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The nucleus accumbens shell (NAcSh) regulates emotional and motivational responses, a function mediated, in part, by integrating
and prioritizing extensive glutamatergic projections from limbic and paralimbic brain regions. Each of these inputs is thought to
encode unique aspects of emotional and motivational arousal. The projections do not operate alone, but rather are often activated
simultaneously during motivated behaviors, during which they can interact and coordinate in shaping behavioral output. To under-
stand the anatomic and physiological bases underlying these interprojection interactions, the current study in mice of both sexes
focused on how the basolateral amygdala projection (BLAp) to the NAcSh regulates, and is regulated by, projections from the medial
prefrontal cortex (mPFCp) and paraventricular nucleus of the thalamus (PVTp). Using a dual-color SynaptoTag technique combined
with a backfilling spine imaging strategy, we found that all three afferent projections primarily targeted the secondary dendrites of
NAcSh medium spiny neurons, forming putative synapses. We detected a low percentage of BLAp contacts closely adjacent to mPFCp
or PVTp presumed synapses, and, on some rare occasions, the BLAp formed heterosynaptic interactions with mPFCp or PVTp pro-
files or appeared to contact the same spines. Using dual-rhodopsin optogenetics, we detected signs of dendritic summation of BLAp
with PVTp and mPFCp inputs. Furthermore, high-frequency activation of BLAp synchronous with the PVTp or mPFCp resulted in a
transient enhancement of the PVTp, but not mPFCp, transmission. These results provide anatomic and functional indices that the
BLAp interacts with the mPFCp and PVTp for informational processing within the NAcSh.

Key words: algebraic summation; basolateral amygdala; heterosynaptic; nucleus accumbens; paraventricular nucleus of
thalamus; prefrontal cortex

Significance Statement

The nucleus accumbens regulates emotional and motivational responses by integrating extensive glutamatergic projections,
but the anatomic and physiological bases on which these projections integrate and interact remain underexplored. Here, we
used dual-color synaptic markers combined with backfilling of nucleus accumbens medium spiny neurons to reveal some
unique anatomic alignments of presumed synapses from the basolateral amygdala, medial prefrontal cortex, and paraventric-
ular nucleus of thalamus. We also used dual-rhodopsin optogenetics in brain slices, which reveal a nonlinear interaction
between some, but not all, projections. These results provide compelling anatomic and physiological mechanisms through
which different glutamatergic projections to the nucleus accumbens, and possibly different aspects of emotional and motiva-
tional arousal, interact with each other for final behavioral output.

Introduction
The nucleus accumbens shell (NAcSh) is a key brain region that
integrates emotional and motivational arousals for adaptive be-
havioral output (Mogenson et al., 1980; Wolf, 2010). These
arousals are thought to be differentially encoded by multiple glu-
tamatergic projections that converge onto individual medium
spiny neurons (MSNs), principal cells that mediate the output of
NAcSh (French and Totterdell, 2002, 2003; Sesack and Grace,
2010; Everitt, 2014). The basolateral amygdala (BLA) is a key
limbic region that projects to the NAcSh. Through monosynaptic
contacts (Johnson et al., 1994), the BLA projection (BLAp)
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directly activates NAcSh MSNs, and this activation either directly
produces rewarding effects or regulates reward-motivated
responses (Setlow et al., 2002; Shiflett and Balleine, 2010; Stuber
et al., 2011; Lee et al., 2013; Janak and Tye, 2015; Wang et al.,
2020). However, the BLAp does not operate independently dur-
ing motivated behaviors. Rather, it is often activated simultane-
ously with other glutamatergic projections, among which the
current study focused on the projections from the medial pre-
frontal cortex (mPFCp) and paraventricular nucleus of the thala-
mus (PVTp; Stevenson and Gratton, 2003; Mashhoon et al.,
2010; Janak and Tye, 2015; Abivardi and Bach, 2017; Kerestes et
al., 2017; Millan et al., 2017; Otis et al., 2019; Zhou and Zhu,
2019).

Both the mPFCp and PVTp form monosynaptic contacts
onto NAcSh MSNs (Sesack and Pickel, 1992; Pinto et al., 2003)
and, on activation, generate EPSCs and trigger action potential
firing (Ma et al., 2014; Neumann et al., 2016; Zhu et al., 2016; Yu
et al., 2017). The mPFCp and PVTp are also differentially impli-
cated in motivated behaviors. For example, the mPFC is dynami-
cally activated in animals performing motivated behaviors, and
experimental activation of the mPFC or mPFCp inhibits behav-
ior, suggesting the mPFCp as a key projection through which the
cortex provides top-down cognitive, motivational, and emotional
control (Jentsch and Taylor, 1999; Peters et al., 2008; Feil et al.,
2010; LaLumiere et al., 2012; Chen et al., 2013; Ferenczi et al.,
2016). On the other hand, the PVT receives inputs related to vis-
ceral arousal, energy needs, circadian rhythms, rewards and envi-
ronmental cues, and relays processed information to the NAcSh
for prioritization and eventual behavioral output (Kelley, 2004;
Sesack and Grace, 2010; Haight and Flagel, 2014; Hsu et al.,
2014; Koob and Volkow, 2016; Zhu et al., 2016). For appropriate
and coherent initiation of motivated behavior, information from
the mPFCp and PVTp must be effectively integrated and coordi-
nated with the BLAp. This study was designed to examine the
interaction of these NAcSh projections at anatomic and physio-
logical levels. We asked three questions. (1) Does the mPFCp or
PVTp contact the same dendrites of an NAcSh MSN as receive
putative synapses from the BLAp for potential dendritic integra-
tion? (2) Does the mPFCp or PVTp contact common dendrites
proximal to BLAp presumed synapses for potential heterosynap-
tic interaction? (3) Does the mPFCp or PVTp electrophysiologi-
cally regulate the responses of NAcSh MSNs to BLAp synapses?

To address these questions, we used the dual-color SynaptoTag
approach to examine how BLAp presumed synapses align with
mPFCp or PVTp contacts on the dendrites of filled NAcSh MSNs.
We also used a dual-rhodopsin system to optogenetically examine
how BLAp synapses interact with mPFCp or PVTp in brain slices.
Our results provide anatomic and physiological insights into how
and to what degree the BLAp interacts and coordinates with the
mPFCp and PVTp for functional integration and ultimately regula-
tion of behavioral output of the NAcSh.

Materials and Methods
Subjects. Both male and female C57BL/6J wild-type mice (The Jackson
Laboratory) at the age of 5–6weeks were used for in vivo viral injection.
Mice were singly housed on a regular 12 h light/dark cycle (light on at
7:00 A.M./off 7:00 P.M.), with food and water available ad libitum.
When the mice were used for anatomic or electrophysiological experi-
ments, they were 8–12weeks old. The animals were used in accordance
with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals and under protocols approved by the Institutional
Animal Care and Use Committees at the University of Pittsburgh.

Viral vectors and drugs. Recombinant adeno-associated virus (AAV)
vectors were used for in vivo viral-mediated gene expression.
SynaptoTag AAV2-Synaptobrevin2-EGPF and AAV2-Synaptobrevin2-
mScarlet were cloned by restriction cloning and gene synthesis with the
use of the plasmid SynaptoTag as a backbone viral vector (Xu and
Südhof, 2013). Briefly, the AAV2 genomic backbone expressing Venus
tagged with the intended gene was pseudotyped with AAV2, or eight
capsid proteins. HEK293T cells were cotransfected with the plasmids
pF6 (adenoviral helper plasmid), pRVI, pH21 for AAV1/2, or pDP8rs
for AAV8 together with the AAV2 plasmid, using linear polyethyleni-
mine-assisted transfection (Suska et al., 2013). Cultures grown in
DMEM (Biochrom) with 10% substituted FBS (catalog #S0115,
Biochrom) were harvested from 15 dishes (15 cm diameter) after 48 h.
AAVs were harvested and purified as described previously (Lee et al.,
2013; Suska et al., 2013). AAV-ChR2-EYFP and AAV-Chrimson-
tdTomato were purchased from the University of North Carolina Virus
Core. All chemicals for making solutions were purchased from Sigma-
Aldrich.

In vivo viral injection. Mice were anesthetized with a ketamine
(50mg/kg)–xylazine (5mg/kg) mixture injected intraperitoneally. A 33
gauge injection needle was used to bilaterally inject 1ml/site (0.33ml/
min) of the AAV solution into the BLA [in mm: anteroposterior (AP),
�1.10; mediolateral (ML), 62.95; dorsoventral (DV), �5.10], mPFC
(AP, 11.90; ML, 60.31; DV, �2.70), or PVT (AP, �1.0; ML, 0; DV,
�2.95). After surgery, mice were placed on a heating pad for recovery.
Carprofen (5mg/kg, s.c.) was injected daily for up to 3 d after surgery.
Mice were kept in their home cages for 4–5weeks for viral expression
before anatomic or electrophysiological experiments.

Slice preparation for spine and SynaptoTag imaging. Mice with
SynaptoTag viral expression were first anesthetized with isoflurane and
then perfused with ice-cold 1% PFA in 0.1 M phosphate buffer, followed
by 4% PFA and 0.125% glutaraldehyde in 0.1 M phosphate buffer. Brains
were removed and postfixed in 4% PFA and 0.125% glutaraldehyde in
0.1 M phosphate buffer for 12–14 h at 4°C. Following postfix, the brains
were transferred into 0.1 M PBS and sectioned into 300-mm-thick slices
using a VT1200S vibratome (Leica). Cell filling was performed within 8
h after slicing in a regular electrophysiological rig equipped with a fluo-
rescence microscope (Olympus). All cells that were chosen for filling
were from the medial NAcSh, where the expression of both SynaptoTag
colors exhibited similar degrees of brightness. For a chosen cell, we
“backfilled” it with CF633 hydrazide (catalog #SCJ4600037, Sigma-
Aldrich), using single-cell microinjections (Dumitriu et al., 2011).
Specifically, the cell was impaled with a fine micropipette containing 5
mM CF633 hydrazide dissolved in 2 M KCl and injected with 5–10nA of
positive current until the dendrites and spines were filled under visual
guidance. The slices were then mounted in Invitrogen ProLong Gold
Antifade (Thermo Fisher Scientific) on slides for imaging. Spacers (300
mm thick) were placed along the edge of the slide before mounting to
avoid tissue compression.

SynaptoTag and spine imaging. Images were captured with a Leica
TCS SP5 confocal microscope, equipped with Application Suite software
(Leica). All images were obtained under the sequential scanning mode at
a 700Hz scanning speed to detect multiple fluorophores, which pre-
vented cross talk among channels. To reduce image graininess, a frame-
averaging mode was applied, which allowed the software to rescan each
slice four times and average automatically. Both EGFP and mScarlet flu-
orophores were excited by the same imaging configurations, which
included, for example, the laser power, gain, offset, and pinhole, to rule
out any artificial factors from hardware settings. The laser power for
EGFP and mScarlet was ,20%. For CF633, the laser power was ,10%.
Individual dendritic segments were focused and scanned at 0.2mm inter-
vals along the z-axis to obtain a z-stack. All images were deconvolved
using Leica Application Suite software before final data analysis. Spines
and SynaptoTag signals in axon varicosities were counted and analyzed
manually (Graziane et al., 2016; Wright et al., 2020). Only dendrites that
exhibited spines were sampled. Approximately 70% of primary dendrites
did not exhibit spine-like protrusions and were not sampled.

Slice preparation for electrophysiology. To prepare fresh slices for elec-
trophysiology, we decapitated mice under isoflurane anesthesia. Sagittal
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slices (250mm) containing the NAcSh were prepared on a VT1200S
vibratome (Leica) in a 4°C cutting solution containing the following (in
mM): 135 N-methyl-D-glutamine, 1 KCl, 1.2 KH2PO4, 0.5 CaCl2, 1.5
MgCl2, 20 choline-HCO3, and 11 glucose, saturated with 95% O2/5%
CO2, and pH adjusted to 7.4 with HCl. Osmolality was adjusted to 305.
Slices were incubated in artificial CSF (aCSF) containing the following
(in mM): 119 NaCl, 2.5 KCl, 2.5 CaCl2, 1.3 MgCl2, 1 NaH2PO4, 26.2
NaHCO3, and 11 glucose, with the osmolality adjusted to 280–290. aCSF
was saturated with 95% O2/5% CO2. Acute brain slices were incubated at
34°C for 30min and then allowed to recover for .30min at 20–22°C
before experimentation. More detailed procedures for obtaining acute
NAc slices can be found in our previous publications (Huang et al.,
2011; Ishikawa et al., 2013).

Optogenetic stimulation. The laser systems for optogenetic stimula-
tion (RLM635TA-400S-FC for 635 nm, BLM445TA-300FC for 445 nm)
were purchased from Shanghai Laser & Optics Century Co., Ltd. A cus-
tomized 1� 2 fanout bundle (FG200UCC-FBUNDLE, Thorlabs) was
used to connect both laser sources to a single fluorescence port of the
Olympus BX51WI microscope. Laser beams were reflected by a dichroic
filter (640FDC4001-C, Knight Optical) and converged by the micro-
scope condenser. The laser beams then passed through a customized
cube (Chroma Technology) to reach the objective lens of the micro-
scope. The output powers of the 445 and 635 nm lasers were calibrated
before each experiment by placing a laser power meter (catalog #S130A,
Thorlabs) below the objective lens.

Electrophysiological recordings. All recordings were made in the
medial NAcSh. The internal solution filling the electrodes contained the
following (in mM): 130 KMeSO4, 10 KCl, 10 HEPES, 0.4 EGTA (K),
3Mg-ATP, 0.5 Na3-GTP, 2 MgCl2, and 7.5 phosphocreatine. Series re-
sistance was 9–20 MV, uncompensated, and monitored continuously
during recording. Cells with a change in series resistance .15% were
excluded from subsequent data analysis. Synaptic currents were recorded
with a MultiClamp 700B amplifier, filtered at 2.6–3 kHz, amplified five
times, and then digitized at 20kHz.

In experiments involving activation of both Chrimson and
Channelrhodopsin 2 (ChR2), the 635 nm laser, typically at 0.1–0.4 mW,
was used first to establish stable EPSCs triggered by Chrimson, with the
amplitude typically between 100 and 200 pA. The 635 nm laser was then
decreased to a minimal threshold power (typically, 0.05–0.2 mW) that
barely induced EPSCs (i.e., 0–20pA). The 445 nm laser was then used at
a power less than or equal to the threshold power of the 635 nm laser. At
the same power, the 635 nm laser always triggered Chrimson-induced
EPSCs with larger amplitudes than the 445 nm laser. Under our experi-
mental condition, Ch2R-mediated EPSCs could never be triggered by
the 635 nm laser but reliably by the 445 nm laser at low powers (see Fig.
6A–F). As such, this procedure maximized the separation of Chrimson-
and ChR2-mediated EPSCs in a single-slice setup. In analyzing regular
EPSCs (see Figs. 7, 8), we set up a cutoff standard such that only cells
with EPSC amplitudes .40pA that exhibited stable baselines (changes
,10%) were kept for subsequent experimentation or analysis. In the
minimal stimulation assay (see Fig. 9), the pulse duration of the 445 nm
laser was adjusted between 0.5 and 1.0ms to acquire a success rate of
;50%. In all other experiments, the pulse duration of the laser was set at
1ms. In recording of EPSCs, GABAergic receptor antagonists were not
included. Although previous studies show that action potentials can be
triggered in NAc fast-spiking interneurons (FSIs) by optogenetic stimu-
lation of glutamatergic inputs, the laser powers were relatively high (Yu
et al., 2017). In the current studies, very low laser powers were used to min-
imize cross-projection contamination, reducing the likelihood of triggering
action potentials in FSIs. Furthermore, MSNs were recorded at �70mV,
which was close to the reversal potential of GABAergic transmission, further
minimizing the potential contribution of GABAergic transmission in our
recording. We also scrutinized traces from all recorded cells, all of which
exhibited fast rising and decaying kinetics consistent with EPSCs.

Data acquisition and statistics. All results are shown as the mean 6
SEM. Most experiments were replicated in 4–16 mice. All data collection
was randomized. All data were assumed to be normally distributed, but
this was not formally tested. No statistical methods were used to prede-
termine sample sizes, but our sample sizes were similar to those reported

in previous publications with similar experimental designs (Huang et al.,
2011; Ishikawa et al., 2013; Lee et al., 2013; Graziane et al., 2016;
Neumann et al., 2016; Wright et al., 2020). All data were analyzed offline,
and investigators were not blinded to experimental conditions during
the analyses.

A total of 186 mice were used for this study, among which 41 mice
were excluded from the final data analysis because of the following reasons:
(1) 2 mice were excluded because of health issues after surgeries (e.g.,
.20% drop in body weight in a day); (2) 37 mice were excluded because of
off-target stereotaxic injections or poor viral expression; and (3) 2 mice
were excluded because of experimental failures (e.g., unsuccessful slice prep-
arations, failed recordings, or other experimental incidents). No animals
were excluded after data acquisition was accomplished.

Repeated experiments for the same group were pooled together for
statistical analysis. For all datasets, the sample sizes are presented as n/m,
where n is the number of cells or dendrites andm is the number of mice.
The n-based statistics were used for all data analyses. Statistical signifi-
cance was assessed using paired or unpaired t tests, or one-way or two-
way ANOVA followed by Bonferroni post-test, as specified in the related
text. Two-tailed tests were performed for all analyses, and statistical sig-
nificance was set at p, 0.05. Statistical analyses were performed in
GraphPad Prism (version 7) and SPSS version 19 (IBM).

Results
Dual-color SynaptoTag
To label BLAp axons with mPFCp or PVTp inputs simultane-
ously, we used a dual-color SynaptoTag approach by creating
two AAV2/2 constructs, which expressed either synaptobrevin-
2-linked mScarlet or EGFP, under the synapsin promoter (Fig.
1A). Synaptobrevin-2 is a presynaptic protein, expression of
which leads the fluorescent marker protein toward and thus
labels presynaptic terminals. We bilaterally injected mice with
SynaptoTag EGFP into the BLA and SynaptoTag mScarlet into
the mPFC or PVT (Fig. 1B). Five to 6 weeks later, we prepared
coronal slices containing the NAcSh and backfilled MSNs with
CF633, a dye with an excitation wavelength of 633 nm that can
be differentiated from the excitation of Scarlet (561nm) and
EGFP (488nm). CF633 filling depicted the detailed morpholo-
gies of MSNs, including the soma and different orders of den-
drites, as well as dendritic spines (Fig. 1C). When merging with
mScarlet or EGFP signals, the anatomic relationships between
MSN dendritic spines and presynaptic terminals from the BLAp,
mPFCp, or PVTp (Fig. 1D–F) could be visualized.

Secondary dendrites are preferentially targeted
Dendrites are the primary locations for NAcSh MSNs to receive,
integrate, and filter glutamatergic synaptic inputs. If homogene-
ous properties of dendrites are assumed, synaptic inputs from
proximal dendrites typically exert a higher somatic impact
compared with those from distal dendrites. In four mice with
intra-BLA expression of SynaptoTag EGFP and intra-mPFC
expression of SynaptoTag mScarlet (Fig. 2A), we screened the
apparent contacts of labeled presynaptic terminals on primary,
secondary, and tertiary dendrites of NAcSh MSNs (a total of 136
dendrites were examined; Fig. 2B). In stacked images with 0.2
mm increments, we preliminarily selected the dendritic spines
with potential mScarlet- or EGFP-tagged presynaptic terminals
as putative synapses connecting to mPFCp or BLAp, respectively
(Fig. 2C). We then examined individual 0.2 mm images, and
operationally defined the putative synapses with presynaptic and
postsynaptic structures only overlapping within one or two adja-
cent 0.2 mm images as most probable “connecting synapses” (Fig.
2C). Among all labeled spines, we detected small percentages of
such connecting BLAp and mPFCp synapses on primary,
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secondary, and tertiary dendrites, while the majority of spines
was not connected to presynaptic SynaptoTag structures (Fig.
2D–F). These low connecting percentages may reflect low synap-
tic innervation rates from the BLAp and mPFCp on individual
dendrites. Alternatively, because of the small amount of viral injec-
tion (0.15ml), our SynaptoTag approach may only label a limited
portion of the BLAp and mPFCp. Nonetheless, the connecting
synapses from both the BLAp and mPFCp were primarily distrib-
uted onto secondary dendrites (F(2,18)= 41.61; p, 0.01, animal-
based two-way ANOVA; p ,0.01, mPFCp primary vs secondary;
p, 0.01, mPFCp secondary vs tertiary; p, 0.01, BLAp primary vs
secondary; p ,0.01 BLAp secondary vs tertiary; with Bonferroni
post-tests; Fig. 2G,H). Similarly, in the paired imaging of BLAp
and PVTp from four mice (a total of 216 dendrites were exam-
ined; Fig. 3A–C), connecting synapses were detected in all orders
of dendrites but enriched on secondary dendrites of NAcSh MSNs
(F(2,18)= 21.27; p, 0.01, animal-based two-way ANOVA; p ,
0.01, PVTp primary vs secondary; p=0.16 PVTp, secondary vs
tertiary; p, 0.01, BLAp primary vs secondary; p=0.02, BLAp sec-
ondary vs tertiary; p=0.04, BLAp primary vs tertiary; Bonferroni
post-tests; Fig. 3D–H).

These results suggest that secondary dendrites receive the ma-
jority of synaptic inputs from the BLA, mPFC, and PVT, which
is consistent with the general pattern of spine expression and glu-
tamatergic innervation on striatal MSNs (Kemp and Powell,
1971b; Shepherd, 2009).

Dendritic interaction
A common form of synaptic integration occurs at the dendritic
level, at which anatomically clustered synapses are prone to
influence each other with higher interaction efficacy than dis-
persed synapses (Yuste, 2011). We therefore quantified the num-
ber of BLAp synapses that had adjacent, “clustered” synapses

from another projection within 2mm, a distance within the range
over which synapses actively interact (Harvey and Svoboda,
2007; Murakoshi et al., 2011; Fu et al., 2012; Fig. 4A). In four
BLAp-mPFCp SynaptoTag mice, we detected 161 connecting
synapses among a total of 4046 sampled spines (Fig. 2). Among
these 161 connecting synapses, we found 28 synapses that were
aligned within the 2 mm range, either at the same or opposite sides
of the dendrite (Fig. 4B–D). Most such clusters were detected on
the secondary dendrites (four on tertiary and two on primary den-
drites). The majority of clustered connected synapses involved the
same projection (i.e., BLAp–BLAp or mPFCp–mPFCp pairs),
whereas ;20% of the clusters involved BLAp–mPFCp contacts
(Figs. 4E, 5A,B). In four BLAp-PVTp SynaptoTag mice, we
detected 299 connecting synapses among a total of 6967 sampled
spines. Among these 299 connecting synapses, we found 54 clus-
tered synapses, with ;20% BLAp-PVTp contacts (Figs. 4F–I, 5G,
H). Most clustered connected synapses were on secondary den-
drites as well (7 on tertiary dendrites and 1 on primary dendrites).

The overall BLAp-mPFCp (28 of 4046) and BLAp-PVTp (54
of 6967) clustering rates were very low, suggesting that the ma-
jority of these projections operates relatively independently.
However, among the clustered synapses in each preparation,
;20% were BLAp–mPFCp and BLAp–pVTp clusters, respec-
tively. Albeit at low rates, these close anatomic alignments would
allow both mPFCp and PVTp synapses to interact with BLAp
synapses for dendritic integration under certain circumstances.

Heterosynaptic interactions
We next explored the anatomic basis that may mediate a poten-
tially heterosynaptic interaction. The synapse clustering elabo-
rated above may provide such an anatomic alignment, but the
clustering rate is low between BLAp and mPFCp synapses (data
from four BLAp-mPFCp SynaptoTag-labeled mice; Figs. 4A–E,
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5A,B). On the other hand, whereas the vast majority of connect-
ing synapses contacted independent spines, we detected one case
in which the BLAp was directly apposed to a mPFCp presynaptic
terminal, and another case in which the mPFCp appeared in
direct apposition to a BLAp presynaptic terminal (Fig. 5C–F).
The images were verified in individual 0.2-mm-thick sections (see
Materials and Methods), and so the detected alignment of these

two presynaptic terminals was operationally defined as a heterosy-
naptic interaction. In addition to the above adjacent clusters, there
were also a small number of cases where the spatial arrangements
showed tighter pairing between projections and therefore were
suggestive of potential heterosynaptic interactions.

As elaborated above (Fig. 4F–I), the clustering rate was also
low between BLAp and PVTp synapses (data from four BLAp-
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PVTp SynaptoTag-labeled mice; Fig. 5G,H). Although the vast
majority of labeled presynaptic terminals innervated spines inde-
pendently, we observed four cases in which the BLAp was
directly apposed to PVTp presynaptic terminals, and five cases in
which both the BLAp and PVTp appeared to synapse onto the
same spines (Fig. 5I–L).

Collectively, while the vast majority of the BLAp, mPFCp,
and PVTp formed independent synaptic contacts, there is a low
percentage of spatial alignments, which may allow heterosynap-
tic interactions between BLAp and mPFCp and between BLAp
and PVTp synapses.

Dendritic versus somatic summation
The low percentage of anatomically adjacent and potentially het-
erosynaptic alignments of BLAp with mPFCp and PVTp pre-
sumed synapses (Figs. 4, 5) predicted that nonlinear dendritic

summation may occur but might not be the primary means for
these synapses to interact. To test this, we adopted a dual-rho-
dopsin optogenetic approach involving AAV2-mediated expres-
sion of ChR2 and Chrimson in two brain regions of the same
mice. To verify this approach, we first examined the sensitivity of
ChR2 versus Chrimson to the two individual lasers. For ChR2,
we bilaterally injected the mice with ChR2-expressing AAV2/2
into the mPFC (Fig. 6A). Five weeks later, we prepared sagittal
slices containing the NAcSh- and ChR2-expressing presynaptic
projections (Fig. 6A). We performed a whole-cell voltage-clamp
recording of NAcSh MSNs in response to optogenetic stimula-
tion using the 445 or 635 nm laser (Fig. 6B). EPSCs could be
evoked only by the 445nm but not the 635 nm laser at both 0.5
and 1 mW, indicating that ChR2 was not sensitive to the 635 nm
laser (0.5 mW: 445 nm laser, 210.06 83.8 pA; 635 nm laser,
0.06 0.0 pA; n/m= 7/2; p=0.04; 1 mW: 445 nm laser,
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263.66 104.1 pA; 635 nm laser, 0.06 0.0 pA; n/m= 7/2; p= 0.03,
paired t test; Fig. 6C). In another set of mice, we bilaterally
injected Chrimson-expressing AAV2/8 into the BLA (Fig. 6D)
and performed the same experiment thereafter (Fig. 6E). While
the 635 nm laser elicited large EPSCs in NAcSh MSNs at both
0.5 and 1 mW, in the same MSNs the 445 nm laser either failed
to elicit or elicited minimal EPSCs at 0.5 mW, but elicited detect-
able EPSCs at 1 mW, albeit with amplitudes always lower than
that elicited by the 635 nm laser (0.5 mW: 445 nm laser,
5.26 3.8 pA; 635 nm laser, 140.56 28.5, n/m=8/2, p, 0.01; 1
mW: 445 nm laser, 26.76 9.8 pA; 635 nm laser, 159.06 16.1 pA;
n/m= 8/2; p, 0.01, paired t test; Fig. 6F). Thus, with the laser
power ,0.5 mW and with additional verifications (see below),
Chrimson-expressing projections can be selectively activated by
the 635 nm laser but not the 445 nm laser in our experimental
setup.

To examine the potential interaction between BLAp and
mPFCp synapses, we prepared the mice with intra-BLA expres-
sion of Chrimson and intra-mPFC expression of ChR2 (Fig. 6G).
After obtaining NAcSh slices, we first determined the minimal
power of the 635 nm laser that elicited EPSCs in NAcSh MSNs
(Fig. 6H). Because with the same power, the 635 nm laser always
elicited Chrimson-induced EPSCs with higher amplitudes than
the 445 nm laser (Fig. 6F), we used the 445 nm laser at or less
than this minimal power to ensure no activation of Chrimson-
expressing projection by the 445 nm laser. On the other hand,
ChR2-induced EPSCs could never be triggered by the 635 nm
laser (Fig. 6B,C), so we set the 635 nm laser at a power slightly
higher than the minimal power. This laser power setup inevitably
resulted in a small number of cases in which the 445 nm laser
could not trigger EPSCs and thus excluded from the subsequent
experiments, but it maximally minimized the potential contami-
nation of two projections. We performed whole-cell voltage-
clamp recording of NAcSh MSNs, and applied the 445 and 635
nm laser alternatively (apart by 5 s) such that EPSCs were
sequentially and separately elicited from the mPFCp and BLAp,
respectively (Fig. 6I). After 2 min of such recording to establish
baseline responses, we synchronized the stimulation of the two
lasers such that both projections were stimulated simultaneously,
resulting in a single EPSC that combined the inputs from both
mPFCp and BLAp synapses (Fig. 6J). If mPFCp and BLAp syn-
apses were located sufficiently close to elicit strong heterosynap-
tic or dendritic interaction, the combined EPSCs should not be a
linear summation of their separately measured EPSCs. However,
our results show that the mean response to simultaneous activa-
tion of these two sets of synapses was a simple linear summation
(220.66 17.9 vs 234.96 26.6 pA, n/m=16/7; p= 0.25, paired t
test; Fig. 6K).

In contrast, when using the same approach to examine the
interaction between PVTp and BLAp synapses, we observed that
the mean amplitudes of combined EPSCs were smaller than the
linear summation of EPSCs from PVTp and BLAp synapses
evoked individually (244.66 22.7 vs 208.86 21.5 pA; n/m=17/
5; p, 0.01, paired t test; Fig. 6L–P). This nonlinear summation
suggested that the BLAp and PVTp interacted at the dendritic
level (see Discussion). That is, the degree to which the BLAp and
mPFCp converge at the same NAcSh dendrites and form nearby
synapses is sufficiently high to produce a functional interaction.

It is worth noting that, despite different rhodopsins being
used, EPSCs evoked at BLAp and mPFCp synapses exhibited
similar activation and decay kinetics, which were shorter than
those at PVTp synapses [EPSC rising to peak (in ms): BLAp,
2.586 0.23; mPFCp, 2.706 0.16; PVTp, 3.386 0.16; F(2,31) = 5.7,

p, 0.01, one-way ANOVA; p=0.01, BLAp vs PVTp; p= 0.03,
mPFCp vs PVTp; Bonferroni post-test; decay time constant (in
ms): BLAp, 4.816 0.34; mPFCp, 5.366 0.28; PVTp, 7.266 0.37;
F(2,31) = 16.5, p, 0.01, one-way ANOVA; p, 0.01, BLAp vs
PVTp and mPFC vs PVTp, Bonferroni post-test]. Thus, rather
than because of potentially different activation–inactivation
kinetics of ChR2 and Chrimson, these results may reflect differ-
ent dendritic filtering properties. This notion is supported by the
observation that onset delays of EPSCs at these synapses were
similar (in ms: BLAp, 2.596 0.07; mPFCp, 2.706 0.10; PVTp,
2.826 0.12; F(2,31) = 1.48, p=0.24, one-way ANOVA), suggest-
ing similar efficacies of presynaptic activation.

Lack of short-term heterosynaptic plasticity
The anatomic findings showed potential heterosynaptic interac-
tions between projections, which may occur both presynaptically
(Fig. 5J) and postsynaptically (Fig. 5L). To explore potential pre-
synaptic interactions, we performed a so-called heterosynaptic
paired-pulse ratio (PPR) test. In monosynaptic transmission,
when two consecutive presynaptic stimulations are applied
within a short interval (e.g., 50ms), the second presynaptic
release event is influenced by the residual calcium from the first
stimulation, which often alters the release probability and thus
the amplitude of the second EPSC compared with the first one.
As such, the PPR, normally defined as the amplitude of the sec-
ond EPSC over the amplitude of the first, is typically not equal to
1. In a heterosynaptic arrangement in which synapse A influen-
ces the presynaptic release of synapse B, sequential activation of
A and B may result in a PPR-like effect on B-mediated EPSCs.

In the dual-rhodopsin arrangement, we first established the
baseline EPSCs for the two projections by alternatively (5 s apart)
applying the two lasers at 0.1Hz, and then created a heterosynap-
tic PPR condition by setting the stimulation of one projection
50ms before or after the other (Dt = 150 or �50ms; Fig. 7A,B).
In testing the BLAp–mPFCp interaction, neither of the PPR con-
ditions (Dt = 150 or �50ms) affected the amplitudes of the
EPSCs at BLAp or mPFCp synapses (normalized amplitude dur-
ing PPR with Dt = 150ms: mPFCp, 0.986 0.05, n/m=13/5,
p= 0.73; BLAp, 0.966 0.05, n/m=12/5, p= 0.39, paired t test;
normalized current during PPR with Dt = �50ms: mPFCp,
1.056 0.03, n/m= 13/4, p=0.16; BLAp, 1.086 0.04, n/m=14/4,
p= 0.05, paired t test; Fig. 7C,D). Similarly, the heterosynaptic
PPR conditioning did not induce detectable interactions between
the BLAp and PVTp (Dt= 50ms: PVTp 1.036 0.02, n/m=9/3,
p= 0.18; BLAp, 1.086 0.07, n/m=9/3, p=0.28, paired t test;
Dt = �50ms: PVTp, 1.026 0.04, n/m= 10/3, p=0.55; BLAp,
1.056 0.04, n/m=11/3, p=0.24, paired t test; Fig. 7E–G). Together,
these results do not support presynaptically heterosynaptic regulation
as a key means for interaction of these glutamatergic projections.

Interprojection plasticity
Different glutamatergic inputs to the NAcSh are often synchro-
nously activated in behaving animals, pushing MSNs into a per-
sistent “upstate” (Mahon et al., 2006). To examine whether such
synchronous activations induce intraprojection and interprojection
plasticity, we first tested a relatively moderate coactivation condi-
tioning protocol in the dual-rhodopsin setup, 1Hz for 30 s, which
may mimic relatively low-frequency coactivation. Application of
this protocol was sufficient to induce certain degrees of intraprojec-
tion plasticity. Specifically, we recorded a baseline of EPSCs induced
by optogenetic stimulation of the BLAp at 0.1Hz, followed by the 1
Hz for 30 s protocol, and then returned to the 0.1Hz testing stimu-
lation. This 1 Hz protocol induced small changes at mPFCp and
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PVTp, but not BLAp synapses (normalized amplitudes of the sec-
ond to seventh EPSCs after induction: BLAp, 1.076 0.04, n/m=33/
6, p=0.08; mPFCp, 1.226 0.04, n/m=27/2, p, 0.01; PVTp,
0.916 0.03, n/m=23/4, p=0.01, paired t test; Fig. 8A–D), but
induced a small increase in mPFC synapses and a small decrease in
PVT synapses. We observed similar patterns of intraprojection plas-
ticity at mPFCp synapses, but not PVTp synapses (Fig. 8B,C).

The above results show that intraprojection stimulation using
this low-frequency protocol induced certain degrees of short-
term synaptic changes. We then tested whether coactivation of
two projections might induce interprojection effects. In NAcSh

slices prepared from the BLAp-mPFCp dual-rhodopsin mice, we
alternatively applied two lasers to establish baseline EPSCs from
both projections, then coapplied the low-frequency protocol
(1Hz for 30 s) to both projections in a time-locked manner. This
procedure did not induce synaptic changes at either BLAp or
mPFCp synapses compared with the changes induced by intra-
projection stimulation (BLAp after pairing, 1.046 0.07, n/
m=11/6, p=0.74 compared with unpairing; mPFCp after pair-
ing, 1.206 0.07, n/m=10/6, p= 0.81 compared with unpairing,
unpaired t test; Fig. 8E–H). Similarly, we did not detect any inter-
projection effects at BLAp or PVTp synapses after the low-fre-
quency protocol was contingently applied to both projections
(BLAp after pairing, 0.976 0.07, n/m= 11/4, p=0.21 compared
with unpairing; PVTp, 0.886 0.04, n/m=10/4, p=0.55 com-
pared with unpairing, unpaired t test; Fig. 8I–K).

We then used a conditioning protocol of 20Hz for 10 s to
examine whether the high-frequency coactivation conditioning
induced interprojection effects. In the intraprojection setup, this
protocol induced an LTP-like monosynaptic plasticity at BLAp
and mPFCp synapses, but not PVTp synapses (normalized
amplitudes of the second to seventh EPSCs after induction:
BLAp, 1.586 0.09, n/m=20/3, p, 0.01; mPFCp, 1.466 0.12, n/
m=24/3, p, 0.01; PVTp, 1.066 0.06, n/m=16/5, p= 0.35,
paired t test; Fig. 8M–P). In NAcSh slices prepared from dual-
rhodopsin mice, coconditioning of the BLAp and mPFCp did
not result in synaptic changes additive to the observed intrapro-
jection plasticity (BLAp after pairing, 1.476 0.21, n/m=13/4,
p= 0.59 compared with unpairing; mPFCp after pairing, 1.23 =
0.06, n/m=12/4, p= 0.17 compared with unpairing, unpaired
t test; Fig. 8Q–T). On the other hand, coconditioning of the
BLAp and PVTp, while not additively affecting BLAp synapses,
induced a small but significant additive augmentation of PVTp-
mediated transmission compared with the PVTp transmission
after monosynaptic application of the same protocol (BLAp after
pairing, 1.566 0.20, n/m= 12/4, p= 0.93 compared with unpair-
ing; PVTp after pairing, 1.316 0.12, n/m=12/4, p=0.047 com-
pared with unpairing; Fig. 8U–X). This result echoed the above
anatomic and physiological observations of a relatively higher
rate of heterosynaptic alignments between the BLAp and PVTp
than the BLAp and mPFCp (Fig. 5J), as well as a nonlinear sum-
mation of the BLAp and PVTp (Fig. 6L–P).

Presynaptic regulation of mPFCp by BLAp
The above anatomic and functional results (Figs. 5J, 6L–P, 8U–
X) suggest a potential heterosynaptic regulation of PVTp by
BLAp. To explore whether a presynaptic or postsynaptic mecha-
nism was involved, we performed the minimal stimulation assay
in the dual-rhodopsin setup, in which we minimized the power
intensity of a laser to evoke small-amplitude EPSCs from the
ChR2-expressing projection, mixed with failures. After obtaining
a baseline of such EPSCs and failures from this projection over a
period of 5min, we coupled the activation of the first projection
with the activation of the Chrimson-expressing projection for
2min, either with perfect coincidence or a time shift (Dt), and
then returned to recordings without the second projection cou-
pling for another 5min (Fig. 9A–E).

In this minimal stimulation assay, a change in the success rate
reflects a change in the presynaptic release probability, while a
change in the amplitude of successes may reflect a change in
postsynaptic responsiveness of single synapses (Isaac et al., 1995;
Liao et al., 1995; Huang et al., 2009). Our results show that the
success rates, but not the amplitudes of successes, of mPFCp
EPSCs were increased after the coupling activation of BLAp,
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whereas neither the success rate nor the amplitude of BLAp
EPSCs were affected by the coupling activation of mPFCp
(mPFCp: relative success rate, 1.26 0.1, n/m= 8/5, p, 0.01; rela-
tive amplitude of successes, 1.06 0.0, n/m= 8/5, p=0.93, paired
t test; BLAp: relative success rate, 0.96 0.1, n/m= 12/4, p=0.52;
relative amplitude, 1.16 0.1, n/m=12/4, p= 0.89, paired t test;
Fig. 9F). Furthermore, neither the coupling contingency (Dt;
BLAp, r2 = 0.10; mPFCp, r2 = 0.17) nor the coupling intensity
(i.e., EPSC amplitude of the coupling projection; BLAp, r2 = 0.09;
mPFCp, r2 = 0.02) was correlated to the success rate of these

projections after coupling with the other
(BLAp: relative success rate, 0.96 0.1, n/
m= 19/3, p= 0.53; relative amplitude, 1.0 6
0.1, n/m=19/3, p=0.32, paired t test; PVTp:
relative success rate, 1.16 0.1, n/m= 16/5,
p=0.47; relative amplitude, 1.26 0.1, n/
m= 16/5, p=0.06, paired t test; Fig. 9G–I).
These results show a potentially moderate
presynaptic regulation of the mPFCp by
BLAp, which echoes the anatomic results
(Fig. 5D). On the other hand, we did not
observe heterosynaptic effects between the
BLAp and PVTp on the success rates (BLAp,
r2 , 0.01; PVTp, r2 = 0.14; Fig. 9J). We did,
however, detect a positive correlation between
the success rates of PVTp transmission and
the amplitudes of the coupling BLAp EPSCs
(r2 = 0.30, p=0.03; Fig. 9K).

Discussion
The BLAp, mPFCp, and PVTp are three key
glutamatergic NAcSh afferents differentially
implicated in various aspects of motivated
behaviors. Although there is much evidence
for complex interactions between these projec-
tions from in vivo studies, we only detected rel-
atively weak support for these interactions in
our anatomic and electrophysiological exami-
nations, raising the possibility that the behav-
iorally manifested interactions may involve
different dendrites of the same target neurons,
interneuron-mediated feedforward circuits, or
cellular convergence at subsequent levels of the
network. Nonetheless, the anatomic and physi-
ological interactions observed in the current
study suggest that the BLAp can regulate, as
well as be regulated by, the mPFCp and PVTp
under certain circumstances. These potentially
reciprocal regulations may serve as cellular
and circuit mechanisms through which differ-
ent emotional and motivational arousals are
integrated and coordinated for influencing
adaptive behavioral outputs.

Morphologically, NAcSh MSNs exhibit
highly branching, multiordered dendrites con-
taining high densities of spines that receive pre-
synaptic glutamatergic projections (Shepherd,

2009). The fact that the BLAp, mPFCp, and PVTp contacted spines
primarily on secondary dendrites (Figs. 1, 2) is not surprising.
Systematic morphologic investigations of striatal and NAcSh MSNs
reveal higher densities of spines on secondary dendrites than den-
drites of other orders (Kemp and Powell, 1971b; Meredith et al.,
1992; Shepherd, 2009). Indeed, secondary dendrites may not be
preferentially targeted solely by the above three projections, but also
other glutamatergic projections. In contrast, almost all primary den-
drites that we examined were short (e.g., 20mm) and exhibited low
densities of spines. This is also consistent with the known morphol-
ogy of striatal MSNs (Kemp and Powell, 1971a,b; Meredith et al.,
1992). In our exclusion of these, we also noted the near absence of
SynaptoTag-labeled presynaptic terminals in the vicinity, and as
such, the actual proportion of primary dendrites receiving glutama-
tergic projections might be even lower than we reported. On the
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/

V, W, Summaries of normalized EPSC amplitudes at BLAp (V) and PVTp (W) synapses before
and after the pairing protocol. X, Summaries showing no additional effects of the pairing pro-
tocol on the BLAp transmission but an additive enhancement of the PVTp transmission. *p
, 0.05; **p, 0.01; ns p. 0.05.
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other hand, all visualized tertiary dendrites exhibited fairly dense
spine distributions, but fewer SynaptoTag innervations compared
with secondary dendrites. It remains to be determined whether the
same afferent projections diverge onto both secondary and tertiary
dendrites in the NAcSh.

The low rate observed for SynaptoTag-labeled projection pro-
files contacting individual dendrites (Figs. 2, 3) suggests two pos-
sible characteristics of glutamatergic innervation on NAcSh
dendrites that are not mutually exclusive. One is that each of the
BLAp, mPFCp, and PVTp forms divergent synapses in the
NAcSh. Each of the NAc afferents extensively innervates MSNs.
However, we detected a small number of connecting synapses on
each examined dendrite. Thus, rather than preferentially inner-
vating a single dendritic segment, these projections might dis-
perse their synaptic inputs across multiple dendrites of the same
MSN as well as large numbers of different MSNs. Such diver-
gence would ensure that each glutamatergic projection commu-
nicates with many NAcSh MSNs for potential functional
synchronicity. The other possible characteristic is convergence.
The fact that only a few of the spines densely distributed on each
dendritic segment received SynaptoTag-labeled presynaptic ter-
minals suggests that the others were innervated by glutamatergic
projections from other brain areas. With such a convergent
arrangement, each segment of a dendrite would receive glutama-
tergic projections from different brain regions, with likely only a
small portion from a single projection. Because NAcSh MSNs do
not have intrinsic pace-making mechanisms, their activation is
driven exclusively by glutamatergic synaptic inputs. The resting
membrane potentials of NAcSh MSNs are considerably hyperpo-
larized (e.g., �80mV; O’Donnell et al., 1997), which may effec-
tively filter out the influence of sporadic activation of a small
number of glutamatergic synapses and ensure responding only
to synchronous activation of a large number of glutamatergic
synapses (Ishikawa et al., 2009). Indeed, synchronous activation
of glutamatergic inputs is a characteristic feature of NAcSh and
striatal MSNs in vivo (O’Donnell et al., 1997; Stern et al., 1998).

Upon synchronous activation, integration, and interaction of
different glutamatergic inputs may occur at the heterosynaptic,
dendritic, or somatic level. We operationally defined heterosy-
naptic interactions as those that occur when different glutama-
tergic terminals synapse on each other or share common spines.
Our morphologic studies detected a low percentage of BLAp
contacts that made putatively heterosynaptic interactions with
mPFCp and PVTp inputs (Fig. 5). Although the resolution of
our anatomic approach cannot provide definitive evidence for
these synaptic alignments, there are references to them in pub-
lished studies. Most ultrastructural investigations report no syn-
apses between terminal axons in the striatal complex, although a
rare few have been noted (Kemp and Powell, 1971c; Kornhuber
and Kornhuber, 1983). Studies using Golgi staining or fluores-
cent dye injection report that both striatal and NAcSh MSNs
have low percentages of branched spines that share one spine
neck, presumably innervated by multiple presynaptic glutama-
tergic terminals (Kemp and Powell, 1971a; Comery et al., 1996;
Robinson and Kolb, 1997; Forlano and Woolley, 2010). While
similar structures are rarely observed in the NAcSh using elec-
tron microscopy (French and Totterdell, 2003; French et al.,
2005), they have been more commonly observed in the dorsal
striatum (Kemp and Powell, 1971a). Together, the anatomic
arrangements for heterosynaptic interaction among different
afferents exist in the NAc, but the low rate of these arrangements
may limit their functional manifestation.

Consistent with the above notion, signs of heterosynaptic
interactions were observed in our electrophysiological studies.
Specifically, nonlinear summation was observed on coactivation
of the BLAp and PVTp (Fig. 5), and an increase in presynaptic
release probability (assessed by success rates) was detected at
mPFCp synapses when they were costimulated with BLAp syn-
apses (Fig. 9). These regulations can be traced to the heterosy-
naptic arrangement of these synapses. For example, the
heterosynaptic innervation of mPFCp by BLAp (Fig. 5) might
allow a coactivation of BLAp to transiently upregulate presynap-
tic levels of Ca21 in mPFCp synapses and increase the release
probability. Furthermore, compared with the BLAp and mPFCp,
the relatively high rate of heterosynaptic arrangements between
the BLAp and PVTp may contribute to the manifestation of their
nonlinear summation when synapses with all anatomic arrange-
ments were sampled together (Fig. 6). However, the low percent-
age of observed putatively heterosynaptic arrangements (Fig. 5),
low magnitude of nonlinear summation (Fig. 6), and lack of de-
tectable heterosynaptic PPR (Fig. 7) together suggest that hetero-
synaptic interaction is not a dominant form of interaction
between the BLAp and the other two projections to the NAcSh.

We operationally defined dendritic interactions as those that
occur when synapses are anatomically independent but influence
each other at local dendritic sites. Such arrangements may also
contribute to the nonlinear summation observed between the
BLAp and PVTp (Fig. 6). In most empirical studies of different
brain regions, synaptic signals from the same dendrites are inte-
grated linearly or slightly sublinearly (Burke, 1967; Cash and
Yuste, 1998; Jia et al., 2010; Longordo et al., 2013). In the NAcSh,
the fact that BLAp connection synapses were occasionally
observed in clustered alignments with mPFC or PVTp contacts
on the same dendritic segments (Fig. 4) suggests a likelihood of
dendritic interactions and nonlinear summation. For example,
when electrical signals from clustered synapses are generated
synchronously, or sequentially within a short period of time, the
shared local ionic conditions may not provide the same driving
force as when synapses are otherwise activated with a long tem-
poral or spatial separation. Hence, synaptic inputs that are both
spatially and temporally clustered may result in compromised
summation when measured from the soma through whole-cell
recording (Spruston et al., 1994).

Beyond biophysical summation, clustered synapses may also
biochemically influence each other through the cytosol. The dis-
crete structure of spines provides a relatively confined space that
reduces the diffusion of spinal contents, but CaMKII and other
plasticity-associated signaling proteins can “spill out” and propa-
gate to adjacent spines when abundantly generated (Bressloff,
2013). As such, relatively low levels of signaling components
resulting from weak activations, such as the activation induced
by the 1 Hz pairing protocol, could be effectively confined within
individual spines with limited spine–spine cross talk. However,
on strong activations, such as the 20 Hz pairing protocol used in
this study (Fig. 8), it is possible that pro-LTP signaling proteins
generated from BLAp spines might have diffused into adjacent
PVTp spines, resulting in the observed BLAp-mediated regula-
tion of plasticity at PVTp synapses (Fig. 8). Such biochemical
influences add another potential mechanism for clustered synap-
ses to locally influence dendritic dynamics.

While the above results and related discussions are exclusively
focused on glutamatergic projections, it should be noted that the
intraprojection and interprojection interaction of these projec-
tions may also involve dopaminergic transmission, which is often
activated together with glutamatergic projections to the NAc and
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striatum during motivated behaviors (Sesack and Grace, 2010;
Bamford et al., 2018). Midbrain dopaminergic axons synapse on
dendrites and somas of NAc MSNs, which entail fast transmis-
sion as well as volume transmission for rapid versus sustained
regulation, respectively, of ion channels that contribute to den-
dritic and somatic responses to excitatory inputs (Pickel et al.,
1988; Sesack and Grace, 2010). Furthermore, a portion (,10%)
of NAc spines that receive glutamatergic axon inputs from cortex
or thalamus also receive convergent dopaminergic inputs
(Totterdell and Smith, 1989; Pinto et al., 2003; Sesack and Grace,
2010). This triad configuration allows simultaneously activated
dopaminergic signaling to regulate the ongoing glutamatergic
inputs to specific spines. This potential timing-contingent dopa-
minergic regulation may critically regulate the response of MSN
dendrites to synchronous glutamatergic inputs (West et al., 2003;
Brady and O’Donnell, 2004), thus adding another layer of com-
plexity for the heterosynaptic and dendritic summation of NAc
afferent projections.

In summary, our current study characterizes several key fea-
tures of the BLAp that suggest it can regulate, as well as be regu-
lated by, the mPFCp and PVTp. These results may provide an
anatomic and physiological basis for the integration of afferents
conveying different emotional and motivational arousals in shap-
ing the output of NAcSh-mediated behaviors.
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