Received: 22 June 2020

Revised: 9 March 2021

Accepted: 21 March 2021

DOI: 10.1002/cne.25149

RESEARCH ARTICLE

Brain-wide mapping of presynaptic inputs to basolateral
amygdala neurons
Shota Morikawa1

|

Kazuki Katori1

1
Graduate School of Pharmaceutical Sciences,
The University of Tokyo, Tokyo, Japan

|

Haruki Takeuchi1,2 |

Yuji Ikegaya1,3,4

Abstract

Social Cooperation Program of Evolutional
Chemical Safety Assessment System, LECSAS,
Graduate School of Pharmaceutical Sciences,
University of Tokyo, Tokyo, Japan

The basolateral amygdala (BLA), a region critical for emotional processing, is the lim-

3

emotional behaviors; however, little is known about their presynaptic input patterns.
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bic hub that is connected with various brain regions. BLA neurons are classified into
different subtypes that exhibit differential projection patterns and mediate distinct
In this study, we employed projection-specific monosynaptic rabies virus tracing to
identify the direct monosynaptic inputs to BLA subtypes. We found that each neuronal subtype receives long-range projection input from specific brain regions. In contrast to their specific axonal projection patterns, all BLA neuronal subtypes exhibited
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relatively similar input patterns. This anatomical organization supports the idea that
the BLA is a central integrator that associates sensory information in different modalities with valence and sends associative information to behaviorally relevant brain
regions.
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I N T RO DU CT I O N

region to understand emotional disorders such as anxiety disorders
and addiction (Lüthi & Lüscher, 2014).

The amygdala is a part of the limbic system, which is thought to be

The structure and function of the amygdala have been well con-

involved in multiple functions, including learning, memory, emotion,

served across species (Janak & Tye, 2015). In rodents, classical neuro-

and motivation. Lesion studies in nonhuman primates have reported

nal tracing experiments using anterograde and retrograde tracers have

that the amygdala complex is important for the formation of normal

shown that the amygdala receives highly integrated sensory informa-

cognitive memory (Gaffan et al., 2001; Klüver & Bucy, 1937;

tion and sends it to cortical, endocrine, autonomic, and motor areas,

Mishkin, 1978; Murray & Mishkin, 1983; Zola-Morgan et al., 1982).

including the medial prefrontal cortex (Malvaez et al., 2019;

Patients with damage to the amygdala have impaired visual and audi-

McDonald, 1998), the insular cortex (McDonald & Jackson, 1987), the

tory conditioned learning and emotional processing (Adolphs

claustrum (Narikiyo et al., 2020), the piriform cortex (Luskin &

et al., 1994; Bechara et al., 1995). In reverse translational research,

Price, 1983), the basal forebrain (Do et al., 2016), the cortex amygdala

the amygdala has been a traditional target as a pathological brain

transition (C
adiz-Moretti et al., 2016), the midline thalamus (Moga
et al., 1995; Su & Bentivoglio, 1990), the cortical amygdala
(Kemppainen et al., 2002), the entorhinal cortex (McDonald, 1998),
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the perirhinal cortex (McDonald, 1998), the ectorhinal cortex
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(McDonald, 1998), the auditory cortex (Dalmay et al., 2019; Shi &

not been well described. Previous studies using retrograde axon tracers

Cassell, 1997), the auditory thalamus (LeDoux et al., 1990), the ventral

have shown that the BLA receives presynaptic inputs from various

hippocampus (Kim & Cho, 2017a,b; McDonald, 1998), the amygdala

regions of the brain (Pitkänen et al., 2000). However, the presynaptic

piriform transition area (Majak et al., 2004), and the periaqueductal

connectivity pattern of each BLA subtype remains unclear.

gray (Matthews et al., 2016). The amygdala is mainly composed of

The recent development of viral genetic tracing tools has

two nuclei: the basolateral amygdala (BLA) and the central nucleus of

enabled us to describe cell-type-specific neural connectivity pat-

the amygdala (CeA) (Ciocchi et al., 2010; Haubensak et al., 2010). The

terns. In particular, monosynaptic neural circuit tracing using glyco-

BLA can be further subdivided into the lateral amygdala (LA) and the

protein (G)-deleted rabies virus is a highly effective tool to

basal amygdala (BA). Each subnucleus processes different kinds of

characterize neurons that establish direct presynaptic connections

information. The BA receives integrated polymodal sensory informa-

to neurons of interest. The combination of this tool with the Cre-

tion, whereas the LA mainly receives inputs with auditory information.

loxP system allows for cell-type-specific retrograde transsynaptic

Axon terminals from the ventral hippocampus and the prelimbic cor-

tracing (Schwarz et al., 2015; Wickersham et al., 2007). The ana-

tex (PL) are mainly observed in the BA (McDonald, 1998), while the

tomical characterization of specific neural circuits provides insight

auditory cortex and auditory thalamus project predominantly to the

into the function that results in a specific behavior (Namburi

LA (Kim & Cho, 2017a,b; Ledoux et al., 1990; Romanski & LeDoux,

et al., 2015; Tovote et al., 2016; Xu et al., 2016). In this study, we

1993). Furthermore, the projections of the cortex amygdala transition

explored the subtype-specific presynaptic connectivity patterns of

and the amygdala piriform transition areas are biased to the BA

BLA neurons.

(Cadiz-Moretti et al., 2016; Majak et al., 2004). In contrast, the insular
cortex, the claustrum, the piriform cortex, and the perirhinal cortex
exhibit unbiased projection patterns between the LA and the BA

2
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(Luskin & Price, 1983; McDonald, 1998; McDonald & Jackson, 1987;
Narikiyo et al., 2020). It is also known that choline acetyltransferase-

2.1
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Animals

positive basal forebrain neurons, the midline thalamus and the cortical
amygdala have biased projection patterns (Do et al., 2016;

Male C57BL/6J mice (aged 5–9 weeks; SLC, Hamamatsu, Japan)

Kemppainen et al., 2002; Moga et al., 1995). Both the LA and the BA

were used in this study. Animal experiments were performed with

project to the CeA, which controls the expression of innate behaviors

the approval of the Animal Experiment Ethics Committee at The

and associated physiological responses (Ciocchi et al., 2010; Han

University of Tokyo (approval number: P29-11) and according to the

et al., 2015; Han et al., 2017).

University of Tokyo guidelines for the care and use of laboratory

In the classic circuit model of fear conditioning, the BLA is thought

animals. These experimental protocols were carried out in accor-

to be a primary site for integrating multiple types of information. Plastic

dance with the Fundamental Guidelines for the Proper Conduct of

changes take place in the BLA for fear memory formation (LeDoux

Animal Experiments and Related Activities in Academic Research

et al., 1990; Maren et al., 1996). Axon fibers from the neocortex, thala-

Institutions (Ministry of Education, Culture, Sports, Science and

mus, and hippocampus converge to the BLA to transmit conditioned or

Technology, Notice No. 71 of 2006), the Standards for Breeding and

unconditioned stimuli (LeDoux, 2000). Selective lesions of the BLA

Housing of and Pain Alleviation for Experimental Animals (Ministry

abolish the acquisition and expression of fear conditioning (LeDoux

of the Environment, Notice No. 88 of 2006) and the Guidelines on

et al., 1990; Maren et al., 1996). Functional inactivation of the BLA by

the Method of Animal Disposal (Prime Minister's Office, Notice

infusion of muscimol before auditory fear conditioning eliminates

No. 40 of 1995). All animals were housed under a 12-h dark–light

acquisition, but not after training (Wilensky et al., 1999). In addition,

cycle (light from 07:00 to 19:00) at 22 ± 1 C with ad libitum food

the CeA is thought to translate information from the BLA into behav-

and water.

ioral outputs (Tovote et al., 2016). In addition to the BLA-CeA local circuit, BLA neurons project to the ventral region of the hippocampus
(HPC) and the nucleus accumbens (NAc). Recent optogenetic experi-

2.2

|

Virus production

ments have demonstrated that specific circuits of BLA neurons mediate
specific emotional behaviors. The BLA-CeA and BLA-ventral HPC

Recombinant adeno-associated viruses (AAVs) were generated by tri-

(vHPC) pathways modulate anxiety-like behaviors, whereas the BLA-

ple transfection of the 293 AAV cell line (AAV-100; Cell Biolabs, Inc.,

NAc

(Felix-Ortiz

San Diego, CA) with AAVdj rep-cap or retrograde AAV rep-cap

et al., 2013; Stuber et al., 2011; Tye et al., 2011). Furthermore, it has

(Addgene#81070) and pHelper in the AAV-DJ Helper Free Packaging

been reported that the BLA-NAc and BLA-CeA pathways preferentially

System (VPK-400-DJ; Cell Biolabs, Inc.) and pAAV-CMV-FLEX-

respond to reward- and aversion-predictive cues, respectively (Beyeler

TVAmCherry-2A-oG (Addgene#102985) or AAV pmSyn1-EBFP-Cre

et al., 2018). These studies have indicated that different BLA subtypes

(Addgene#51507) using PEI-Max (24765; Polysciences, Inc., Warring-

defined by output connectivity patterns process different types of

ton, PA). AAV vectors were purified using AAVpro purification kit for

emotional information. In contrast to the projection patterns of BLA

all serotypes (6666; TaKaRa Bio Inc., Shiga, Japan). Viral titers were

neurons, the presynaptic connectivity patterns of BLA neurons have

determined by qPCR using the primer pair AAV2 ITR (Aurnhammer

pathway

controls

reward-seeking

behaviors
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TABLE 1

List of resources used

Reagent or resource

Source

Identifier, RRID

SLC, Hamamatsu, Japan

RRID:MGI:5659121

293 AAV

Cell Biolabs, Inc., San Diego, CA

Cat #AAV-100, RRID:CVCL_KA64

B7GG

Dr. Callaway E., Salk Institute

N/A

BHK-EnvA

Dr. Callaway E., Salk Institute

N/A

HEK293-TVA

Dr. Callaway E., Salk Institute

N/A

pAAV-DJ Vector

Cell Biolabs, Inc.

Cat #VPK-420-DJ

pHelper Vector

Cell Biolabs, Inc.

Cat #340202

rAAV2-retro helper

Addgene

Plasmid #81070, RRID:Addgene_81,070

pAAV-CMV-FLEX-TVAmCherry-2A-oG

Addgene

Plasmid #102985, RRID:Addgene_102,985

AAV pmSyn1-EBFP-Cre

Addgene

Plasmid #51507, RRID:Addgene_51,507

Animal
C57BL/6JJmsSlc
Cell lines

Recombinant DNA

pSADΔG–GFP-F2

Addgene

Plasmid #32635, RRID:Addgene_32,635

pcDNA-SADB19N

Addgene

Plasmid #32630, RRID:Addgene_32,630

pcDNA-SADB19P

Addgene

Plasmid #32631, RRID:Addgene_32,631

pcDNA-SADB19L

Addgene

Plasmid #32632, RRID:Addgene_32,632

pcDNA-SADB19G

Addgene

Plasmid #32633, RRID:Addgene_32,633

Rabbit polyclonal anti-DsRed

TaKaRa Bio Inc.

Cat #632496, RRID:AB_10013483

Alexa 594-conjugated goat anti-rabbit
IgG

Thermo Fisher Scientific Inc.

Cat #A-11037,RRID:AB_2534095

Antibodies

Software
ImageJ

NIH

RRID:SCR_003070

Olympus FluoView

Olympus, Tokyo, Japan

RRID:SCR_014215

et al., 2012), Luna Universal qPCR Master Mix (M3003S; New

(1.21 × 1013 GC/ml, 250 nl) including fluorescent latex beads (1:100,

England Biolabs, Ipswich, MA), and a LightCycler qPCR 2.0 system

L3280, Sigma-Aldrich, MO) was pressure-injected into BLA output sites,

(DX400; Roche, Basel, Switzerland). Pseudotyped ΔG rabies virus

the central nucleus of the amygdala (CeA; caudal, −1.2 mm; lateral, 2.9–

was prepared as previously described (Osakada et al., 2011;

3.0 mm; and ventral, 4.0–4.1 mm), the nucleus accumbens (NAc; rostral,

Osakada & Callaway, 2013). All cell lines and plasmids for the genera-

1.4 mm; lateral, 0.87 mm; and ventral, 4.5 mm), or the ventral hippocam-

tion of rabies virus were kindly gifted by Dr. Edward M. Callaway. For

pus (vHPC; caudal, −3.3 mm; lateral, 3.4 mm; and ventral, 3.0 mm), and

recovery of ΔG rabies virus, B7GG cells were transfected with plas-

rAAVdj-CMV-FLEX-TVA-mCherry-2A-oG (1.94 × 1013 GC/ml, 300 nl)

mids containing the rabies genome sequences pSADΔG–GFP-F2

was pressure-injected into the basolateral amygdala (BLA; caudal

(Addgene#32635), pcDNA-SADB19N (Addgene#32630), pcDNA-

−1.3 mm; lateral, 3.4 mm; and ventral, 4.1–4.3 mm). After 3 weeks,

SADB19P (Addgene#32631), pcDNA-SADB19L (Addgene#32632),

EnvA-ΔG-GFP-rabies virus (2.25 × 107 IU/ml, 300 nl) was injected into

and pcDNA-SADB19G (Addgene#32633). For pseudotyping with

the same BLA site. As a control experiment without Cre expression,

EnvA, BHK-EnvA cells were infected with unpseudotyped ΔG-GFP-

rAAVdj-CMV-FLEX-TVA-mCherry-2A-oG (1.94 × 1013 GC/ml, 300 nl)

rabies virus (Table 1). EnvA-ΔG-GFP-rabies virus was concentrated

was pressure-injected into the basolateral amygdala (BLA; caudal,

by two rounds of ultracentrifugation. The EnvA-ΔG-GFP-rabies virus

−1.3 mm; lateral, 3.4 mm; and ventral, 4.3 mm). After 3 weeks, EnvA-

was titrated with HEK293-TVA cells, and no expression in 293 cells

ΔG-GFP-rabies virus (2.25 × 107 IU/ml, 300 nl) was injected into the

was observed.

same BLA site. All viruses were injected at a rate of 100 nl/min using a
syringe pump (KD Scientific Inc., Holliston, MA) connected to glass
pipettes (30–0034; Harvard Apparatus, Holliston, MA). The coordination

2.3
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Surgical procedures

of injection sites was measured from the bregma, and ventral measurements were made in reference to the surface of the brain. After intraper-

Mice anesthetized with isoflurane (Pfizer Inc., New York, NY) were

itoneal administration of meloxicam (100 μl of 0.5 mg/ml; Boehringer

placed in a stereotaxic frame following subcutaneous administration of

Ingelheim Vetmedica Inc., Duluth, GA) at the conclusion of all surgeries,

ropivacaine (100 μl; Aspen Japan, Japan). rAAV2retro-EBFP2-Cre

the mice were returned to their home cages. One week after rabies virus

3065

MORIKAWA ET AL.

injection, the mice were transcardially perfused with 0.1 M phosphate-

used to predetermine the sample sizes, but the sample sizes used

buffered saline (PBS; pH 7.4) followed by 4% paraformaldehyde (PFA;

were similar to those generally reported in the field for similar experi-

Fujifilm Wako Pure Chemical Corporation, Osaka, Japan) in 0.1 M

ments (Schwarz et al., 2015; Wall et al., 2016). The criterion for statis-

phosphate-buffer (PB; pH 7.4). Three retrograde tracers, cholera toxin

tical significance was set at p < .05.

subunit B-Alexa Fluor 488 conjugate (CTB488), CTB555, and CTB647
(CTB488; C34776, CTB555; C22843, CTB647; C34778; Thermo Fisher
Scientific Inc., Waltham, MA), were simultaneously injected into the CeA,

3

|

RE SU LT S

NAc, and vHPC, respectively. Four to six days after CTB injection, the
mice were transcardially perfused with PBS followed by 4% PFA/PB.

BLA neurons mediate various emotional behaviors based on their subtypes that project to the CeA, NAc, and vHPC. To address localization
patterns of the neuronal subtypes in the BLA, three different colors of

2.4

|

Tissue processing and rabies tracing analysis

retrograde tracers of cholera toxin B (CTB) were simultaneously
injected into the CeA, NAc, and vHPC. Consistent with previous stud-

Brains were postfixed overnight at 4 C in 4% PFA/PB, transferred to

ies (Beyeler et al., 2018), the majority of the BLA neurons were single-

30% sucrose in PBS and incubated for 48 h, and then cut into 50 μm

labeled, indicating that the BLA neuronal subtypes defined by axon

coronal sections were collected every 50 μm from rostral to caudal (+3.2

projection patterns are mutually exclusive (Figure 1). We generated

to −6.48 AP from the bregma) with a cryostat (HM520; Thermo Fisher

serial sections from rostral to caudal regions of the BLA and compared

Scientific Inc.). All free-floating sections were stained with NeuroTrace

the distributions of subtypes. The BLA can be cytoarchitectonically

435/455 blue-fluorescent Nissl stain (1:1000; N21479; Thermo Fisher

divided into the lateral amygdala (LA) and the basal amygdala (BA),

Scientific) in 0.3% Triton X-100 in 0.1 M PBS for 10 min at RT and

which can be further subdivided into magnocellular (Bmg) and par-

mounted onto microscope slides with ProLong Diamond Antifade

vicellular parts (Bpc) (Pitkänen et al., 2000; Price, 1987). We found

Reagent (Thermo Fisher Scientific). The BLA slices were blocked with 5%

that the neuronal subtypes showed topographical localization patterns

bovine serum albumin (BSA) and 0.3% Triton X-100 in PBS for 1 h at

in the BLA, although the subtypes were intermingled (Figure 2). BLA

room temperature and incubated overnight at 4 C with a primary anti-

neurons projecting to the CeA (hereafter referred to as “BLA-CeA

body, rabbit polyclonal anti-DsRed (1:1000; 632,496, TaKaRa Bio Inc.),

neurons”) were observed in the LA and the Bpc of the BA, whereas

and were subsequently incubated for 90 min at room temperature with

BLA-NAc neurons were broadly distributed in the BLA. BLA-vHPC

a secondary antibody, Alexa 594-conjugated goat anti-rabbit IgG

neurons were preferentially localized to the Bpc and the caudal Bmg.

(1:1000; A-11037; Thermo Fisher Scientific Inc.). The labeled sections

We found only a small fraction of BLA-vHPC neurons in the rostral

were costained with NeuroTrace (1:1000) in 0.3% Triton X-100 in 0.1 M

region of the BLA.

PBS for 5 min at RT and mounted onto microscope slides with Prolong

To examine subtype-specific presynaptic connectivity patterns,

Diamond Antifade Reagent (Thermo Fisher Scientific). Sections were

we performed projection-specific monosynaptic tracing with the

scanned using a KEYENCE Fluorescence microscope (BZ-X710; KEY-

recombinant rabies virus (RV), which transmits across synapses in a

ENCE, Osaka, Japan) equipped with a 4× air objective (CFI Plan-

retrograde direction (Figure 3(a)). We used EnvA-pseudotyped

Apochromat Lambda 4×/NA0.2). Tiled images were imported into

ΔG-GFP-rabies viruses (RVΔG-GFP), which require TVA receptor and

ImageJ software (version 1.52a; National Institutes of Health, Bethesda,

glycoprotein G for selective infection and monosynaptic transmission.

MD), and GFP+ cells were manually counted in input neurons using the

To complement TVA and G only in a specific BLA subtype, recombi-

Cell Counter plugin of ImageJ software. Anatomical borders for input cell

nant AAV2-retro (pmSyn1-EBFP-Cre) was injected into either the

regions were identified by Nissl staining in reference to the brain atlas

CeA, NAc, or vHPC (Figure S2). Additionally, AAVdj (CMV-FLEX-

(Franklin & Paxinos, 2008). BLA sections were scanned using a laser

TVAmCherry-F2A-oG) was injected into the BLA to achieve Cre-

scanning confocal microscope (FV1200; Olympus, Tokyo, Japan)

dependent expression of TVA and G. Because rAAV2retro-carrying

equipped with either a 10× or a 20× air objective. Starter cells were

Cre recombinase is retrogradely transported from the axons to cell

manually identified by the coincident label of GFP and mCherry. The

bodies of neurons, a specific BLA subtype that projects to a specific

starter cell location was determined by Nissl counterstaining as previ-

brain region can express TVA and G. Three weeks after the AAV injec-

ously described by Price (1987) and in reference to the brain atlas using

tion, we injected RVΔG-GFP into the BLA for monosynaptic retro-

the counting tool in Olympus FluoView (Ver. 4.2b) software. Starter cells

grade transmission of the RV from neurons expressing TVA and

in the BLA were counted unilaterally from each mouse.

G. We defined GFP (from RVΔG-GFP) and mCherry (from AAVs)
double-positive neurons as “starter cells” and GFP-positive neurons
as “input cells,” which make direct presynaptic connections with the

2.5
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Statistical analysis

starter cells (Figure 3(b)).
We compared the distribution of starter cells among the neuronal

The results are expressed as the means ± SEM. Statistical comparisons

subtypes defined by their projection to the CeA, NAc, or vHPC. BLA-

were analyzed by one-way ANOVA followed by Tukey's post hoc test

CeA starter cells were preferentially observed in the LA and the Bpc

(for comparisons of multiple groups). No statistical methods were

(Figure 4(a)). Furthermore, BLA-vHPC starter cells were localized in
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F I G U R E 1 Retrograde tracing of basolateral amygdala (BLA) neurons to the central nucleus of the amygdala (CeA), the nucleus accumbens
(NAc), and the ventral hippocampus (vHPC). (a) Low-magnification confocal microscopy images of the injection site. CTB488 (green), CTB555
(red) and CTB647 (cyan) were injected into the CeA, NAc and vHPC, respectively. Scale bar, 200 μm. (b) Distribution of CeA-, NAc- and vHPCprojecting cells in the BLA. Different-colored dots represent BLA neurons projecting to different brain regions. Scale bar, 200 μm. (c) Average
number of CTB+ cells in the BLA. (d) Fraction of CTB+ cells in the BLA. N = 1936 cells, three slices each from two mice [Color figure can be
viewed at wileyonlinelibrary.com]

the Bpc and the caudal Bmg. BLA-NAc starter cells were widely dis-

hippocampus (vHPC), the amygdala piriform transition (APir) and the

tributed in the BLA (Figure 4(a)). These localization patterns are con-

ventral periaqueductal gray (vPAG) (Figure 5). Notably, RVdG virus

sistent with the CTB tracing experiments (Figure 2). We then analyzed

infection occurs even in the absence of Cre recombinase activity due

the distribution of input cells, which were found in various brain

to leaky expression of TVA (Gehrlach et al., 2020; Miyamichi

regions: the medial orbital cortex (MO), the medial prefrontal cortex

et al., 2013). Therefore, as a control experiment, we carried out the

(mPFC), the insular cortex (Ai), the claustrum (Cl), the piriform cortex

same experiments without injection of the retroAAV2-Cre virus to

(Pir), the basal forebrain (BF), the cortex-amygdala transition (CxA),

estimate the number of Cre-independent RVdG virus infections. As

the midline thalamus (MT), the cortical amygdala (CoA), the entorhinal

previously reported, GFP+ cells were indeed found despite the lack of

cortex (Ent), the perirhinal cortex (PRh), the ectorhinal cortex (Ect), the

neurons expressing Cre recombinase. However, these cells were only

auditory cortex (AuC), the auditory thalamus (AuT), the ventral

observed within the BLA, not in distant brain regions such as the Pir,

MORIKAWA ET AL.
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F I G U R E 2 Distribution of basolateral amygdala (BLA) neurons projecting to the central nucleus of the amygdala (CeA), the nucleus
accumbens (NAc) and the ventral hippocampus (vHPC) in the BLA. (a) Distribution of CeA-, NAc- and vHPC-projecting cells in the BLA. The BLA
can be divided into four subnuclei: Bmg, Bpc, dorsal LA (dLA) and ventral LA (vLA). Black and red dots indicate individual experimental Cases #1
and #2, respectively. (b) Heat maps representing the distribution of BLA-projecting cells in the dLA, vLA, Bmg and Bpc regions of the BLA (CeA;
N = 3861 cells from three mice, NAc; 4562 cells from two mice, vHPC; and N = 1868 cells from two mice) [Color figure can be viewed at
wileyonlinelibrary.com]

VP, VDB, dorsal MT, and vHPC (Figure S1). From this result, we con-

neurons in respective brain regions to the total BLA input cells among

cluded that the majority of GFP+ cells observed in the brain regions

the subtypes (Figure 7). BLA-NAc neurons received more numerous

except for the BLA are input cells that make presynaptic connections

inputs from the Ent than BLA-CeA neurons. Furthermore, BLA-CeA

with BLA neurons (Figure 5).

neurons received more numerous inputs from AuT than BLA-NAc or

Overall, the BLA neurons of all subtypes received similar inputs

BLA-vHPC neurons (Figure 7; NAc vs CeA (Ent): p = .0179,

from various regions of the brain (Figures 6 and 7; p > .05, one-way

F2,16 = 5.2231, p = .0293, Tukey's test after one-way ANOVA; CeA vs

ANOVA; n = 5–7 mice each). No statistically significant differences

NAc and vHPC (AuC): p = .0096, F2,16 = 2.1465, p = .0222 (CeA vs

were found in the number of input cells per starter cell (Figure 6).

NAc), p = .0261 (CeA vs vHPC), Tukey's test after one-way ANOVA,

However, there were some differences in the proportions of input

n = 5–7 mice). We also compared the amount of cortical and thalamic
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F I G U R E 3 Projection-specific
monosynaptic rabies virus tracing. (a) Day
1: rAAV2retro-expressing Cre is infected
into basolateral amygdala (BLA) axon
terminals, followed by induction of the
expression of TVA and optimized rabies
glycoprotein (oG) in BLA neurons. Day 21:
Pseudotyped rabies virus infects TVAexpressing BLA neurons (yellow) and
retrogradely spreads to the upstream
region. Day 28: Direct input to BLA
neurons is labeled 1 week after rabies virus
injection (green). (b) Low-magnification
confocal microscopy image of NAcprojecting BLA neurons labeled with TVAmCherry-2A-oG (red), rabies (green) and
NeuroTrace (blue) (left, center). Images of
starter cells captured at high magnification
(white arrowhead, right). Scale bar, 20 μm
[Color figure can be viewed at
wileyonlinelibrary.com]

inputs to the BLA neurons by subtype. Consistently, no significant dif-

amygdala (Adhikari et al., 2015; Carlsen et al., 1985; Dalmay

ferences were observed among subtypes (Figure 8; p > .05, one-way

et al., 2019; Do-Monte et al., 2017; Guthman et al., 2020; Hasegawa

ANOVA; n = 5–7 mice each). We then classified the experiments

et al., 2017; Kim & Cho, 2017a, b; Lang & Pare, 1997; Li et al., 1996;

based on the similarity of input cell patterns (Figure 9). Dendrograms

Mascagni et al., 1993; McCall et al., 2017; McDonald, 1998;

showed two major classes, both of which consisted of multiple sub-

Nickerson Poulin et al., 2006; Romanski & LeDoux, 1993; Senn

types, indicating that the input pattern was independent of the BLA

et al., 2014; Vertes & Hoover, 2008; Woodson et al., 2000; Yu

subtype. We also plotted the dataset in principal component

et al., 2017). Although the major sources of input to BLA neurons

(PC) space. Principal component analysis (PCA) defines a new coordi-

have been identified, the input and output anatomical organization of

nate system such that the first coordinate has the greatest variance

the BLA neural circuit is not clear. In this study, using projection-

across datasets and each succeeding coordinate has the greatest

specific RV tracing, we explored presynaptic input patterns to BLA-

residual variance. PC1 and PC2 accounted for 59.6% and 16.9% of

CeA, BLA-NAc, and BLA-vHPC neurons. We found that, in contrast to

the total variance, respectively. In PC1, the variables AuC and AuT

subtype-specific projection patterns, these three BLA subtypes of

were positively loaded, while the vHPC variable was negatively

neurons received similar inputs from upstream brain regions. Notably,

loaded. The PCA indicated that the variation of input patterns can be

in addition to the CeA, NAc, and vHPC, BLA neurons project to other

mainly explained by the number of input cells from the AuC, the AuT,

brain regions, such as the mPFC, the entorhinal cortex, and the bed

and the vHPC (Figure 10), all of which have regionally biased axon ter-

nucleus of the stria terminalis (Kim et al., 2013; Senn et al., 2014;

minals in the BLA (Doron & Ledoux, 2000; Kim & Cho, 2017a, b;

Sparta et al., 2014). However, in our present study, we focused on

LeDoux et al., 1990). Nevertheless, no discernible cluster of

BLA-CeA, BLA-NAc, and BLA-vHPC neurons because of their func-

projection-specific BLA subtypes was observed. These results suggest

tional differences in valence coding (Beyeler et al., 2018). BLA-CeA

that the input pattern relies on the position of the starter cells rather

and BLA-NAc neurons preferentially respond to aversion- and

than the projection patterns of the BLA neurons (Figure 11).

reward-predictive cues, respectively. BLA-vHPC neurons do not show
robust preference for positive- or negative-related cues, although

4

|

D ISCU SSION

activation of axon terminals from the BLA in the vHPC elicits anxiety-

The amygdala plays crucial roles in emotional memory and motivated

like behaviors (Felix-Ortiz et al., 2013). Nonetheless, we did not find a

behavior (Janak & Tye, 2015; LeDoux, 2000). There have been numer-

relationship in which specific BLA neuron subtypes received inputs

ous studies on the anatomical and functional connectivity of the

from specific brain regions.
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F I G U R E 4 Distribution of starter cells in the basolateral amygdala (BLA). (a) Distribution of starter cells in the rostral, medial, and caudal
regions of the CeA- (n = 7 mice, upper), NAc- (n = 7 mice, middle) and vHPC- (n = 5 mice, lower) projecting BLA neurons. Each color indicates an
individual mouse result (#1: green, #2: red, #3: cyan, #4: yellow. #5 black, #6: white, and #7: green circles). (b) Heat maps representing the starter
cell distribution in the BLA. Each matrix column represents data from an individual mouse [Color figure can be viewed at wileyonlinelibrary.com]

The BLA-NAc neurons received more numerous inputs from the

We also found that the inputs to BLA-CeA neurons from the AuT

Ent than the BLA-CeA neurons. The BLA is known as a major target

were more numerous than those to BLA-NAc and BLA-vHPC neurons

for the lateral Ent (McDonald, 1998). Consistent with previous obser-

(Figure 7). The medial geniculate body (MGN) is a part of the AuT; the

vations, we observed GFP+ input neurons in the dorsolateral region of

MGN to LA pathway is a major source of auditory conditioning stimuli

the Ent (Figure 5). A previous study suggests that the lateral Ent is

(Barsy et al., 2020; LeDoux et al., 1983; Quirk et al., 1995). Furthermore,

involved in

and state-

the CeA receives unconditioned stimuli (US), such as a foot shock from

dependent olfactory coding (Xu & Wilson, 2012). The BLA is an essen-

the lateral parabrachial nucleus (Han et al., 2015), and is a critical region

tial region for encoding the motivational significance of olfactory cues

for the acquisition and regulation of fear conditioning (Ciocchi

in associative encoding (Schoenbaum et al., 1999). Our findings sug-

et al., 2010). Our data support the concept that the MGN-LA-CEA path-

gest that olfactory associative learning may be processed through the

way is a primary pathway for fear conditioning, and we have comprehen-

Ent-BLA-NAc pathway.

sively validated the external input pathway in auditory conditioning.

modulating

odor-specific,

experience-

3070

MORIKAWA ET AL.

F I G U R E 5 Neuron input to the
basolateral amygdala (BLA) neurons.
Representative confocal microscopy
images of input neurons (white) in the
upstream regions. Monosynaptic input
to BLA neurons from the insular cortex,
basal forebrain, midline thalamus,
piriform cortex, cortex-amygdala
transition, amygdala-piriform transition,
auditory thalamus, auditory cortex and
ventral hippocampus, Scale bar, 100 μm
[Color figure can be viewed at
wileyonlinelibrary.com]

F I G U R E 6 Number of input cells per starter cell. (a) Schematic illustration of long-projection input to basolateral amygdala (BLA) neurons.
(b) Average number of input neurons per starter cell for each of the brain regions. Error bars indicate the SEM. n = 5–7 mice [Color figure can be
viewed at wileyonlinelibrary.com]
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F I G U R E 7 Proportions of input cells to
BLA neurons. The average proportions of
input cells in the medial orbital cortex (MO),
medial prefrontal cortex (mPFC), insular
cortex (Ai), claustrum (Cl), piriform cortex
(Pir), basal forebrain (BF), cortex-amygdala
transition (CxA), midline thalamus (MT),
cortical amygdala (CoA), entorhinal cortex
(Ent), perirhinal cortex (PRh), ectorhinal
cortex (Ect), auditory cortex (AuC), auditory
thalamus (AuT), ventral hippocampus
(vHPC), amygdala piriform transition (APir)
and ventral periaqueductal gray (vPAG).
Error bars indicate SEM. n = 5–7 mice; oneway ANOVA followed by Tukey's post hoc
test; *p < .05 [Color figure can be viewed at
wileyonlinelibrary.com]

raphe (DR) receive different presynaptic inputs depending on axonal
projection patterns (Ren et al., 2018). Our study revealed another
form of connectivity pattern: three types of CeA-, NAc-, vHPCprojecting BLA neurons collect unbiased information and segregate it
into discrete pathways depending on their functional roles in emotional behaviors. Given that BLA neurons are directly and indirectly
interconnected, our observation supports the tenants of the BLA circuit model in which neurons integrate sensory information from different modalities, associate it with valence, and send the associative
F I G U R E 8 Cortical and thalamic inputs to basolateral amygdala
(BLA) neurons. (a) Schematic illustration of long-projection inputs to
BLA neurons from the cortex or thalamus. (b) Average number of
input cells from the cortex or thalamus. Error bars indicate SEM.
n = 5–7 mice [Color figure can be viewed at wileyonlinelibrary.com]

information to behavioral output brain regions. BLA neurons also
receive neuromodulatory inputs by monoaminergic neurons containing, for example, dopamine and noradrenaline (Fadok et al., 2010;
Fallon et al., 1978; Lutas et al., 2019; Uematsu et al., 2017). However,
we did not observe input cells in the ventral tegmental area (VTA) or
the locus coeruleus (LC), possibly because of the low transmission
efficiency of EnvA-ΔG-RV into neuromodulatory neurons (Callaway &

These differential input patterns are attributed to the differential

Luo, 2015).

localization of the starter cells (Figure 4). The Ent mainly projects to

There are distinct genetic subtypes of neurons in the BLA. It has

the ventral medial region of the BA (McDonald, 1998; Pitkänen

been reported that R-spoindin2 (Rspo2) and protein phosphatase 1 reg-

et al., 2000) in which the majority of BLA-NAc starter cells are local-

ulatory inhibitor subunit 1B (Ppp1r1b) are expressed in Bmg and Bpc

ized. Furthermore, the AuT mainly projects to the LA (LeDoux

pyramidal neurons, respectively. These neuronal subtypes exhibit

et al., 1990), in which BLA-CeA starter cells are localized. These

similar projection patterns but have opposite functions in valence-

results suggest that the input pattern depends on the position rather

specific behaviors (Kim et al., 2016; Zhang et al., 2020). In our pre-

than the output pattern of the BLA neurons. The position-dependent

sent study, projection-specific starter cells were found in both Bmg

input pattern has been reported in inhibitory neuronal subtypes

and Bpc regions, although the number of starter cells was larger in

(Krabbe et al., 2019).

the Bmg region than in the Bpc region (Figure 4: Bmg: 48.1%; Bpc:

There can be several input–output anatomical organizations of

25.7%). The BLA subtypes defined by projection pattern are likely

neural circuits. A previous study using the rabies tracing method (trac-

composed of heterogeneous populations in terms of gene expres-

ing the relationship between input and output [TRIO]) demonstrated

sion. Clarification of the relationships between the genetic subtypes

that individual locus coeruleus noradrenaline (LC-NE) neurons inte-

and the subtypes defined by their projection patterns is needed to

grate information and broadcast it to various regions of the brain

more comprehensively understand the function of the BLA in emo-

(Schwarz et al., 2015). In contrast, serotonin neurons in the dorsal

tional processing.
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F I G U R E 9 Variety of the input
cell patterns to the basolateral
amygdala (BLA) neurons. Heat map
and hierarchical clustering of all RV
tracing experiments based on input
cell patterns to the BLA (CeA, n = 7
mice; NAc, n = 7 mice; and vHPC,
n = 5 mice) [Color figure can be
viewed at wileyonlinelibrary.com]

F I G U R E 1 0 Principal
component analysis (PCA) of the
input cell patterns. (a) PCA plot of
input cell patterns to basolateral
amygdala (BLA) neurons from
19 mice. Black, red and cyan
numbers indicate BLA-CeA, -NAc
and -vHPC subtype data,
respectively. (b) Heat maps
representing PC1 and PC2
coefficients [Color figure can be
viewed at wileyonlinelibrary.com]

F I G U R E 1 1 Schematic model of the
input–output relationships of basolateral
amygdala (BLA) neural circuits. For most
BLA neurons, the input pattern is
independent of the subtypes defined by
the projection pattern. The projectionspecific BLA subtypes appear to receive
nonbiased inputs from upstream brain
regions. However, some BLA neurons
located in specific regions in the BLA
receive biased inputs from brain regions
such as the entorhinal cortex and the
auditory thalamus [Color figure can be
viewed at wileyonlinelibrary.com]
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