
UC Irvine
UC Irvine Previously Published Works

Title

New viral‐genetic mapping uncovers an enrichment of corticotropin‐releasing hormone‐
expressing neuronal inputs to the nucleus accumbens from stress‐related brain regions

Permalink

https://escholarship.org/uc/item/07b8s8tx

Journal

The Journal of Comparative Neurology, 527(15)

ISSN

1550-7149

Authors

Itoga, Christy A
Chen, Yuncai
Fateri, Cameron
et al.

Publication Date

2019-10-15

DOI

10.1002/cne.24676

Copyright Information

This work is made available under the terms of a Creative Commons Attribution License, 
available at https://creativecommons.org/licenses/by/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/07b8s8tx
https://escholarship.org/uc/item/07b8s8tx#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/


R E S E A R CH AR T I C L E

New viral-genetic mapping uncovers an enrichment
of corticotropin-releasing hormone-expressing neuronal inputs
to the nucleus accumbens from stress-related brain regions

Christy A. Itoga1 | Yuncai Chen1,2 | Cameron Fateri1 | Paula A. Echeverry1 |

Jennifer M. Lai1 | Jasmine Delgado1 | Shapatur Badhon1 | Annabel Short1,2 |

Tallie Z. Baram1,2 | Xiangmin Xu1,3,4

1Department of Anatomy and Neurobiology,

School of Medicine, University of

California-Irvine, Irvine, California

2Department of Pediatrics, School of

Medicine, University of California-Irvine,

Irvine, California

3Department of Biomedical Engineering,

University of California, Irvine, California

4Department of Microbiology and Molecular

Genetics, University of California, Irvine,

California

Correspondence

Tallie Z. Baram and Xiangmin Xu, Department

of Anatomy and Neurobiology, School of

Medicine, University of California-Irvine,

Irvine, CA 92697-1275.

Emails: tallie@uci.edu; xiangmin.xu@uci.edu

Funding information

National Institute of Mental Health, Grant/

Award Numbers: MH096889, MH105427,

MH73136; National Institute of Neurological

Disorders and Stroke, Grant/Award Numbers:

NS078434, NS45540; Optical Biology Shared

Resource of the Cancer Center Support,

Grant/Award Number: CA-62203; US National

Institutes of Health, Grant/Award Numbers:

T32-NS45540, NS078434, MHP50 096889,

MH73136, MH105427

Abstract
Corticotropin-releasing hormone (CRH) is an essential, evolutionarily-conserved stress neuro-

peptide. In addition to hypothalamus, CRH is expressed in brain regions including amygdala and

hippocampus where it plays crucial roles in modulating the function of circuits underlying emo-

tion and cognition. CRH+ fibers are found in nucleus accumbens (NAc), where CRH modulates

reward/motivation behaviors. CRH actions in NAc may vary by the individual's stress history,

suggesting roles for CRH in neuroplasticity and adaptation of the reward circuitry. However, the

origin and extent of CRH+ inputs to NAc are incompletely understood. We employed viral

genetic approaches to map both global and CRH+ projection sources to NAc in mice. We

injected into NAc variants of a new designer adeno-associated virus that permits robust retro-

grade access to NAc-afferent projection neurons. Cre-dependent viruses injected into CRH-Cre

mice enabled selective mapping of CRH+ afferents. We employed anterograde AAV1-directed

axonal tracing to verify NAc CRH+ fiber projections and established the identity of genetic

reporter-labeled cells via validated antisera against native CRH. We quantified the relative

contribution of CRH+ neurons to total NAc-directed projections. Combined retrograde and

anterograde tracing identified the paraventricular nucleus of the thalamus, bed nucleus of stria

terminalis, basolateral amygdala, and medial prefrontal cortex as principal sources of CRH+ pro-

jections to NAc. CRH+ NAc afferents were selectively enriched in NAc-projecting brain regions

involved in diverse aspects of the sensing, processing and memory of emotionally salient

events. These findings suggest multiple, complex potential roles for the molecularly-defined,

CRH-dependent circuit in modulation of reward and motivation behaviors.

KEYWORDS

circuitry, corticotropin-releasing factor, CRH, molecular-specific pathways, nucleus

accumbens, reward, RRID: AB_2313584, RRID: AB_2716806, RRID: IMSR_JAX:012704,

stress, transgenic mice, viral tracing

1 | INTRODUCTION

Corticotropin-releasing hormone (CRH) is an essential, evolutionarily

conserved neuropeptide that can convey, process, and modulate

responses to potential threats (Joëls & Baram, 2009; Vale et al., 1983).

Originally, the CRH-expressing neurons in the paraventricular nucleus

of the hypothalamus were identified; these neurons execute the

peptide's primary neuro-endocrine function in the regulation of the

hormonal response to stress (Swanson, Sawchenko, Lind, & Rho,

1987; Swanson, Sawchenko, Rivier, & Vale, 1983). Subsequently,

CRH-expressing neurons and receptors have been identified through-

out selective regions of the brain, where they orchestrate the pep-

tide's influence on numerous brain functions, typically in response to

stress or threat (Joëls & Baram, 2009). For example, amygdalar CRH
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has been implicated in fear and anxiety (Pomrenze et al., 2019; Regev

et al., 2011; Regev, Tsoory, Gil, & Chen, 2012; Sanford et al., 2017;

Wang et al., 2013); hippocampal CRH contributes to stress-related

memory changes (Chen et al., 2010; Maras & Baram, 2012); CRH

terminals in the locus ceruleus contribute to stress-related neurotrans-

mission (Van Bockstaele & Valentino, 2013); and CRH-positive fibers

in the VTA influence dopamine release (George, Le Moal, &

Koob, 2012).

A role for CRH, released from axons terminals and acting on its cog-

nate receptors, in the function of the intricate pleasure/reward circuitry

has been increasingly apparent. For example, CRH release in medial pre-

frontal cortex (mPFC) and central nucleus of the amygdala (CeA) is

triggered by rewards such as food consumption (Merali, McIntosh, &

Anisman, 2004; Merali, McIntosh, Kent, Michaud, & Anisman, 1998).

CRH expression is upregulated in the amygdala by cocaine administra-

tion (Koob & Le Moal, 2001). Microinjections of CRH into ventrolateral

BNST can trigger drug self-administration reinstatement (Garavan et al.,

2000), and dopamine/CRH neurons in the ventral tegmental area influ-

ence reward behavior (Grieder et al., 2014). In addition, increased

expression of CRH in the central nucleus of the amygdala seems to

interfere with the pleasure/reward circuit function, because partial

silencing of the augmented expression of the peptide after early-life

stress reversed anhedonia in adult rodents (Bolton et al., 2018).

Within the nucleus accumbens (NAc), CRH-expressing cells

have been described (Kono et al., 2017; Merchenthaler, 1984;

Merchenthaler, Vigh, Petrusz, & Schally, 1982), and robust CRH immu-

noreactive fibers are found in the core and shell (Swanson et al., 1983).

In addition, the CRH receptors CRFR1 and CRFR2 (Justice, Yuan,

Sawchenko, & Vale, 2008; Lemos et al., 2012; Lim et al., 2007) are

detected within the NAc. These seem to reside in tyrosine-hydroxylase-

positive axon terminals, a location enabling the peptide to influence

dopamine release in the NAc (Lemos et al., 2012). This effect contrib-

utes to the modulation of reward and motivation behavior (Lemos et al.,

2012). Thus, blocking CRH receptors modulates partner preference in

prairie voles (Lim et al., 2007) and alters nicotine-use behaviors

(Marcinkiewcz et al., 2009). In contrast, CRH microinjections in the NAc

amplify incentive salience of Pavlovian cues for rewards in rodents

(Peciña et al., 2006), a potential mechanism for stress-triggered drug

relapse and stress-related binge eating (Schroeder et al., 2017). In

stress-naïve rodents, microinjections of CRH into the NAc induces a

conditioned place preference and increases local dopamine release

(Lemos et al., 2012). However, in an individual with a history of trau-

matic stress, intra-NAc CRH provokes conditioned place avoidance and

dopamine release is no longer induced; notably, these effects persist for

months (Lemos et al., 2012). Thus, there is cumulative evidence for a

complex and nuanced role for CRH in reward processing that is strongly

governed by an individual's history of stress.

Surprisingly, relatively little is known about the origin and circuitry

of CRH+ inputs to the NAc, and the potential contribution of several

distinct molecularly-specified afferent pathways to context-induced

neuroplasticity in the NAc. Such information is crucial to enable

targeted and focused interventions for certain emotional problems,

providing impetus to uncover the origin and circuitry of NAc CRH+

inputs. In the present work, we used new viral genetic mapping

approaches (Oh et al., 2014; Tervo et al., 2016) to uncover the origin

and circuitry of NAc-directed CRH+ afferents and compared them

with overall sources of input to this nucleus.

2 | MATERIALS AND METHODS

2.1 | Subjects

All experiments were conducted according to the National Institutes of

Health guidelines for animal care and use and were approved by the

Institutional Animal Care and Use Committee of the University of

California, Irvine (UCI). B6(Cg)-Crhtm1(cre)Zjh/J (Crh-IRES-Cre) mice (either

sex, Jax, Stock No: 012704) were used to trace CRH+ inputs to the NAc

(n = 5), and an additional 10 mice were employed for anterograde

tracing (see below). Wild type C57BL/J6 mice (either sex) acquired from

the Jackson Laboratory were used to trace all (global) inputs to the NAc

(n = 5). Animals were group housed with littermates in standard condi-

tions at 72� F with 42% humidity and a 12-hr light-dark cycle (lights on

at 6:30 a.m., lights off at 6:30 p.m.). Mice used in the experiments were

13–41 weeks old and had ad libitum access to food and water in their

home cages before and after surgeries. Only mice with correct targeted

injection locations were included for analysis (see Section 2.5.3).

2.2 | Viral injections

To perform stereotaxic viral injections into the brain, mice were anes-

thetized under 1.5% isoflurane with a 0.8 L/min oxygen flow rate

using an isoflurane table top unit (HME109, Highland Medical Equip-

ment). Mice were then placed in a rodent stereotactic apparatus

(Leica Angle Two for mouse) with continuous 1–1.5% isoflurane anes-

thesia with the head secured. Under aseptic conditions a small incision

was made in the shaved and sterilized scalp, the skin reflected, and

the skull exposed to show the landmarks of bregma and lambda, and

the injection sites were located.

A three-axis micromanipulator (Leica Angle Two system) was used

to determine coordinates for the injection sites. Small (<1 mm2) cranioto-

mies were made in the skull over the injection site, exposing the pia sur-

face. A pulled glass pipette (tip diameter ~20 μm) was loaded with

viruses and then lowered into the brain with the appropriate coordinates.

A Picospritzer (General Valve) was used to pulse the virus into the brain.

Viruses were injected into the brain at a rate of 20–30 nL/min, with

10-ms pulse duration. To prevent virus backflow after the delivery, the

pipette was not moved for 5 min after completion of the injection. Once

the injection pipette was withdrawn, the incision was closed with tissue

adhesive (3 M Vetbond), an injection of carprofen (5 mg/kg, i.p.,

Patterson Veterinary) was administered as an analgesic, and the mouse

was removed from the stereotactic apparatus. Mice were monitored in

an empty cage on a heating pad until the isoflourane anesthesia effects

wore off (typically 5–20 min). Once fully ambulatory, mice were returned

to their group housed home cages for recovery.

2.2.1 | Retrograde viral labeling of CRH+ NAc inputs

To selectively target CRH+ inputs to the NAc, we used Crh-IRES-Cre

mice (Chen, Molet, Gunn, Ressler, & Baram, 2015; Wamsteeker Cusulin

et al., 2013), and infused 0.2 μL of a Cre-driven adeno-associated virus
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(AAV; AAV2-retro-CAG-FLEX-tdTomato-WPRE, 5.71 × 1013 geno-

mic copies [GC]/mL, packaged by Vigene Biosciences) into the NAc

of the left hemisphere (Target coordinates relative to the Bregma,

2 of 5 mice: AP 1.18 mm, ML −0.83 mm, DV −4.54 mm; 2 of 5 mice:

AP 1.18 mm, ML −0.66 mm, DV −4.55 mm; 1 of 5 mice: AP

1.18 mm, ML −0.95 mm, DV −4.29 mm). Postsurgery, the AAV virus

was allowed to retrogradely transport from targeted CRH-Cre+ ter-

minals in the NAc for 21 days before the mice were deeply anesthe-

tized and perfused and brain were removed. Whereas rAAV2-retro

approach does not indicate the presence of synapses onto neurons

in the NAc, it reflects the presence of axons from projecting neurons.

Monosynaptic rabies tracing approaches (Sun et al., 2014; Sun, Nitz,

Holmes, & Xu, 2018) can be used to label global direct synaptic

inputs to NAc; immunocytochemistry could then be employed to

identify the subset of those inputs that are CRH+, to determine

whether NAc neurons receive direct synaptic inputs from CRH+

neurons.

2.2.2 | Retrograde viral labeling of all NAc inputs

To target global inputs to the NAc, we employed wild-type C57BL/6J mice

and infused 0.2 μL of AAV (rAAV2-retro-CAG-tdTomato, 1.8 × 1012

genomic copies [GC]/mL, Janelia Virus Services) into the NAc of the left

hemisphere (Target coordinates relative to the Bregma, 2 of 5 mice: AP

1.18 mm, ML −0.83 mm, DV −4.54 mm; 3 of 5 mice: AP 1.18 mm, ML

−0.95 mm, DV −4.29 mm). We have estimated the spread of the

injections to be AP: 126 ± 22 μm, ML: 150 ± 40 μm, DV: 198 ± 36 μm

(all coordinates expressed as mean ± SEM relative to Bregma). See Tervo

et al. (2016) for rAAV2-retro design. Postsurgery, the AAV virus was

allowed to retrogradely transport from terminals in the NAc for 21 days

before the mice were deeply anesthetized and perfused.

2.2.3 | Anterograde viral labeling of CRH+ projections
from BLA, CeA, and PVT to NAc

To better delineate the neuroanatomical distribution of the novel appar-

ent CRH+ connection between NAc and BLA, we injected 0.2–0.3 μL of

a Cre-driven AAV anterograde tracer (AAV1-DIO-tdTomato, UPenn

Vector Core) into the left BLA (AP: −1.34 mm, ML: −2.92 mm, DV:

−4.66 mm; all values given relative to the Bregma) of five CRH-Cre

mice. To assess the specificity of BLA-NAc projections, we looked for

potential CeA-origin NAc afferents. Specifically, we injected 0.2–0.3 μL

of a Cre-driven AAV anterograde tracer (AAV1-DIO-tdTomato, UPenn

Vector Core) into the left CeA (AP: −1.70 mm, ML: −2.50 mm, DV:

−4.30 mm). Similarly, to better delineate and confirm a second apparent

major source of CRH+ NAc inputs, we injected 0.4 μL of the same anter-

ograde tracer into the left PVT (AP: −0.94 mm, ML: −0.16 mm, DV:

−3.08 mm; all values given relative to the Bregma) of another five CRH-

Cre mice.

2.3 | Perfusion and brain sectioning

Mice were deeply anesthetized using isoflurane and transcardially per-

fused via the ascending aorta with 5 mL of phosphate buffered saline

(0.01 M PBS) followed by 20–50 mL of 4% paraformaldehyde (PFA)

in 0.1 M phosphate buffer (PB, pH 7.4, 4�C). Brains were removed

and postfixed with the same fixative overnight (4�C), and then immersed

in 30% sucrose in 0.1 M PB for cryoprotection (4�C). Brains were

sectioned coronally at 30 μm thickness using a freezing microtome (Leica

SM2010R, Nussloch, Germany). The data shown in Figure 6 employed

20 μm sections obtained using a cryostat (Leica). Sections were stored at

4�C until their processing: a 1:3 series (every third slice) was wet-

mounted on microscope slides and cover-slipped with mounting medium

(Vectashield; H-1000, Vector, Burlingame, CA).

2.4 | CRH immunostaining

To prepare tissue for the CRH staining in Figure 1, two CRH-Cre mice

that had been injected with the Cre-driven AAV retrograde tracer in the

NAc also received a single intracerebroventricular injection of colchicine

(Tocris Bioscience, Bristol, UK, 30 μg/0.5 μL saline) 24 hr prior to perfu-

sion to enhance CRH peptide localization in neuronal cell bodies

(Dabrowska, Hazra, Guo, Dewitt, & Rainnie, 2013; Swanson et al.,

1987). Coronal sections (30 μm) were subjected to CRH immuno-

staining. Briefly, sections were blocked with 5% normal donkey serum

in PBS for 2 hr to prevent nonspecific binding. After rinsing with PBS

three times, 15 min per wash, on a shaker at 95 rpm, sections were

incubated for 48 hr at 4�C with rabbit anti-CRH primary antibody

(courtesy of Paul E. Sawchenko, Salk Institute, PBL#rC68) in the block-

ing solution (dilution factor 1:10,000). The sections were rinsed with

PBS three times, 15 min per wash, followed by incubation in an Alexa

Fluor (AF) 488-conjugated donkey-anti-rabbit secondary antibodies in

the blocking solution (dilution 1:200, Jackson ImmunoResearch,

711–545-152) for 2 hr. All the sections were rinsed with PBS three

times, 15 min each. Sections were stored at 4�C, counter-stained with

10 μM DAPI (Sigma, D-9542), then wet-mounted on microscope slides

and cover-slipped with mounting medium (Vectashield).

To assess the fidelity of CRH and the reporter, and to enable visu-

alization of potentially low levels of CRH in reporter-expressing cells

(Figure 6), concurrent visualization of CRH and tdTomato was per-

formed using the tyramide signal amplification technique (Chen et al.,

2004, 2015). Sections (20 μm) were treated in 0.3% H2O2/PBS-T for

20–30 min, rinsed in PBS-T for 30 min and then blocked with 5% nor-

mal goat serum in PBS-T for 2 hr. After rinsing of 15 min in PBS-T,

sections were incubated with CRH rabbit antiserum (1:20,000) for

3 days (4�C) and then incubated in HRP conjugated anti-rabbit IgG

(1:1,000; Perkin Elmer, Boston, MA) for 1.5 hr. Fluorescein-conjugated

tyramide was diluted (1:150) in amplification buffer (Perkin Elmer,

Boston, MA) and was applied in the dark for 5–6 min on ice.

2.5 | Image acquisition, data quantification, quality
control, and statistical analysis

2.5.1 | Brain-wide imaging and quantification

Virus labeled sections were scanned under a 10× objective of a fluo-

rescent microscope (Olympus BX 61) equipped with a high-sensitive

CCD camera and Metamorph software for brain-wide analysis of NAc

inputs (Figures 1–5). We employed confocal microscopy for imaging

virus-labeled neurons after anterograde tracing (Figure 7; LSM

700, Carl Zeiss). Most images were obtained using the Metamorph

image acquisition software (Molecular Devices, Sunnyvale, CA) and

analyses were done using Adobe Photoshop (CS4).
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Section images were overlaid on corresponding atlas maps. This

enabled us to outline and determine the borders of the different brain

regions. Immuno-fluorescent neurons were counted manually using the

Photoshop counting tool. Because labeling was almost entirely unilat-

eral, counts were only done for the hemisphere ipsilateral to

the injection. A total of 90,402 neurons in 541 sections from 10 mice

were quantified (1,753.2 ± 221.6 cells per CRH+ mouse and

16,337 ± 5,318.6 cells per CRH-nonselective mice). The percentage of

inputs was calculated as the ratio of the number of labeled neurons

from a given brain region over the total number of input neurons coun-

ted for each mouse.

2.5.2 | Quantification of co-localization of the
virus-reporter-tdTomato or Crh-IRES-Cre reporter and
CRH-labeled cells in the BLA

Crh-IRES-Cre mice were injected with rAAV2-retro-FLEX-tdTomato in

the NAc to label NAC-directed projecting CRH+ cells with tdTomato.

The numbers of CRH+, tdTomato+, and CRH-tdTomato dual-labeled

FIGURE 1 The major CRH-expressing afferents to the nucleus accumbens originate in the paraventricular nucleus of the thalamus, the bed

nucleus of the stria terminalis, the medial prefrontal cortex and the basolateral amygdala. (a) Schematic of the retrograde-labeling virus and the
location of the injection site. Specifically, a Cre-driven adeno-associated virus (AAV; AAV2-retro-CAG-FLEX-tdTomato-WPRE) was injected into
the left hemisphere NAc in CRH-IRES-Cre mice. (b–e) Endogenous CRH+ cells in the nucleus accumbens (NAc) were infected by the rAAV2-retro.
(b) Low magnification image from a representative injection site, the NAc in the left hemisphere (n = 5 mice). The labeling of cell bodies and fiber
terminals in the NAc is apparent. The tdTomato reporter for the virus is shown in magenta, whereas immunostaining to confirm local CRH+

neurons is shown in green. The section was counterstained with DAPI (blue). Framed areas in (b) were magnified in (c–e) to demonstrate
virus-labeled CRH cells (c), antibody-immunolabeled CRH cells (d), and the co-localization of virus label and endogenous CRH (e). (f–k)
Anterior–posterior series of panels demonstrating significant sources of retrogradely labeled CRH+ NAc afferents. Labeled cells and fibers were
primarily found in the ipsilateral (left) hemisphere. (f) The medial prefrontal cortex (mPFC) including prelimbic and infralimbic regions contributed
5.75% of CRH+ projections to the NAc. (g) 9.27% of CRH+ inputs originated from the bed nucleus of the stria terminalis (BNST). (h) Thalamic
nuclei were a major source of CRH projections to the NAc, contributing over a third (34%). Among them, the paraventricular nucleus (PVT)
accounted for a third of all thalamic NAc-projecting cells (9.40% of the total). (i,j) 8.57% of CRH+ projections came from amygdala nuclei, and over
half from the BLA. (k) CRH+ inputs arise from the subiculum and the entorhinal cortex. ac: anterior commissure; arrows in (c–e) indicate dual-
labeled cell bodies of CRH cells. Abbreviations. aBLA: relatively more anterior basolateral amygdala; ac: anterior commissure; BNST: bed nucleus
of the stria terminalis; CeA: central amygdala; D3V: dorsal third ventricle; Ent: entorhinal cortex; LA: lateral amygdala; mPFC: medial prefrontal
cortex; pBLA: relatively more posterior basolateral amygdala; PVT: paraventricular nucleus of the thalamus; Sub: subiculum. Bar = 100 μm in (b),
63 μm in (c–e) and 100 μm for (f–k) [Color figure can be viewed at wileyonlinelibrary.com]
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cells in BLA (Figure 6) were quantified based on unbiased stereological

principles (Sterio, 1984; West, 1999). Systematic series of sections

(1 in 6) throughout the entire anteroposterior extent of BLA (AP:

−0.58 to −2.78 mm) were harvested and two sets of section series

were subjected to CRH-tyramide staining and cell counting. BLA was

operationally defined as anterior (AP: −0.58 to −1.30 mm), middle

(AP: −1.32 to −2.04 mm), and posterior (AP: −2.06 to −2.78 mm) sub-

divisions. Cell nuclei were counted using the “optical dissector” tech-

nique (West, 1999) relying on the leading edges of nuclei in each

section. Confocal images were taken using an LSM-510 confocal

microscope (Zeiss, Göttingen, Germany) with an Apochromat ×63 oil

objective (numeric aperture = 1.40). Virtual z-sections of <1 μm were

taken at 0.5 μm intervals. Image frame was digitized at 12 bit using a

1,024 × 1,024 pixel frame size. To prevent bleed-through in dual-

labeling experiments, images were scanned sequentially (using the

“multi-track” mode) by two separate excitation laser beams: an Argon

laser at a wavelength of 488 nm and a He/Ne laser at 543 nm.

Z-stack reconstructions and final adjustments of image brightness

were performed using ImageJ software (version 1.43, NIH). For the

counting of cells in the BLA, with the aid of a square lattice system,

we used ×20 confocal images, and cells further verified under ×63

magnification. For each animal, six sections per BLA area were

counted, and a total of three Crh-IRES-Cre mice injected with

rAAV2-retro-FLEX-tdTomato were used to calculate the cell numbers

and overlap ratios.

2.5.3 | Quality control and technical considerations

All viral injection sites were verified posthoc. Data from mice where

injections fell outside of the specified target ranges were excluded

from the study. Neuroanatomical locations were verified by two

observers. For assessment of the congruence of viral tracing and the

native peptide, a CRH antiserum was used, a generous gift from

Dr. Sawchenko, Salk Institute. The antiserum's selectivity to the native

peptide was established using CRH-null mice (Chen et al., 2015).

These studies rely on innovative viral methodologies that still

require comprehensive substantiation. Specifically, we employed a

novel rAAV2-retro virus described recently (Tervo et al., 2016), and

use the term “inputs” to describe the retrograde labeling finding with

FIGURE 2 Overview of a representative mouse brain, highlighting the sparse, selective origins of CRH+ NAC-directed inputs. A Cre-driven

adeno-associated virus (AAV; AAV2-retro-CAG-FLEX-tdTomato-WPRE) was injected into the left hemisphere nucleus accumbens (NAc) in a
CRH-IRES-Cre mouse. The 10 coronal sections (30 μm) demonstrate the location of reporter-labeled cells and fibers through the rostro-caudal
axis of the brain. Sections were obtained from 2.8 mm to −4.72 mm AP relative to the Bregma. Abbreviations. ac: anterior commissure; AOA:
anterior olfactory are; BLA: basolateral amygdala; BNST: bed nucleus of the stria terminalis; mPFC: medial prefrontal cortex; PVT: paraventricular
nucleus of the thalamus. Bar = 1 mm
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an assumption that rAAV2-retro labeled neurons in other brain

regions project to and form synapses in the NAc. The method does

introduce a degree of uncertainty: Whereas considerable efforts have

been made to engineer AAV variants to allow improved viral tracing,

several basic aspects of AAV cellular entry and tropism are still poorly

understood (e.g., Pillay et al., 2016). Tervo et al. have provided

empirical evidence to support the rAAV2-retro entry through axonal

terminals rather than axons of passage, and stated that rAAV2-retro-

mediated labeling of unexpected pathways had not been reported. In

addition, the AAV tracing might only label a subset of CRH+ neurons,

though this is rather unlikely in view of the broad tropism of the virus

(Tervo et al., 2016). Clearly, additional studies will be necessary to

fully rule out the ability of the virus to infect axons of passage. In sup-

port of the novel pathways we describe, we verified the rAAV2-retro

CRH+ retrograde results with anterograde axonal tracing that employ

an independent and different virus, AAV1. These experiments con-

firmed NAc inputs from BLA and PVT, supporting the retrogradely

identified CRH+ inputs to NAc.

2.5.4 | Statistical tests

All analyses were performed without knowledge of group. The relative

enrichment of CRH was assessed using Student's t test and two-way

ANOVA as appropriate. Posthoc analysis was done with Bonferroni's

multiple comparison test.

3 | RESULTS

3.1 | The major CRH-expressing afferents to the
NAc originate in the paraventricular nucleus of the
thalamus, bed nucleus of the stria terminalis, medial
prefrontal cortex, and the basolateral amygdala

We evaluated and quantified input-mapped neurons that were labeled

retrogradely from the NAc in five mice with verified NAc injections

sites. These adult CRH-Cre mice were injected with a Cre-driven vari-

ant of a new designer rAAV2-retro (Tervo et al., 2016) to map CRH+

inputs to the NAc. As shown in Figure 1a–e, tdTomato-expressing

virus label in the NAc was predominantly co-localized with cells and

processes expressing the endogenous CRH, as verified by dual

immuno-labeling. This indicates that the novel retrograde AAV faith-

fully expresses in CRH+ neurons.

Inspection of anterior–posterior series of sections throughout the

brain revealed a remarkable selectivity of CRH+ inputs to the NAc. As

shown in Figure 2, injection of the Cre-driven rAAV2-retro that traces

CRH+ NAc inputs, led to clear “hot-spots” of afferent origins in a rep-

resentative CRH-Cre mouse. Therefore, these regions were examined

in detail.

A major origin of CRH+ projections to the NAc was the thalamus.

Several thalamic nuclei contributed over a third (34%) of all afferents

FIGURE 3 Quantification of CRH-expressing cells projecting to the nucleus accumbens. The graphs show the average contribution, depicted as

% of CRH+ cells in several key brain regions that provide inputs to the NAc. The relative contribution is defined as the percentage of the number
of labeled neurons in a specified structure versus all quantified CRH+ afferent cells. Data are presented as mean ± SEM. Five mice were quantified
with NAc viral injection. A total of 8,766 cells were counted manually from 206 sections (33–65 sections and 1,278–2,389 cells per mouse, an
average of 1,753.2 cells ±221.6 SEM per mouse). Consistent with illustrations in Figure 2, the majority of CRH+NAC- targeting origin cells resided
in the amygdala, BNST, thalamus (mainly PVT) and cortex (mainly mPFC). Please see Figure 2 for abbreviations
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across the five mice. The paraventricular nucleus (PVT) accounted for

a third of all thalamic inputs, or 9.40% of all counted CRH+ brain

inputs to the NAc (Figures 1h and 3). A second key source of CRH+

projections to the NAc was the bed nucleus of the stria terminalis

(BNST; Figure 1g; 9.27%). A rich source of CRH+ NAc afferents arose

in the amygdalar complex (Figure 1i,j). The amygdalar complex

accounted for 8.60% of CRH+ inputs to the NAc, and the primary

nucleus of origin was the BLA, which contributed ~5% of inputs

(Figure 3). Other significant sources of CRH+ NAc inputs included the

medial prefrontal cortex (Figure 1f; 5.75%). Here, both prelimbic

(PL) and infralimbic (IL) cortex contributed NAc-projecting cells.

Whereas the PL was the source of 3.92 ± 0.44% of CRH+ inputs, the

IL contributed 3.00 ± 1.34%. The subiculum and entorhinal cortex

contributed 3.9% and 2.5%, respectively (Figure 1k and Figure 3).

To better characterize the origins of CRH+ NAc inputs, we quanti-

fied the cells of origin throughout the brain as shown in Figure 3. Spe-

cifically, we examined in detail CRH+ cells of origin in five mice upon

injection of AAV2-retro-FLEX-tdTomato in the NAc. A total of 8,766

cells were counted manually from 206 sections (33–65 sections and

1,278–2,389 cells per mouse; 1,753.2 ± 221.6 each). Figure 3 demon-

strates the predominant contribution of four principal sources of

CRH+ afferents to the overall CRH+ projections to the NAc. Indeed,

the thalamic nuclei, BNST, amygdala and mPFC combined accounted

for ~60% of CRH+ inputs to the NAc, with the PVT and BLA contrib-

uting a sixth of all CRH+ NAc afferents. Because of the well-

established involvement of these two nuclei in the circuitry underlying

the stress, fear/anxiety and emotional salience, we proceeded to

further establish retrogradely-identified CRH expressing NAc projec-

tions from these structures.

3.2 | Anterograde tracing affirms a robust CRH+

NAc-directed projection from the PVT

To better delineate and enhance the rigor for establishing the novel

CRH+ connection between NAc and the PVT, we injected a Cre-

driven AAV1 into the left/bilateral PVT of five CRH-Cre mice. We

then examined and quantified the PVT-origin pathway to the NAc, as

shown schematically in Figure 4a. In each of the five mice depicted in

the paired panels in Figure 4b, CRH+ fibers clearly emerge from the

PVT and reach the NAc. CRH+ cell bodies in the PVT injection site

sent axons that were distributed throughout the NAc. NAc-projecting

CRH+ cells spanned the anteroposterior length of the PVT (from 0.46

to −1.34 mm, in reference to Bregma), with potentially a higher den-

sity of projecting cells posteriorly (Figure 4b). Together, the combined

retrograde and anterograde approaches established a novel CRH+

PVT-NAc projection.

3.3 | CRH+ amygdala projections to the NAc are
confirmed using anterograde axonal tracing

To further elucidate the neuroanatomical distribution of the novel

CRH+ connection between NAc and the BLA, we injected the

Cre-driven AAV1 into the left BLA of five CRH-Cre mice. The experi-

mental design, analogous to that employed for the PVT, is schemati-

cally shown in Figure 5a. The paired panels for each of the mice

FIGURE 4 Anterograde tracing affirms a robust CRH+ NAc-directed projection from the PVT. (a) Schematic of the methodology employed for

anterograde tracing of CRH+ PVT projections to NAc in Crh-IRES-Cremice. A Cre-driven AAV1 virus, with the construct shown in the schematic was
injected into the PVT. Five mice were employed and representative images for each animal were displayed in (b). (b) Injection sites labeling CRH+ cell
bodies in the PVT and CRH+ fibers in the NAc from the PVT projections. D3V: dorsal third ventricle; ac: anterior commissure. Bar = 100 μm
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(Figure 5c) demonstrate the cells of origin in the BLA as well as the

distribution of labeled BLA-origin fibers and terminals within the NAc.

A slight preponderance of their termination in the ventromedial

aspect of the NAc was noted. Finally, anterograde tracing after

injecting the virus into the central amygdala nucleus (CeA), a sub-

nucleus rich in CRH somata and fibers, failed to identify axons and ter-

minals in the NAc, demonstrating the specificity of the BLA-NAc

projection (Figure 5b). Thus, converging evidence from retrograde and

anterograde tracing with the use of CRH+ neuron-targeting mice and

viruses identified a novel robust CRH+ projection from BLA to

the NAc.

3.4 | Molecular and neuroanatomical characteristics
of the novel BLA-NAc CRH+ pathway

Fiber projections and monosynaptic connections from BLA to NAc

have been observed (Stuber et al., 2011). These consist of gluta-

matergic neurons and are considered to augment the pleasure/reward

functions of the NAc (Stuber et al., 2011). The results above

established the presence of a novel CRH+ fiber projection from BLA

onto the NAc. This was a surprising discovery, because the BLA is clas-

sically considered poor in CRH-expressing cells as the large majority

of amygdalar CRH+ neurons reside in the central nucleus (Chen et al.,

2015; Sanford et al., 2017; Swanson et al., 1983). A CRH+ BLA-NAc

connection may be poised to convey stress-related information from

BLA to NAc, with potential negative effects on NAc reward/pleasure

functions. These facts prompted us to further characterize this path-

way, by examining the molecular identity of cells expressing the viral-

genetic reporters. We labeled these cells for endogenous CRH,

employing an antiserum that was tested and validated in CRH-null

mice (Chen et al., 2015).

First, as shown in Figure 6a, the BLA of adult Crh-IRES-Cre;Ai14

mice harbors a robust population of neurons that co-express the

endogenous CRH (green) and the reporter tdTomato (magenta). The

arrows in the figure indicate the co-localization of endogenous CRH

and the Crh-Cre-driven reporter signal. Quantification demonstrated

that 70.04 ± 2.66% of all tdTomato expressing cells co-expressed

endogenous CRH. Thus the remaining neurons (not marked with

arrows) that express the reporter but not endogenous CRH might

represent “legacy expression”: We use a mouse genetic approach of

Crh-Ires-Cre; crossed with a reporter mouse. If there is a developmen-

tal transient CRH expression, the Cre will be turned on to mediate cre

recombination and induce the tdTomato reporter expression which is

long lasting. Figure 6a distinguishes this from endogenous CRH expres-

sion (CRH immunostaining in tdTomato expressing cells, arrows) in the

BLA of the transgenic mouse.

When rAAV2-retro-FLEX-tdTomato virus was injected into the

NAc of Crh-IRES-Cre mice, retrogradely labeled cells were detected in

the ipsilateral BLA (Figure 6b). There was a good congruence of the ret-

rograde reporter and endogenous CRH: ~59% of cells co-expressed

endogenous CRH, identified via CRH antibody immunostaining, and

FIGURE 5 CRH+ basolateral amygdala projections to the NAc, and their selectivity, are confirmed using anterograde tracers. (a) Schematic of

methodology for tracing CRH+ BLA projections to NAc in Crh-IRES-Cre mice. The Cre driven AAV1 was injected into the BLA or the CeA. (b) The
injection of AAV1-DIO-tdTomato into central and medial amygdala (left panel) of Crh-IRES-Cre mice did not lead to CRH+ axonal labeling in
the NAc (right panel). This demonstrates the specificity of BLA-origin CRH+ projections to the NAc that are shown in (c). (c) Photomicrographs of
the injection sites, labeling CRH+ cell bodies in the BLA (top panels) and of CRH+ fibers in the NAc (bottom panels) after BLA injections of
anterograde-tracing virus in 5 mice. ac: anterior commissure. Bar = 100 μm [Color figure can be viewed at wileyonlinelibrary.com]
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the viral reporter (Figure 6c). Notably, retrogradely-labeled CRH+ cells

tended to reside in the posterior BLA, as 40% of all CRH-expressing

cells in this region projected to the NAc. Notably, both CRH (Itoi et al.,

2014) and CRH mRNA (Kono et al., 2017) have been observed

in mice and specifically in transgenic mice (CRH-Cre and a Venus

reporter), using tools that are completely independent from those

employed here.

3.5 | CRH+ inputs into the NAc are not a mere
reflection of global afferents to this nucleus

The findings above demonstrated that relatively few brain regions

accounted for the majority of the origins of CRH+ projections to the

NAc. This distribution might merely reflect the overall repertoire of

NAc regions contributing to global NAc afferents. Alternatively, some

but not all sources of NAc innervation might be specifically enriched

in CRH-expressing fibers. To distinguish between these two possibili-

ties, we examined and quantified all inputs to the NAc. We employed

wild-type C57BL/6J mice and injected rAAV2-retro-tdTomato into

the NAc of the left hemisphere, of five mice as shown in

Figure 7a. Cell bodies were labeled in the sources of origin, and

enabled visualization and quantification of NAc inputs (Figure 7b–i).

We found ~10% of all afferents to the NAc arise from the anterior

olfactory area, and ~9% of all inputs to the NAc originated from the

entorhinal cortex (Figure 8). The medial prefrontal cortex, hippocam-

pus proper, and subiculum accounted for 6–7% of NAc inputs each. In

the mPFC, both PL and IL projected to the NAc, contributing

1.01 ± 0.51% and 0.46 ± 0.25% of inputs, respectively.

Surprisingly, only 6% of NAc inputs originated from thalamic nuclei

and the PVT accounted for only 3% of the total. Amygdala nuclei con-

tributed 14% of inputs of which the BLA accounted for ~50% (7% of

the total). These values diverged significantly from the distribution of

CRH+ afferents to the NAc (compare Figures 8 and 3). Therefore, we

compared for each of the major NAc-afferent regions and its contribu-

tion to the global and the CRH-specific innervation of the NAc

(Figure 9). As apparent from Figure 9a, several brain regions represent

the majority of global projections to the NAc, but they did not contrib-

ute a large proportion of CRH+ inputs. These regions include the ante-

rior olfactory area, the entorhinal and piriform cortices and the

habenula. In contrast, several regions were relatively enriched in CRH-

specific NAc-directed fiber projections (Figure 9b). Among them, the

PVT stood out: while accounting for only 3% of the global NAc input,

the PVT provided 10% of CRH+ afferents to the NAc. Similarly, the

BNST contributed ~10% of CRH+ projections and only ~2% of global

projections to the NAc. Other regions contributing to circuitry involved

with the sensing or processing of stress/fear were also relatively

enriched in CRH+ NAc afferents, including the BLA and mPFC.

4 | DISCUSSION

Our present study reports two principal discoveries. First, we provide

novel information about the CRH+ projections to the NAc. We employ

innovative retrograde and anterograde viral genetic approaches, and

validate these with conventional immunolabeling. We thus delineate

the origins and pathways of molecularly-defined inputs to the NAc,

identifying a novel CRH+ circuitry. Notably, the specific molecule

expressed in these projections is the neuropeptide CRH, which

contributes to neuromodulation and neuroplasticity related to stress,

anxiety and fear. The second discovery centers on the enrichment of

CRH+ afferents to the NAc from distinct regions that play a role in the

integration of salience, including of adverse or stressful information.

This finding suggests a role of the CRH+ afferents in conveying

FIGURE 6 Concordant viral-genetic reporter visualization and endogenous CRH immunohistochemistry identify an anterior–posterior gradient of
NAc-projecting CRH neurons in the BLA. (a) In the basolateral amygdala (BLA) of adult Crh-IRES-Cre;Ai14 mice, there is a population of neurons
that co-express the endogenous CRH (green) and the Ai14 reporter (tdTomato; magenta). Arrows indicate the co-localization of endogenous CRH
and the Ai14 reporter signal. Over 70% of all tdTomato+ neurons in BLA expressed endogenous CRH. CeA: central amygdala, a region rich in CRH
expression. (b) When an rAAV2-retro (rAAV2-retro-FLEX-CAG-tdTomato) was injected into the nucleus accumbens (NAc) of Crh-IRES-Cre mice,
retrogradely labeled cells were detected in the ipsilateral BLA. The representative images show virus-labeled cells immunopositive for CRH. These
CRH+ NAc projecting BLA cells tended to largely reside in the posterior BLA. Arrows indicate the colocalization of CRH (green) and reporter
(magenta). Bar = 150 μm in (a) and 37.5 μm in (b). Among rAAV2-retro-labeled (tdTomato expressing) cells in posterior BLA (AP: −2.06 to
−2.78 mm), ~59% cells (58.93 ± 5.97%) co-expressed endogenous CRH identified via CRH antibody immunostaining as shown in (b). (c) In the
posterior BLA a large fraction of CRH-expressing cells projected to the NAc. The BLA was divided into anterior (AP: −0.58 to −1.30 mm), middle
(AP: −1.32 to −2.04 mm), and posterior (AP: −2.06 to −2.78 mm) subdivisions. Data are derived from six sections per area per mouse; n = 3 mice
[Color figure can be viewed at wileyonlinelibrary.com]
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diverse and context-dependent information from distinct brain

regions to influence NAc circuitry and function.

First, we employed novel retrograde viruses to assess the origin of

long-range afferents to the NAc. Classically known inputs to the NAc are

glutamatergic projections from PVT (Papp et al., 2012; Pinto,

Jankowski, & Sesack, 2003), mPFC, hippocampus, and BLA, as well as

dopaminergic projections from the VTA (Russo & Nestler, 2013). It is also

hypothesized that oxytocin neurons from the PVN project onto

anandamide-producing neurons within the NAc to drive local endo-

cannabinoid signaling (Wei, Allsop, Tye, & Piomelli, 2017). However, the

sources of CRH+ inputs to the NAc have not been previously elucidated.

Employing a brain-wide mapping approach, we established the

origins of CRH+ NAc afferents. As apparent from the overview in

Figure 2, there afferent projections to the NAc were limited to rela-

tively few brain regions. Importantly, the regions contributing richly to

CRH+ projections to the NAc are mainly the regions involved in the

processing and integration of salient and context-dependent signals

(Agoglia & Herman, 2018; Do-Monte, Quiñones-Laracuente, & Quirk,

2015; Liberzon & Abelson, 2016; Zhu et al., 2018), where activation

of endogenous CRH-expressing cells in these regions is typically

induced by adverse emotional or physical events (e.g., Gunn et al.,

2017; Marcinkiewcz et al., 2009).

The strong contribution of the PVT to NAc afferents is intriguing.

Pioneering studies by Bhatnagar and Dallman demonstrated that the

PVT is activated during acute stress selectively in rats that had

sustained prior stress (Bhatnagar & Dallman, 1998; Hsu, Kirouac,

Zubieta, & Bhatnagar, 2014). This was established by demonstrating

selective Fos expression in animals experiencing restraint stress who

have had prior chronic intermittent cold stress, compared to those

experiencing restraint stress without a prior history of chronic stress.

FIGURE 7 The regional origins of global afferents into the nucleus accumbens. (a) Schematic of the design of a non-Cre driven rAAV2-retro-tdTomato

that permits strong retrograde-labeling of cell bodies and processes. The virus was delivered into the NAc of C57BL adult male mice. (b,c) Two
representative injection sites in the NAc (left hemisphere). Numerous cells in the nucleus were infected by the rAAV2-retro, apparent from the red
fluorescent reporter (represented by magenta). The section in (b) was counterstained with DAPI (blue). ac: anterior commissure; LV: lateral ventricle.
Bar = 500 μm in (b) and 200 μm in (c). (d–i) Antero-posterior series of panels demonstrating significant sources of retrogradely labeled NAc afferents
in the ipsilateral hemisphere. (d) The labeling of cell bodies and processes were apparent in the anterior olfactory area (AOA) and medial prefrontal
cortex (mPFC). These contributed 9.68% and 7.68% of all global projections to the NAc, respectively. (e,f) Thalamic nuclei contributed 6% of global
inputs to the NAc, of which half (3%) originated from the paraventricular thalamic nucleus (PVT). (g,h) Amygdala nuclei were the sources of 14.14% of
NAc inputs; the BLA contributed 6.73%. (i) NAc-directed projections from the entorhinal cortex (Ent) comprised 8.33% of the total, and the subiculum
(Sub) accounted for 6%. See Figure 2 for abbreviations; LV: lateral ventricle. Bar = 200 μm for (d–i) [Color figure can be viewed at
wileyonlinelibrary.com]
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PVT projects primarily to the amygdala, BNST and the NAc, as well as

limbic and many hypothalamic nuclei (Berendse & Groenewegen,

1990; Freedman & Cassell, 1994; Li & Kirouac, 2008; Moga, Weis, &

Moore, 1995; Pinto et al., 2003). It is interesting to note that the PVT

not only harbors CRH+ cells, but is also rich in CRH receptors, both

Type 1 (Chen, Brunson, Müller, Cariaga, & Baram, 2000; Van Pett

et al., 2000) and Type 2 (Eghbal-Ahmadi et al., 1998).

The data above are consistent with the notion that PVT is

involved in the storage and integration of “stress memory.” A projec-

tion from PVT to NAc might thus relay this “history” to influence NAc

function. In support of the role of PVT in modulating reward decisions

as a result of long-term salient memory, Do-Monte et al. have demon-

strated roles for amygdala microcircuitry and the mPFC in the retrieval

of fear memory, whereas the PVT was required for retrieval of older

FIGURE 8 Quantification of global projection sources into the nucleus accumbens. The graphs show the average contribution, depicted as %, of

cells in several key brain regions that project to the NAc. The relative contribution is defined as the percentage of the number of labeled neurons
in a specified structure versus all quantified reporter-labeled afferent cells. Please note different Y-axis scales in the bottom versus top panels.
Data are presented as mean ± SEM. Five mice were quantified. A total of 81,636 cells were counted manually from 341 sections (41–95 sections
and 2,975–30,542 cells per mouse, an average of 16,337 cells ±5,318.6 SEM per mouse). A large portion of afferents originated in cortical and
limbic regions, including the anterior olfactory area, entorhinal cortex, hippocampus and subiculum, with moderate input from amygdala and low
contribution from thalamus and BNST. Please see Figure 2 for abbreviations

FIGURE 9 Comparisons of global and CRH-expressing NAc afferents uncover an enrichment of NAc-directed CRH+ projections by stress-related

brain regions. The panels in (a) and (b) depict the relative contribution of a given brain region to global (in black) or CRH-expressing (gray) NAc
afferents. Data are expressed as % contribution (numbers of reporter-labeled cells) over the total cells comprising 100% of global or CRH-specific
neurons projecting to the NAc. (a) Several brain regions represent the majority of global NAc input, with much less representation in CRH+ inputs.
These regions include the anterior olfactory area, the entorhinal and piriform cortices and the habenula. (b) In contrast, several regions are
relatively enriched in CRH-specific NAc-directed cell bodies. Among them, the PVT accounts for only 3% of the global NAc input yet provides
10% of CRH+ afferents to the NAc. The BNST contributes �10% of CRH+ projections to the NAc and only �2% of global input to the NAc. Other
regions relatively enriched in CRH+ NAc afferents include the BLA and the mPFC. Please see abbreviations in Figure 2
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events (Do-Monte et al., 2015). Indeed, Fenoglio et al. have demon-

strated engagement (Fos activation) of PVT neurons in emotional

events occurring during the neonatal period that induce resilience to

stress during adulthood (Fenoglio, Chen, & Baram, 2006; Singh-Taylor

et al., 2018). Quite recently, Zhu et al. demonstrated that the PVT was

required for both appetitive and aversive associative learning and

reward extinction (Zhu et al., 2018). In view of the fact that activation

of CRFR1 by endogenous CRH typically takes place during emotional

or aversive/stressful events, the PVT-NAc CRH+ pathway is poised to

influence hedonic/pleasure functions orchestrated by the NAc (Bolton

et al., 2018; Peciña et al., 2006).

A second finding is the novel and substantial CRH+ BLA-NAc pro-

jection. The BLA has been considered poor in CRH+ cells, and the

canonical pathway connecting BLA to NAc is glutamatergic. Whereas

this glutamatergic pathway promotes pleasure (Stuber et al., 2011),

the potential function of the CRH+ BLA-NAc pathway will require

future studies. Our experiments also uncovered a significant contribu-

tion of the mPFC to the spectrum of CRH+ inputs to the NAc. The

mPFC is a well-established regulator of NAc (Russo & Nestler, 2013),

and altered mPFC-NAc signaling has been implicated in pathological

conditions involving the reward/pleasure circuitry such as addiction,

alcoholism, anhedonia, and PTSD (Garavan et al., 2000; Goldstein &

Volkow, 2002; Kalivas, Volkow, & Seamans, 2005; Sailer et al., 2008).

Putative roles of CRH+ mPFC-origin NAc afferents may thus contrib-

ute to stress-related pathologies such as relapse in alcoholism or drug

use disorders (Koob & Le Moal, 2001; Valentino & Volkow, 2018).

The fundamental novel concept emerging from our studies is that

several brain regions with CRH+ neurons innervate the NAc. These

regions (BNST, PVT, mPFC, BLA) contribute to the numerous and

nuanced influences of emotional salience, including stress, on reward-

related decisions and behaviors (Diehl et al., 2018; Do-Monte et al.,

2015; Knudsen, 2018; Linnman et al., 2012; Zhu et al., 2018). These

brain structures contribute different functional output to the overall

reward circuitry and to the NAc. The identification of CRH+ pathways

from several of these circuit nodes to the NAc raises intriguing question

about the relative contributions of each pathway to pleasure and

reward behaviors and to psychopathology. It is likely that each of the

CRH projections might modulate different cell population within the

NAc and/or exert a distinct effect (inhibition, excitation, modulation).

The combinatorial output of these novel CRH+ afferents to the overall

circuit function and the modulation of the output by prior or concurrent

stress or other kinds of emotional salience (Zhu et al., 2018), remain to

be unraveled.

The structure of the NAc and the distributions of CRH-expressing

axon terminals in it pose additional complexity: The NAc is comprised

of two regions, the shell and the core that are believed to involve dis-

tinct cell populations, circuitries, and functions (Reynolds & Berridge,

2002). Indeed, mapping of CRH cells in mouse NAc suggested that

they might be more abundant in the shell (Kono et al., 2017), as was

the distribution of the CRFR1 receptor (Justice et al., 2008). Here, we

aimed our retrograde injection sites to the NAc core (in 4/5 mice). In

addition, our analyses of anterograde labeling from the PVT and BLA

centered on regions close to the anterior commissure (Figures 4–5).

Thus, further comparative mapping of distinct CRH+ connectivity of

the NAc core versus shell regions will be of interest.

In summary, the discoveries presented here support major CRH+

fiber projections that are afferent to the NAc. CRH is a peptide

released by stress in several circuit nodes throughout the brain (Chen,

Rada, Bützler, Leibowitz, & Hoebel, 2012; Chen et al., 2004; George

et al., 2012; Grieder et al., 2014; Gunn et al., 2017; Van Bockstaele &

Valentino, 2013; Wanat, Bonci, & Phillips, 2013; Zhao-Shea et al.,

2015) and influences circuit function. We find here enrichment of

CRH+ NAc input from anxiety/stress-related brain regions, suggesting

novel neuroanatomical circuit mechanisms for major potential influ-

ences of stress/fear on NAc function. These influences are important,

because there are well-established and serious effects of adversity on

NAc function and reward-circuit output that contribute to addiction,

depression, and potentially PTSD.
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