoked oIPSCs and local eIPSCs obtained from MSNs at baseline and in ACSF containing pan-AMPAR antagonist, NBQX. F,
Quantification of average oIPSC and eIPSC amplitude pre-NBQX and post-NBQX. G, Representative traces of oIPSCs and eIPSCs at baseline and in the presence of CP-AMPAR antagonist, NASPM.
H, Quantification of average oIPSC and eIPSC amplitude pre-NASPM and post-NASPM. All IPSC scale bars: 50 pA/50 ms. I, Schematic depicting the use of DART pharmacology to selectively block
AMPAR-mediated feedforward glutamatergic transmission onto PV-INs in the NAc. J, Representative traces of Tom/HT(1) PV-IN membrane responses during hyperpolarizing (�150 pA) and
depolarizing current steps (350 pA). Scale bar: 20 mV/500 ms. K, Representative traces of Tom/HT(–) MSN membrane responses during hyperpolarizing (�150 pA) and depolarizing current
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slices containing NE (10 mM) or ACSF alone. No significance
differences were observed in AP firing, rheobase, or resting
membrane potential (VRMP) between conditions (AP fre-
quency500/300-pA ACSF: 126.396 9.92Hz/64.036 14.54Hz, n=9;
AP frequency300/500-pA NE: 106.466 5.92Hz/55.746 10.81Hz,
n=14, one-way RM-ANOVA, p=0.0700/0.4319; Rheobase =
ACSF: 209.16 30.01 pA, n=11; NE: 232.16 31.28 pA, n=14,
p=0.6072; VRMP = ACSF: �79.576 1.25mV, n=12; NE:
�80.446 0.88mV, n=12, p=0.5045; Fig. 3J–M). In contrast to
these characterizations of physiological NE signaling, application
of a supraphysiological concentration of NE (100 mM) was occa-
sionally accompanied by a decrease in holding current (IHolding)
and membrane resistance (Rm, data not shown) that returned to
baseline following drug washout. The concomitant reduction in
Rm and IHolding likely points to a NE-evoked inward current,
which was appreciable in only a fraction of cells [NE (1)] (IHolding
NE, all cells: 50.536 11.84%, n=7/18 cells, p=0.0540; Fig. 3C–F).
Together, these data provide functional evidence that NE
decreases glutamatergic transmission onto PV(1)-INs by recruit-
ing postsynaptic a2-AR without altering presynaptic glutamate
release.

a2A-AR function at PV-in synapses diminishes PFC-evoked
feedforward inhibition onto MSNs in the NAcSh
Our data indicate that glutamatergic inputs onto PV-INs are
under privileged neuromodulatory control by NE signaling, sug-
gestive of a novel motif for disengaging feedforward inhibition
(FFI). To examine this idea, we employed a dynamic whole-cell
patch-clamp electrophysiological approach in mice expressing
channelrhodopsin-2 (ChR2) in the medial PFC (Fig. 4A). To
isolate PFC-evoked FFI onto MSNs, we used a Cs1-based intra-
cellular solution with ECl and EAMPAR/NMDAR calibrated to
approximately �80 and 0mV, respectively. At 06 5mV, electri-
cally-evoked IPSCs (eIPSCs) were interleaved with optically-
evoked IPSCs (oIPSCs) from the PFC (Fig. 4B). oIPSCs exhibited
increased latency relative to interleaved eIPSCs, indicating the
presence of a polysynaptic feedforward circuit (latency, eIPSCs:
2.616 0.18ms, n=11; oIPSCs: 5.406 0.33ms, n=8, p, 0.001;
Fig. 4B,C). We first confirmed that IPSCs obtained at 0mV were
mediated by GABAARs by superfusing picrotoxin (50 mM) into
the ACSF bath. Picrotoxin completely blocked eIPSC and oIPSC
amplitude, confirming that GABAARs mediate PFC-evoked and
locally-evoked GABAergic transmission onto MSNs at ;0mV
(PTX, eIPSCs: 7.786 3.01%, n= 5, p, 0.001; oIPSCs: 6.046
2.39%, n= 5, p, 0.001, one-way ANOVA, electrical vs optical
effect, F(3,16) = 2.50, p=0.919; Fig. 4B,D). If PFC-evoked oIPSCs
in MSNs are mediated by disynaptic FFI, bath-application of
pan-AMPAR antagonist, NBQX (5 mM), should selectively elimi-
nate oIPSCs at 0mV. Indeed, NBQX blocked oIPSC amplitude
without no impact on locally-evoked monosynaptic eIPSCs,

indicating that oIPSCs in MSNs require AMPAR-mediated excita-
tion of a GABAergic intermediate (NBQX, eIPSCs: 95.766 6.20%,
n=3, p= 0.820; oIPSCs: 6.576 2.97%, n= 3, p, 0.001, one-way
ANOVA, electrical vs optical effect, F(3,8) = 2.08, p, 0.001; Fig.
4E,F).

To determine whether PV-INs are the primary GABAergic
cell-type mediating FFI in the NAcSh, we took advantage of the
fact that CP-AMPARs are selectively expressed at feedforward
synapses onto PV-INs (Manz et al., 2020b). Following a 5-min
eIPSC and oIPSC baseline, NASPM (200 mM) was added to the
ACSF bath. While eIPSC amplitude remained unchanged in
the presence of NASPM, PFC-evoked oIPSC amplitude was sig-
nificantly reduced, indicating that a CP-AMPAR-expressing
GABAergic IN mediates FFI of MSNs in the NAcSh (NASPM,
eIPSCs: 99.246 1.87%, n= 4, p=0.990; oIPSCs: 43.996 6.63%,
n= 5, p, 0.001, one-way ANOVA, electrical vs optical effect,
F(3,14) = 8.03, p, 0.001; Fig. 4G,H). To further resolve the contri-
bution of PV-INs to FFI of MSNs, we leveraged DART, a
recently developed method for targeting drugs to defined cell-
types (Shields et al., 2017). A Cre-dependent virus encoding a
surface HaloTag (HT) protein and dTomato (Tom) was injected
into the NAcSh of PVCre mice. Tom/HT(1) cells exhibited the
defining electrophysiological features of PV-INs, including a
fast-spiking, non-accommodating AP profile with no hyperpo-
larization-activated voltage sag, indicating that Tom/HT(1) cells
are PV-INs. In contrast, the vast majority of Tom/HT(–) cells
exhibited no voltage sag with a regular-spiking AP profile, con-
sistent with the properties of MSNs (Fig. 4J,K; Kawaguchi, 1993;
Manz et al., 2020b). Leveraging YM90KDART, a two-headed
ligand with a targeting moiety opposite an AMPAR antagonist,
we confirmed that YM90KDART does not impact EPSCs onto
HT(–) neurons at an ambient concentration of 300 nM but accu-
mulates within minutes on HT(1) neurons to elicit a robust
decrease in EPSCs amplitude [HT(–) MSN YM90KDART: 103.46
2.07%, n=5; HT(1) PV YM90KDART: 40.896 7.86%, n=5,
p, 0.001; Fig. 4L,M]. Tethering of YM90KDART onto HT(1) neu-
rons is covalent and persists following washout.

We next combined DART with the optogenetic FFI assay by
injecting ChR2 in the PFC and the HT/Tom-expressing virus in
the NAcSh of PVCre mice. Optical stimulation of PFC afferents
(one pulse, 1-ms duration, 50% stimulation intensity) evoked
high-fidelity APs in HT(1) PV-INs recorded in cell-attached
configuration that was decreased by YM90KDART [300 nM; AP fi-
delity (spikes/eight pulses) in ACSF: 89.066 6.44%, n=8; in
YM90KDART: 23.446 12.60%, n=8, p=0.004; Fig. 4N,O]. In
whole-cell configuration, YM90KDART (300 nM) significantly
attenuated PFC-evoked oIPSCs but not eIPSCs from HT(–)
MSNs at 0mV, supporting our findings and others that PV-INs
mediate the bulk of FFI of MSNs in the NAcSh (YM90KDART

eIPSCs: 102.406 5.15%, n= 6; YM90KDART oIPSCs: 51.826
6.36%, n=10, p, 0.001; one-way ANOVA, electrical vs optical
effect, F(3,28) = 34.57, p, 0.001; Fig. 4P,Q).

To assess how selective a2A-AR activity modulates synaptic
propagation through the feedforward circuit, we bath-applied
guanfacine after obtaining a 5-min baseline of interleaved
eIPSCs and oIPSCs from MSNs. Guanfacine elicited a robust
depression in oIPSC amplitude that was remarkably similar in
magnitude to experiments performed at glutamatergic synapses
onto PV-INs (oIPSCs: 54.086 7.73%, n=7, p= 0.004; Fig.
5A,C,D). In contrast, eIPSC amplitude remained intact in the
presence of guanfacine, indicating that a2A-AR activity decreases
PFC-evoked FFI without concomitantly affecting monosynaptic
GABAergic transmission (GUAN, eIPSCs: 92.226 5.74%, n= 5,

/

steps (350 pA). Scale bar: 20 mV/500 ms. L, Representative EPSCs from Tom/HT(1) PV-INs
(blue) and Tom/HT(–) MSNs (black) preapplication and postapplication of AMPAR DART,
YM90KDART. M, Normalized time course summary and quantification of EPSCs in Tom/HT(1)
PV-INs (blue) and Tom/HT(–) MSNs (open circles) during YM90KDART superfusion. N,
Representative traces of PFC-evoked APs in PV-INs in cell-attached configuration in ACSF
(black) or YM90KDART (300 nM; blue). O, Quantification of AP fidelity (number of AP
successes� eight pulses) in ACSF versus YM90KDART. Scale bar: 50 mV/2 s. P, Representative
traces of PFC-evoked oIPSCs and local eIPSCs obtained from Tom/HT(–) MSNs at baseline
and following YM90KDART application. Scale bar: 50 pA/50 ms. Normalized time course sum-
mary and quantification of average IPSC amplitude pre-YM90KDART and post-YM90KDART.
Error bars indicate SEM; pp, 0.05.
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p= 0.781; Fig. 5B–D). To test directly whether feedforward gluta-
matergic drive onto PV-INs is necessary for the effects of guanfa-
cine, we repeated experiments using PV-IN-specific AMPAR
DARTs in HT-expressing PVCre mice (Fig. 5E). Once the
YM90KDART-induced reduction in oIPSCs stabilized, guanfacine
was incorporated into the ACSF bath (Fig. 5F–H). Guanfacine in
the presence of YM90KDART failed to consistently alter oIPSC
amplitude in HT(–) MSNs (GUAN in YM90KDART:
90.466 8.82%, n= 7; Fig. 5G,H). Taken together, these findings
demonstrate that NE signaling dampens feedforward transmis-
sion in the NAcSh by targeting a2-ARs at glutamatergic synapses
onto PV-INs.

Discussion
By combining a dynamic electrophysiological approach with
pharmacology and optogenetics in PV-IN-labeled transgenic re-
porter mice, we provide functional evidence that endogenous NE
signaling imposes privileged neuromodulatory control over feed-
forward inhibition in the NAcSh. We report that NE signaling
negatively regulates glutamatergic transmission onto PV-INs
through a postsynaptic mechanism mediated by a2-ARs. At
MSN synapses, however, this effect is absent, pointing to a privi-
leged synaptic locus targeted by NE signaling in the NAcSh.
Optogenetic stimulation of PFC afferents to the NAcSh revealed
that a2-AR activity attenuates PV-IN-dependent feedforward in-
hibition of MSNs. The findings establish a microcircuit-specific
regulatory module governed by a historically overlooked monoa-
mine system in the NAcSh.

NE selectively regulates glutamatergic transmission onto
PV-INs
The modest innervation pattern of NE in the NAc and robust be-
havioral effects of other monoaminergic systems have diverted
research into how NE regulates NAc circuit function (Fallon and
Moore, 1978; Brog et al., 1993; McKittrick and Abercrombie,
2007; Mitrano et al., 2012, 2018). Our initial pharmacological
analysis with monoamine-specific reuptake inhibitors indicates
that NET blockade is sufficient to elicit a heterosynaptic depres-
sion of glutamatergic synaptic strength onto PV-INs. In contrast,
DAT blockade had no appreciable effect on EPSC amplitude at
PV-IN synapses. This finding should be interpreted with caution,
however, as few studies have reported a direct heterosynaptic
effect of DAT blockade on glutamatergic transmission in the
NAc despite extensive DAergic innervation. For example, COC,
a broad-spectrum MAT inhibitor, elicits a D1 receptor-depend-
ent decrease in glutamatergic transmission in the NAc (Nicola et
al., 1996; Beurrier and Malenka, 2002; Kombian et al., 2009).
Moreover, ex vivo incubation of brain slices in COC evokes DA-
dependent changes in glutamatergic and GABAergic synaptic
strength onto MSNs (Dobbs et al., 2016; Ingebretson et al.,
2018). Failure to recapitulate the TMx-induced depression in
glutamatergic synaptic strength with GBR12783 is compelling
evidence that DAT-regulated DA release does not exert an acute
synaptic effect at glutamatergic inputs onto PV-INs.

Similar to DA, 5-HT recruits heterosynaptic mechanisms
throughout the striatal network, including the NAc. For example,
presynaptic 5-HT1B receptors mediate the effects of SERT block-
ade and reverse 5-HT transport at glutamatergic synapses onto
MSNs (Mathur et al., 2011; Heifets et al., 2019; Nardou et al.,
2019). Similarly, COC-induced synaptic inhibition of ventral pal-
lidum (VP)-projecting D2 MSNs is mediated by SERT-regulated
5-HT release but not DA (Matsui and Alvarez, 2018). We find

Figure 5. a2-ARs decrease PFC-evoked feedforward inhibition of MSNs in the NAcSh.
A, B, Representative traces superimposed on experiments of PFC-evoked oIPSCs and local
eIPSCs during bath-application of a2A-AR agonist, guanfacine. C, Time course summary of
oIPSCs (red) and eIPSCs (black) during bath-application of guanfacine. D, Quantification of
average oIPSC and eIPSC amplitude [t(gray) = 25–30 min] postguanfacine. E, Schematic
depicting mechanism of YM90KDART on HT-expressing PV-INs in the NAcSh. F, Representative
traces superimposed on experiments of PFC-evoked oIPSCs in Tom/HT(–) MSNs during the
sequential application of YM90KDART (300 nM) and guanfacine. G, Renormalized time course
summary of oIPSCs in the presence of YM90KDART during guanfacine superfusion. H,
Quantification of the average YM90KDART-resistant oIPSC amplitude postguanfacine
[t(gray) = 25–30 min]. Sale bars: 50 pA/50 ms. Error bars indicate SEM; pp, 0.05.
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that SERT blockade does not affect glutamatergic synaptic
strength onto PV-INs. However, NET blockade with two struc-
turally-distinct NET inhibitors, desipramine and TMx, evoked a
robust depression in glutamatergic transmission. Interestingly, a
similar finding was observed at GABAergic synapses onto NAc-
projecting DA neurons in the VTA. At this VTA synapse, NE
engages postsynaptically-expressed a1-ARs to promote DA neu-
ron output, suggesting that NE signaling may serve an overall
disinhibitory role on mesolimbic circuit activity (Wang et al.,
2015). Furthermore, COC application elicits an a-AR-dependent
depression in synaptic strength that is occluded by NET blockade
(Wang et al., 2015; Nakamura et al., 2019). One plausible expla-
nation for these differences is that each monoamine system pos-
sesses distinct release dynamics (e.g., levels of tonic activity,
neurotransmitter clearance, etc.). Although addressing these pos-
sibilities is beyond the scope of this study, it is worth noting that
a NET-specific effect at this synapse in the NAcSh is compara-
tively less likely in a region densely innervated by SERT-express-
ing and DAT-expressing terminals. Taken together, we propose
a specific synaptic locus within the feedforward microcircuitry
that is under selective noradrenergic control by NET.

Noradrenergic modulation of glutamatergic transmission via
a2-ARs is restricted to PV-IN synapses in the NAcSh
NE exerts differential effects on neurotransmission according to
a/b -AR subtype, synaptic locus, and brain region. For example,
presynaptic a2-AR signaling in the BNST decreases glutamate
release probability via canonical heteroreceptor mechanisms,
whereas postsynaptic a2A-ARs elicit HCN-dependent effects on
neuronal output (Shields et al., 2009; Harris et al., 2018). NE sig-
naling in the dorsal striatum potentiates cholinergic IN firing via
b 1-ARs through a cAMP-dependent mechanism (Pisani et al.,
2003). Our results in the NAcSh indicate that the heterosynaptic
actions of NET blockade, or direct NE application, at PV-IN syn-
apses are mediated by postsynaptically-localized a2-ARs. This is
supported by data showing that the synaptic effects of NE and
TMx were unaccompanied by a change in PPR and CV and pre-
vented by GDP disabling agent, GDPbS. Furthermore, the effects
of TMx persisted in the presence of a non-selective b -AR antag-
onist, were abolished by a selective- a2-AR antagonist, and read-
ily recapitulated with an a2A-AR agonist. Interestingly, a higher,
supraphysiological concentration of NE (100 mM) used to over-
come possible removal by NET unmasked an inward current
that coincided with a reduction in Rm. Although we do not iden-
tify the specific ionic conductances contributing to these mem-
brane parameters, the directionality of DIHolding, unchanged
VRMP and AP fidelity elicited by NE likely points to a postsynap-
tic ionic mechanism confined to dendritic specializations. It
remains unclear whether the identified conductance triggered by
NE at this elevated concentration represents a physiologically-
relevant modulatory mechanism.

The observation that NE modulates glutamatergic synaptic
strength onto PV-INs but not MSNs diverges from prior
accounts of NE function in the NAc, with early studies indicating
that NE targets a-ARs at glutamatergic synapses onto MSNs
(Nicola and Malenka, 1998; Peng et al., 2018). Our findings sug-
gest that NE, TMx, and guanfacine had minimal efficacy at gluta-
matergic synapses onto MSNs. It is worth noting that the
aforementioned work was performed in rats with a concentra-
tion of NE 10� that used here, perhaps indicating that synapses
onto MSNs become engaged by NE during bouts of sustained
noradrenergic activity in the NAcSh. Alternatively, MSNs may
undergo NE-dependent plasticity through a polysynaptic

mechanism involving other NAc microcircuits. Direct monosy-
naptic actions at GABAergic synapses are less likely given our
findings and others that local eIPSC/Ps are unaffected by NE,
highlighting the neuromodulatory importance of upstream syn-
apses in the control of PV-IN-directed FFI. An intriguing propo-
sition is that the limited number of NE-containing varicosities in
the NAc corresponds anatomically to the number of PV-INs.
Interestingly, studies in vivo indicate the glutamate-induced acti-
vation of the NTS leads to increased single-unit activity of
NAcSh neurons, with a small subset of single-unit recordings
showing decreased activity (Kirouac and Ciriello, 1997). Future
studies are needed to delineate the functional consequences of
NE signaling at other synaptic units in the NAc, including other
IN subtypes and microcircuits.

PFC-evoked feedforward inhibition onto MSNs is discretely
regulated by a2-ARs
Functional NAc output is mediated by the coordinated activity
of D1 and D2 MSNs. Because MSNs and PV-INs lack intrinsic
pacemaker mechanisms, concerted glutamatergic input sustains
plateau potentials near AP spike threshold (Kawaguchi, 1993).
Therefore, mechanisms that shift excitatory-inhibitory (E/I) bal-
ance onto MSNs have profound consequences on downstream
limbic-motor units targeted by the NAc. Using optogenetics, we
show that PFC afferents to the NAc engage a disynaptic feedfor-
ward circuit onto MSNs that is inhibited by CP-AMPAR antago-
nist, NASPM. Recent studies indicate that the basal expression of
CP-AMPARs is restricted to PV-INs (Manz et al., 2020b), indi-
cating that PFC-evoked FFI of MSNs is likely mediated by PV-
INs, although CP-AMPARs on other GABAergic INs in the NAc
cannot be ruled out (Yu et al., 2017). We confirmed the contri-
bution of PV-INs to FFI by reducing glutamatergic drive onto
PV-INs using the AMPAR-selective YM90KDART which largely
eliminated PFC-evoked AP firing in PV-INs and attenuated FFI
of MSNs. It is critical to note that because (1) YM90KDART at
300 nM is subthreshold for complete AMPAR blockade and (2)
incomplete penetrance of the YM90KDART recipient, HT, was
observed in our preparation, we did not expect feedforward glu-
tamatergic drive onto PV-INs to be uniformly disabled in the
NAcSh. Nevertheless, we saw a robust reduction of FFI in Tom/
HT(–) MSNs in close proximity to Tom/HT(1) PV-INs.

The PV-IN-specific recruitment of a2-ARs prompted us to
examine how this mechanism affects the efficacy with which glu-
tamatergic inputs to the NAcSh drive feedforward inhibition.
Indeed, a2-AR activity decreased PFC-evoked feedforward inhi-
bition onto MSNs without concomitantly altering monosynaptic
GABAergic transmission assessed electrically. Furthermore,
guanfacine did not consistently modulate FFI when PV-IN
AMPARs were blocked by YM90KDART, indicating that a2-AR
function requires feedforward glutamatergic drive onto PV-INs.
The lack of effect of a2-AR activity on heterogeneous glutama-
tergic and GABAergic synapses onto MSNs suggests that
upstream plasticity within PV-IN microcircuits is sufficient to
bias E/I balance onto MSNs. An unexpected observation from
our results is that the magnitude with which a2-AR activity
decreased PFC-evoked oIPSCs mirrored experiments performed
at glutamatergic synapses onto PV-INs. If a2-AR activation
decreased synaptic efficacy below the synaptically-evoked AP
threshold, PFC-evoked FFI of MSNs would be eliminated. While
residual PFC-evoked oIPSCs in the presence of guanfacine may
reflect mixed signals arising from PV-INs and other INs, an al-
ternative possibility is that changes in synaptic strength onto PV-
INs results in a proportional, non-binary change in FFI of MSNs.
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These data lend support to the emerging hypothesis that gluta-
matergic transmission onto PV-INs is a critical computational
element regulating NAc circuit output.

These findings set the stage for future studies to determine
which behavioral programs recruit a2-AR signaling in the
NAcSh, and to determine causal roles of this unique motif to
behavior. While central NE-containing locus coeruleus projec-
tions mediate various stress-related arousal strategies, anatomic
studies indicate that the primary source of NE fibers in the
NAcSh is the A2/C2 cell group in the NTS (Delfs et al., 1998).
Accordingly, ascending NTS inputs to various limbic and para-
limbic regions, including the NAc, have been implicated in
reward-related behavioral tasks (Delfs et al., 2000; Alsene et al.,
2010). For example, the reinforcing effects of morphine are
diminished in NTS-specific DBH knock-out (KO) mice and are
modulated by pharmacological manipulations of NE signaling
(Olson et al., 2006). Despite broad behavioral analyses of NE sig-
naling, it remains to be determined how NE signaling leads to
synaptic adaptations in circuits subserving motivated behavior.
One possibility is that NE transmission in the NAcSh leads to an
adaptive desynchronization of locomotor output by gating MSN
release from PV-IN-mediated feedforward inhibition. Indeed,
PV-IN network activity has been increasingly implicated in con-
straining goal-directed behavioral strategies (Owen et al., 2018;
Pisansky et al., 2019). Clearly, future experiments are needed to
discern the full functional relevance of this circuit mechanism in
NAc-dependent motivational states.

In conclusion, while the mesolimbic system receives input
from NE-containing brainstem nuclei, few studies have exam-
ined the synaptic plasticity mechanisms recruited by NE signal-
ing in the NAcSh. We report here that NE selectively modulates
glutamatergic synaptic strength within PV-IN-embedded micro-
circuits to promote MSN escape from feedforward inhibition. By
acting through postsynaptically-localized a2-ARs, NE decreases
glutamatergic transmission onto PV-INs, thereby decreasing the
synaptic efficacy with which afferent glutamatergic inputs (e.g.,
PFC) drive feedforward inhibition onto MSNs. These studies
demonstrate a privileged synapse-specific and microcircuit-spe-
cific neuromodulatory effect of NE signaling and a potentially
druggable target within the NAc for the treatment of pathologic
motivational states, including addiction and depression.
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