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Abstract Sensory processing is strongly modulated by

different brain and behavioral states, and this is based on

the top–down modulation. In the olfactory system, local

neural circuits in the olfactory bulb (OB) are innervated by

centrifugal afferents in order to regulate the processing of

olfactory information in the OB under different behavioral

states. The purpose of the present study was to explore the

organization of neural networks in olfactory-related cor-

tices and modulatory nuclei that give rise to direct and

indirect innervations to the glomerular layer (GL) of the

OB at the whole-brain scale. Injection of different recom-

binant attenuated neurotropic viruses into the GL showed

that it received direct inputs from each layer in the OB,

centrifugal inputs from the ipsilateralanterior olfactory

nucleus (AON), anterior piriform cortex (Pir), and

horizontal limb of diagonal band of Broca (HDB), and

various indirect inputs from bilateral cortical neurons in the

AON, Pir, amygdala, entorhinal cortex, hippocampus,

HDB, dorsal raphe, median raphe and locus coeruleus.

These results provide a circuitry basis that will help further

understand the mechanism by which olfactory information-

processing in the OB is regulated.

Keywords Centrifugal afferents � Olfactory bulb �
Glomerular layer � Neurotropic virus � Trans-synaptic

labeling

Introduction

It is evident that attention, emotion, and experience

significantly affect perception, learning and memory.

Top–down modulation is considered to play a crucial role

in influencing the status of the brain [1]. In the olfactory

neural system, the most important task is to precisely

represent odor information under different brain and behav-

ioral status, such as when sniffing, anesthetized, awake,

behaving, and being rewarded [2]. The principles of

neuroanatomical structures provide an important reference

for how the sensory world is represented in the pattern of

neuronal activity [3]. Previous studies have shown the

neurons arising from higher cortical regions, including

olfactory cortex, send precise top–down projections to

different layers of the olfactory bulb (OB), thereby regulat-

ing odor perception and olfactory-related learning and

memory under different brain and behavioral states [2–6].

Olfactory perception begins at the olfactory mucosa (or

olfactory epithelium) in the nasal cavity. Olfactory sensory

neurons (OSNs) convert the odor information into electri-

cal signals through binding between odors and receptors
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and send it to the OB, where odorant information is

continuously processed by complex local neural circuits

and projected to different regions of olfactory cortex [7].

The OB is the first processing center of odor information,

where the odorant type, concentration, and constituents are

encoded as the spatial and temporal response characteris-

tics of various neurons to facilitate decoding in the

olfactory cortex [8]. In consequence, the OB plays the

most critical role in odor threshold, odor discrimination,

and odor-related learning and memory [9]. Apart from

transmitting information to the higher cortex, the OB also

receives dense innervation from higher brain areas, includ-

ing feedback and centrifugal inputs [3, 5, 7]. The projec-

tions from piriform cortex (Pir) and the anterior olfactory

nucleus (AON) are the major source of feedback inputs [3],

and the centrifugal inputs include cholinergic, noradrener-

gic, and serotonergic modulation [5]. Specific manipulation

of the circuits by optogenetics has revealed that all these

projections dramatically modulate the cellular activity and

neural circuits involved in odor information-processing and

representation in the OB, and affect olfactory-related

behaviors [10]. In the past decade, the influence of

centrifugal inputs on the coding and perception of odor

information has been the frontier of olfactory research

[11–15]. However, one of the defects in our understanding

of the structure and function of centrifugal input is the lack

of comprehensive and accurate structural network infor-

mation. The network evidence mainly comes from antero-

grade labeling of projections at the olfactory cortex or

modulatory nuclei, while retrograde labeling from the OB

is rare [11, 12, 16, 17]. Furthermore, the traditional study of

centrifugal input networks is mainly focused on the granule

cell layer (GCL) [7], ignoring other layers, especially the

glomerular layer (GL), where the axons of OSNs transmit

odorant information to the dendrites of mitral/tufted cells

(M/TCs) in the OB [7]. In addition, similar to deep short-

axon cells (dSACs) and granule cells (GCs) in the GCL,

periglomerular cells (PGCs) and superficial short-axon

cells (sSACs) in the GL exhibit stronger odor-evoked

excitation in the awake state than in the anesthetized state

[18], suggesting that centrifugal inputs to the GL signif-

icantly modulate their activity across distinct brain states

[19].

However, systematically understanding the mechanism

of top–down regulation of the different layers of the OB

require dissecting the structural organization of the top–

down olfactory circuit at the whole-brain scale, along with

fine information on the neuronal circuit architecture [20].

Although previous neuroanatomical research, such as

tracing with wheat germ agglutinin and horseradish

peroxidase, has identified the basic brain regions that give

rise to the centrifugal innervation to the OB [21], the fine

architecture of these circuits across the whole brain

remains to be elucidated. The recent advance in tracing

techniques that use engineered neurotropic viruses for

trans-synaptic tracing has driven rapid progress in the

dissection of neural circuits [22, 23], because of their

reduced virulence and restricted trans-synaptic transport in

the anterograde and retrograde directions [24].

Therefore, in the present study, we used monosynaptic

and trans-synaptic recombinant neurotropic viral tracers

separately to dissect the architecture of the top–down

regulatory circuits that directly and indirectly innervate the

GL of the OB. In the first set of experiments, two kinds of

monosynaptic retrograde rabies virus (RV-DG-eGFP and

RV-DG-dsRed, respectively) were injected into the GL and

GCL to quantify and compare the distribution and extent of

the topographically organized direct projections in the

whole brain. In the second set of experiments, the GL was

targeted with injections of RV-DG-eGFP or pseudorabies

virus (PRV531) to determine the distribution of first- and

higher-order projections in the whole brain. The results

showed that GCL received more direct centrifugal projec-

tions, and GL also received direct centrifugal inputs, but

only including AON, anterior piriform cortex (APC) and

horizontal limb of diagonal band of Broca (HDB). In

addition, the neural circuits in the GL of the lateral OB

received varied indirect inputs from bilateral cortical

neurons in the AON, Pir, Amygdala (AM), Entorhinal

cortex (Ent), hippocampus (Hip) and almost all modulatory

nuclei. In all, our results suggested that cortical neurons in

these regions have considerable reciprocal connections and

innervate the neural circuits in GL of the OB to coordinate

and regulate the processing of olfactory information.

Materials and Methods

Animals

Twenty male adult C57 mice (8–10 weeks old, purchased

from the Animal Center of Zhongnan Hospital of Wuhan

University, Wuhan, China) were housed in a specific

pathogen-free facility at a controlled room temperature

(22 ± 2 �C) with 60%–80% humidity, under a 12 h:12 h

light/dark cycle. Food and water were available ad libitum.

During experiments, animals that received viral inocula-

tions were then housed and perfused in Biosafety Level-II

animal facilities at the Wuhan Institute of Physics and

Mathematics.

Rabies Virus Injection

The recombinant tracers RV-DG-eGFP and RV-DG-dsRed

were prepared by BrainVTA (Wuhan, China). Animals

were anesthetized with chloral hydrate (400 mg/kg), and

123

710 Neurosci. Bull. August, 2019, 35(4):709–723



then placed in a stereotaxic apparatus (RWD, Shenzhen,

China). During surgery and virus injection, anesthesia was

maintained with isoflurane (1%). RV-DG-eGFP and RV-

DG-dsRed (80 nL, 1 9 109 plaque-forming units pfu/mL)

were simultaneously injected (50 nL/min) respectively into

the ventrolateral GL and ventromedial GCL. The GL

coordinates were 4.7 mm anterior to bregma, 1.35 mm

from the midline, and 1.75 mm ventral to the dura. The

GCL coordinates were 4.7 mm anterior to bregma, 0.7 mm

from the midline, and 1.75 mm ventral to the dura. Eight

days after virus infection, the animals were transcardially

perfused with physiological saline followed by 4%

paraformaldehyde (PFA).

PRV531 Injection

The recombinant tracer PRV531 was prepared by

BrainVTA. Animals were anesthetized with chloral hydrate

(400 mg/kg) and fixed in a stereotaxic instrument (Stoelt-

ing, Illinois, USA). The recombinant tracer PRV531

(120 nL, 2 9 109 pfu/mL) was injected (50 nL/min) into

the GL. At 48 h and 72 h after virus infection, the animals

were transcardially perfused with physiological saline

followed by 4% PFA.

Tissue Section Preparation, Imaging, and Data

Analysis

The brain was removed, post-fixed in PFA overnight,

dehydrated in 30% (w/v) sucrose for 3 days, and then

sectioned coronally on a cryostat microtome (NX50,

Thermo, Massachusetts, USA). The sequential whole-brain

sections, 40 lm thick, were transferred into 24-well plates

for storage at - 20 �C. For florescent imaging, they were

wet-mounted DAPI, sealed with nail polish, and imaged

with TCS SP8 fluorescence laser scanning confocal

microscope (Leica, Wetzlar, Germany) or the VS120

virtual microscopy slide-scanning system (Olympus,

Tokyo, Japan). The acquired images were adjusted with

NIS-Elements Viewer 4.0 (Nikon, Tokyo, Japan), and

processed with Adobe Photoshop CS4 and Adobe Illustra-

tor CS6.0 for illustrations. For cell counting, the boundaries

of brain regions were delineated manually with Photoshop

based on the Allen Brain Atlas and the Mouse Brain Atlas

(Fourth Edition). The labeled neurons were counted

manually. The data in Rabies Virus cases are presented

as the percentage of the total number of labeled neurons in

the OB, AON, and HDB, and the numbers of labeled

neurons in the anterior piriform cortex (APC) and posterior

piriform cortex (PPC) were also counted. For statistical

analyses, we examined the distribution of the raw data

using the Kolmogorov-Smirnov test in SPSS (version

13.0). Then we used the independent-samples t test to

determine if the data were normally distributed, and the

statistical significance was set at ***P\ 0.001,

**P\ 0.01, and *P\ 0.05. All values are presented as

mean ± SEM. Graphs were drawn using Origin 9.0.

Results

Tracing the Local Circuits Within the OB

To systematically dissect the organization of the top–down

olfactory circuits, the injection of viral tracer was well

localized to the GL and GCL (Fig. 1A, F). In the cases of

RV-mediated retrograde labeling from the GL and GCL

(Fig. 1A–E), the RV-labeled neurons were mainly dis-

tributed on the ipsilateral side and scattered from the GL to

the GCL, especially in the mitral cell layer (MCL)

(Fig. 1B–D), indicating that local neural circuits commu-

nicate information from almost every layer in the OB to the

GL and GCL. In the case of RV-DG-dsRed-mediated

retrograde labeling from the GCL, most of the labeled

neurons were in the local GCL specifically (GL: 4.86% ±

2.80%; external plexiform layer or EPL: 16.62% ± 4.35%;

MCL: 21.72% ± 4.33%; internal plexiform layer or IPL:

10.34% ± 2.01%; GCL: 46.43% ± 11.15%) (Fig. 1B–E).

Quantitative analysis showed that the main population of

RV-DG-eGFP-mediated retrograde labeling from the GL

was in the local GL (GL: 53.20% ± 9.55%; EPL: 16.12% ±

3.98%, MCL: 6.47% ± 2.44%; IPL: 15.25% ± 2.96%;

GCL: 4.55% ± 2.20%) (Fig. 1B–E). In addition, neurons in

the contralateral OB did not show retrograde labeling by RV,

indicating that there was no direct neural projection to the

contralateral GL and GCL (Fig. 1D), because only neurons

with somata and axon terminals at the injection site can be

labeled by glycoprotein-deleted RV [3, 25].

In the PRV-mediated retrograde and trans-synaptic

tracing, the injection of virus was limited to the range of

5–10 glomeruli in the GL (Fig. 1F, G); this is the first sub-

region for olfactory information processing. At the early

stage of infection (after 48 h), the trans-synaptically

infected local neural circuits were distributed across the

ipsilateral OB, scattering from the GL to the GCL (Fig. 1G,

H). The labeled circuits were organized in column-like

structures (Fig. 1H), consistent with previous reports [26].

Meanwhile, a few neurons were labeled on the other side of

the injected OB, but not in the contralateral OB (Fig. 1G,

H). With extension of the infection time to 72 h, the local

circuit of the injected OB was densely labeled and

exhibited column-like structures (Fig. 1I, J). Neurons in

the contralateral OB were also labeled (Fig. 1J), indicating

that the bilateral OBs are indirectly connected to each

other.
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Circuits in the AON Project to the OB

The AON is considered to be responsible for the processing

of olfactory information related to direction and concen-

tration through the feedback projections to the bilateral

OBs and reciprocal projections between the bilateral AONs

[27, 28]. In the case of RV-mediated retrograde tracing,

neurons of the AON and anterior olfactory area external

part (AOE) were labeled uniformly by both RV-DG-eGFP

and RV-DG-dsRed from the GL and GCL respectively

(Fig. 2A, B). In all, the dsRed-positive neurons were

distributed in the bilateral AON and AOE, with the

majority in the ipsilateral (Ipsi, 70.88% ± 1.15%; Contra,

27.58% ± 0.86%; t = 30.10, P\ 0.001, n = 4), whereas

the GFP-positive neurons (Ipsi, 1.28% ± 0.40%; Contra,

0.26% ± 0.13%) were much fewer than those with dsRed

(Ipsi, t = 56.97, P\ 0.001; Contra, t = 31.36, P\ 0.001;

n = 4) and were mostly in the ipsilateral too (t = 2.41,

P = 0.08, n = 4) (Fig. 2A–C, F). These results indicated

that neurons in the AON and AOE send direct feedback

projections to the bilateral GCL and GL of the OB, but

more to the GCL and the ipsilateral.

In the PRV-mediated retrograde and RV tracing from

the GL of the OB, the distribution of PRV GFP-positive

neurons in the bilateral AON and AOE was more denser

than that of RV tracing (Fig. 2C, D, F, G), indicating that it

crossed more synapses and more neurons were labeled by

PRV 48 h after injection than by RV. In addition, at both

48 h (Fig. 2D, G) and 72 h after infection (Fig. 2E, H), the

density of the distribution of GFP-positive neurons was

comparable in the bilateral AON and AOE, and all sub-

regions of the bilateral AON had similar GFP levels

(Fig. 2D, E, G, H). This result showed that there are strong

reciprocal projections between the bilateral AON and

AOE, consistent with the previous report [27].

Circuits in the Piriform Cortex Project to the OB

The APC is considered to encode information related to the

structural or perceptual identity of an odor [29]. In the case

of RV-mediated retrograde tracing, the labeled neurons

were mainly distributed in layers II and III of the ipsilateral

APC (I, 2.44 ± 0.73; II, 147.46 ± 11.08; III,

68.55 ± 15.61) (Fig. 3A–C). The number of dsRed- pos-

itive neurons in layer II was double that in layer III

(Fig. 3C). In addition, the number of eGFP-positive

neurons (I, 0; II, 10.28 ± 7.11; III, 7.43 ± 3.22) was

much lower than that of the dsRed-positive neurons in each

layer (II, t = 10.42, P\ 0.0001; III, t = 3.83, P = 0.02;

n = 3) (Fig. 3A, C). These results indicated that the main

feedback projections from the APC are in the GCL of the

ipsilateral OB. In addition, there were weak feedback

projections from APC to the GL, which have not been

reported previously.

The PPC encodes the perceptual category of an odor,

such as ‘fruity’ [29]. In the case of RV-mediated retrograde

tracing, the labeled neurons were mainly distributed in

layers II and III of the ipsilateral PPC, similar to the APC

(Fig. 4A–C). The dsRed-positive neurons were mainly

located in layer II (64.21 ± 14.68), where the number was

double that in layer III (29.75 ± 4.81) (P = 0.09, n = 3)

(Fig. 4C). Meanwhile, eGFP-positive neurons were not

observed in the PPC (Fig. 4B). These results indicated a

main feedback projection from the PPC to the GCL of the

ipsilateral OB.

In the APC and PPC, the GFP-positive neurons in the

PRV-mediated retrograde and trans-synaptic tracing from

the GL of the OB were mainly distributed in layers II and

III at the earlier stage of infection (48 h after infection)

(Figs. 3E and 4G). The distribution density of GFP-

positive neurons in the ipsilateral APC/PPC was higher

than that in the contralateral APC/PPC (Figs. 3E, H and

4G, J). With the prolongation of infection (72 h after

infection), the distribution density of GFP-positive neurons

increased significantly, especially in layers II and III of the

bilateral APC/PPC (Figs. 3F, I and 4H, K).

Circuits in the Amygdala Project to the OB

The AM has long been known to play critical roles in the

processing and retrieval of emotions, such as fear, reward,

and happiness [30]. The nuclei of the AM receive direct

projections from the OB and AOB [31]. In the case of RV-

mediated retrograde tracing, dsRed-positive neurons were

mainly located in the ipsilateral basomedial AM (Fig. 4D,

E), but no neurons were labeled by RV-dG-eGFP from the

GL of the OB in the bilateral AM (Fig. 4D–F, I). In the

PRV-mediated retrograde and trans-synaptic tracing, the

GFP-positive neurons were mainly distributed in the

bFig. 1 Organization of retrogradely-labeled neurons in the OB.

A Schematic outlining the experimental design for RV-mediated

retrograde labeling in the GL and GCL of the OB. B Injection sites of

RV-DG-dsRed (red) and RV-DG-eGFP (green), each simultaneously

injected into the GCL and GL of the OB along with dye (CTB647,

pink) (scale bar, 100 lm). C Enlargements of B, arrowheads indicate

sites of injection. D Only the ipsilateral OB had areas of retrogradely-

labeled neurons (red and green) in the GL, EPL, MCL, IPL and GCL.

E Ratios of RV-mediated infected neurons in each layer of the

ipsilateral OB. F Schematic outlining the experimental design for

PRV-mediated retrograde labeling in the GL. G, I Injection sites

(arrowheads) of PRV531 (green) and dye (CTB647, pink). H,

J Patterns of PRV-mediated trans-synaptic labeling of neurons in

the bilateral OB at 48 h (H) and 72 h (J) after injection into the GL.

Arrows indicate contralateral M/TCs infected by PRV 72 h after

injection. Contra, contralateral; D, Dorsal; EPL, external plexiform

layer; IPL, internal plexiform layer; MCL, mitral cell layer; GCL,

granule cell layer; GL, glomerular layer; M, medial; Ipsi, ipsilateral;

ONL, olfactory nerve layer. Scale bar, 500 lm; C, G, I insets

250 lm, n = 5.
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ipsilateral basomedial AM and basolateral ventral AM at

the early stage of infection (48 h after infection) (Fig. 4G).

By 72 h after infection, the density of PRV GFP-positive

neurons increased across the subregions of the AM,

including the basomedial, basolateral ventral, and basolat-

eral amygdala, posterodorsal and posteroventral subnuclei

Fig. 2 Organization of retrogradely-labeled neurons in the anterior

olfactory nucleus (AON) and the anterior olfactory area external part

(AOE). A Neurons in the bilateral AONs (including AOEs) infected

by RV-DG-dsRed (red) and RV-DG-eGFP (green) injected into the

GCL and GL of OB respectively. B Ratios of all RV-mediated

infected neurons in the bilateral AONs (***P\ 0.001, independent-

samples t test). C–E Neurons in the ipsilateral AON and AOE labeled

by RV-DG-eGFP (C) and PRV531, the latter at 48 h (D) and 72 h

(E) after injection into the GL of the OB. F–H Neurons in the

contralateral AON and AOE labeled by RV-DG-eGFP (F) and

PRV531, the latter at 48 h (G) and 72 h (H) after injection into the

GL of the OB. MOB, main olfactory bulb; scale bar, 500 lm; n = 4.
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of the medial AM, and the posteromedial and posterolateral

cortical AM (PLCo) (Fig. 4H). In addition, no neuron

showed retrograde labeling in the contralateral AM at the

early stage (48 h) of infection(Fig. 4I, J), and there were

fewer GFP-positive neurons scattered in the contralateral

subregions and subnuclei of the AM at 72 h than on the

ipsilateral side (Fig. 4K).

Fig. 3 Organization of retrogradely-labeled neurons in the anterior

piriform cortex (APC). A Neurons in layers II and III of the ipsilateral

APC infected by RV-DG-dsRed (red) and RV-DG-eGFP (green),

injected into the GCL and GL, respectively. B There were no labeled

neurons in the contralateral APC in both RV-mediated cases.

C Numbers of RV-mediated infected neurons in different layers of

the ipsilateral APC. There were more dsRed-positive than eGFP-

positive neurons, and the number of labeled neurons in layer II was

double that in layer III in the dsRed-positive case. ***P\ 0.001,

**P\ 0.01, *P\ 0.05, independent-samples t test. D–F Neurons in

the ipsilateral APC labeled by RV-DG-eGFP (D) and PRV531, the

latter at 48 h (E) and 72 h (F) after injection into the GL of the OB.

G–I Neurons in the contralateral APC labeled by RV-DG-eGFP

(G) and PRV531, the latter at 48 h (H) and 72 h (I) after injection

into the GL of the OB. Scale bars, 500 lm; n = 3.
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Fig. 4 Organization of retrogradely-labeled neurons in the poster

piriform cortex (PPC) and amygdala (AM). A Neurons in the layers II

and III of the ipsilateral PPC infected only by RV-DG-dsRed (red)

injected into the GCL of the OB, and not by RV-DG-eGFP (green)

from the GL. B There were no labeled neurons in the contralateral

PPC in both RV-mediated cases. C Numbers of RV-mediated infected

neurons in different layers of ipsilateral PPC. The number of dsRed-

positive neurons in layer II was double that in layer III. No eGFP-

positive neurons were found in the PPC (independent-samples t test).

D Neurons in the ipsilateral AM infected only by RV-DG-dsRed (red)

injected into the GCL of the OB, and not by RV-DG-eGFP (green)

from the GL. E There were no labeled neurons in the contralateral

AM in both RV-mediated cases. F–H Neurons in the ipsilateral PPC

and AM labeled by RV-DG-eGFP (F) and PRV531, the latter at 48 h

(G) and 72 h (H) after injection into the GL of the OB. I–K Neurons

in the contralateral PPC and AM labeled by RV-DG-eGFP (I) and

PRV531, the latter at 48 h (J) and 72 h (K) after injection into the GL

of the OB. BLA, basolateral amygdala; BLV, basolateral amygdaloid

ventral; BMA, basomedial amygdala; MePD, medial amygdaloid

posterodorsal; MePV, medial amygdaloid posteroventral; PLCo,

posterolateral cortical amygdale; PMCo, posteromedial cortical

amygdala. Scale bars, 250 lm; n = 3.
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Circuits in the Entorhinal Cortex (Ent) and Hip-

pocampus (Hip) Project to the OB

Previous studies have reported that the Ent not only

receives inputs from the OB, PC, medial AM and Hip, but

also sends feedback projections to the OB, PC, and Hip

[32, 33]. This special circuit may allow the Ent to regulate

olfactory coding based on memory, experience, and

preference [33]. In this study, RV-DG-dsRed neurons

labeled by retrograde tracing were only found in the

ipsilateral Ent (94 ± 24.11) and CA1 (29.8 ± 6.16)

(Fig. 5A, B), suggesting that the Ent and Hip have direct

feedback projections to the GCL of the ipsilateral OB. The

number of dsRed-positive neurons in the Ent was 3–4 times

higher than that in CA1, although the difference did not

reach significance (t = 2.58, P = 0.054, n = 5) (Fig. 5C).

In PRV-mediated retrograde and trans-synaptic tracing

from the GL of the OB, GFP-positive neurons were mainly

distributed in the bilateral Ent and CA1 at 48 h after

infection (Fig. 5D, F), and 72 h after infection, the density

of PRV GFP-positive neurons increased significantly in the

bilateral Ent, Hip, and peripheral areas, including the CAl/

2/3 fields of the Hip, dentate gyrus, amygdalopiriform

transition area, PMCo, basolateral posterior AM, perirhinal

Fig. 5 Organization of retro-

gradely-labeled neurons in the

entorhinal cortex (Ent) and hip-

pocampus (Hip). A Neurons in

the ipsilateral Ent and CA1

infected only by RV-DG-dsRed

(red) injected into the GCL of

the OB, not by RV-DG-eGFP

(green) from the GL. B No

neurons were labeled in the

contralateral Ent and Hip in

both RV-mediated cases.

C Numbers of RV-mediated

infected neurons in the ipsilat-

eral Ent and CA1 (independent-

samples t test). D–E Neurons in

the ipsilateral Ent and Hip areas

labeled by PRV531 at 48 h

(D) and 72 h (E) after injection

into the GL of the OB. F–

G Neurons in the contralateral

Ent and Hip labeled by PRV531

at 48 h (F) and 72 h (G) after

injection into the GL of the OB.

APir, amygdalopiriform transi-

tion area; Au, primary auditory

cortex; BLP, basolateral amyg-

dala, posterior; DG, dentate

gyrus; Ect, ectorhinal cortex;

PMCo, posteromedial cortical

amygdala; PRh, perirhinal cor-

tex; TeA, temporal association

cortex. Scale bar, 500 lm;

n = 5.
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cortex, ectorhinal cortex, temporal association cortex, and

primary auditory cortex (Fig. 5E, G).

Neuromodulatory Circuits Project to the OB

In addition to receiving intensive feedback projections

from olfactory-related cortex, the OB also receives neuro-

modulatory centrifugal projections from neurons that

release acetylcholine, serotonin, and norepinephrine; these

projections are also necessary for the brain to regulate the

processing of olfactory information [5]. In this study, the

RV-mediated retrograde tracing showed that the ipsilateral

HDB was labeled by both RV-DG-dsRed and RV-DG-

eGFP (Fig. 6A, B, E, H). The percent of dsRed-positive

neurons (80.27% ± 0.33%) was five-fold that of eGFP-

positive neurons (16.51% ± 0.80%; t = 73.80,

P\ 0.0001, n = 4) (Fig. 6B). Besides, a small group of

neurons expressed both dsRed and eGFP (t = 9.71,

P\ 0.0001 eGFP-positive versus merged; n = 4) (Fig. 6A,

B). These results suggested that axons of cholinergic

neurons from the ipsilateral HDB project mainly to the

GCL, while project to both the GCL and the GL. In the

dorsal raphe (DR) and ipsilateral locus coeruleus (LC),

only sparsely distributed dsRed-positive neurons were

observed (Fig. 6C, D), suggesting that the axons of both

norepinephrinergic and serotoninergic neurons project

weakly to the GCL. There was no fluorescence in the

median raphe (MR) nucleus (data not shown).

In the PRV-mediated retrograde and trans-synaptic

tracing from the GL of the OB, the GFP-positive neurons

were mainly distributed in the bilateral HDB and LC at the

early stage of infection (48 h), and the distribution of PRV

GFP-positive neurons in the ipsilateral HDB and LC was

significantly more prominent than that in the contralateral

HDB and LC (Fig. 6F, I, M). After infection for 72 h, the

density of PRV GFP-positive neurons was significantly

higher in the DR and MR, and bilaterally in the HDB and

LC (Fig. 6F–G, I–N), and even extended to peripheral

nuclei, such as the lateral nucleus of the diagonal band

(Fig. 6G, J, L, N).

Discussion

By combining monosynaptic RV-mediated tracing with

PRV-mediated trans-synaptic retrograde labeling, we have

described the cortical organization of centrifugal afferents

to the GL and GCL of the OB (Fig. 7). We first compared

the brain regions directly projecting into the GL and GCL,

which indicated that the GL only received inputs from each

layer in the OB and centrifugal inputs from the ipsilateral

AON, APC, and the HDB (Fig. 7A). Retrograde tracing

with PRV531 at two time points after viral infection (48 h

and 72 h) uncovered various organizational patterns of the

neurons that give rise to direct or indirect innervations of

the neural circuits in the GL of the lateral OB. At 48 h

post-infection, trans-synaptic GFP-labeled neurons were

sparsely distributed in the bilateral AON, Pir, AM, Ent,

Hip, HDB, LC, DR, and MR (Fig. 7B). At 72 h post-

infection, a marked increase in the number of GFP-labeled

neurons was found in these olfactory-related cortical

regions and neuromodulatory nuclei (Fig. 7C). These

results showed that the neural circuits of the GL in the

lateral OB receive both direct and indirect feedback and

centrifugal inputs, which will help to further understand

how olfactory information processing is regulated in the

OB.

Local Intra-bulbar Microcircuits

With RV-mediated labeling from the GL, infected neurons

were distributed throughout the GL, EPL, MCL, IPL, and

GCL. In the GL, especially within each glomerulus, OSN

terminals excite the apical dendritic tufts of tens of

homotypic M/TCs [34, 35] and various juxtaglomerular

cells [glutamatergic external tufted cells (ETCs), GABAer-

gic periglomerular cells (PGCs), and combined GABAer-

gic and dopaminergic superficial short-axon cells (sSACs)]

[19, 36, 37]. ETCs provide the principal excitatory drive to

MCs and the entire glomerular microcircuit, composed of

PGCs and sSACs [35, 38]. GABA release from PGCs

mediates glomerulus-wide suppression of homotypic

M/TCs through direct gap-junctional coupling between

homotypic PGCs [39–41]. The majority of sSACs, which

mediate robust monosynaptic GABAergic inhibitory sig-

naling in ETCs and M/TCs by gap-junctional coupling

somatodendritic contacts with local sSACs [36, 42], may

support distinct scales of interglomerular interactions due

to multiple axonal branch projections of distant sSACs

even up to several tens of glomeruli [37, 43]. Together,

these neurons form local microcircuits in the GL. MC and

TC somata are arrayed in the MCL and throughout the

EPL, respectively, while their apical dendritic tufts receive

both excitation from OSN terminals and/or ETCs and

inhibition from PGCs and/or sSACs [19]. In addition,

calbindin-positive PGCs not only receive input from ETCs

in the GL, but also from TCs and MCs [40]. These circuits

may establish connections from the EPL/MCL to the GL.

Moreover, PGCs, ETCs, and TC apical dendrites in the GL,

but not MCs, receive inhibitory GABAergic inputs from

the GL-projecting deep SACs (dSACs) whose somata are

located in the IPL or GCL and whose axons arborize

extensively across the GL [44, 45]. Therefore, GL-project-

ing dSACs, which may participate in multi-glomerular

coordination, establish a novel intra-bulbar projection from

deep to superficial layers, from the IPL/GCL to the GL.

123

718 Neurosci. Bull. August, 2019, 35(4):709–723



With RV-mediated labeling from the GCL, infected

neurons were also distributed throughout the GL, EPL,

MCL, IPL, and GCL. There are two kinds of interneuron in

GCL: GCs and dSACs; the latter are GABAergic and have

extensive axonal ramification in various layers of the OB

[45, 46] and they strongly inhibit GCs [45, 46]. It has been

Fig. 6 Organization of retrogradely-labeled neurons in the horizontal

limb of the diagonal band of Broca (HDB), dorsal raphe (DR),

median raphe (MR), and locus coeruleus (LC). A Neurons in the

HDB infected by RV-DG-dsRed (red) and RV-DG-eGFP (green)

injected into the GCL and GL of the OB. B Statistical analysis of the

difference between the numbers of RV-infected neurons in the HDB

for the two cases (***P\ 0.001, independent-samples t test). C–

D Neurons in the DR (C) and LC (D) only infected by RV-DG-dsRed

(red) injected into the GCL, and not by RV-DG-eGFP (green) injected

into the GL. E–J Neurons in the bilateral HDB labeled by RV-DG-

eGFP (E, H) and PRV531, the latter at 48 h (F, I) and 72 h (G,

J) after injection into the GL. K–L Neurons in the DR and MR

labeled by PRV 531 at 48 h (K) and 72 h (L) after injection into the

GL. M–N Neurons in the bilateral LC labeled by PRV 531 at 48 h

(M) and 72 h (N) after injection into the GL. Scale bars, 500 lm; A,

C, D insets, 250 lm; n = 4.
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estimated that each EPL- and/or GCL-dSAC innervates on

the order of 103 GCs, with *75 EPL-and/or GCL-dSACs

converging onto each GC [19, 47]. In the EPL, the apical

dendrites of superficial GCs and deep GCs form reciprocal

dendrodendritic synapses with lateral dendrites of MCs and

TCs in the superficial versus deep EPL, respectively [19].

In addition, both GCs and dSACs receive axodendritic

excitatory synapses from M/TC axon collaterals in the

GCL [45, 48]. These neural circuits potentially establish

connections from the MCL and/or EPL to the GCL. The

apical dendrites of GCs, which receive excitatory synapses

from the axons of ETCs in homologous glomeruli, form

inhibitory synapses on the ETCs connected to other

homologous ipsilateral glomeruli [49, 50]. Therefore, the

excitatory input of ETCs onto the proximal primary axons

of GCs establisha potential connection from the GL to the

GCL. This may also be the only known pathway linking the

dorsal and ventral GL in our PRV-mediated trans-synaptic

tracing from the GL, in which some infected neurons were

in the dorsal GL and MCL.

Feedback from Olfactory Cortex to the OB

The OB receives dense input from higher brain areas, in

which the AON and Pir are the major source of feedback

[3]. The AON can be subdivided into the pars externa

(AOE) and the pars principalis (AONpP). The latter is

further segmented into dorsal, ventral, medial, and lateral

regions [51]. The AOE feedback to the bulb has been

studied; axons from AOE neurons target mirror-symmetric

glomeruli in the contralateral OB, creating a bilateral

olfactory map [52]. In contrast, projections from the

AONpP are known to target the GCL bilaterally [6]; this

is consistent with our RV labeling. Moreover, feedback to

the GCL from the ipsilateral AON is uniformly distributed,

as we found in this study; but we did not find that

projections from the contralateral AON showed a strong

ventral bias [3]. This may be because our central injection

sites were predominantly in the ventral GCL. In addition,

this is the first report that neurons of AONpP and AOE

send direct feedback projections to the bilateral GL,

indicating that there are more neural circuits from the

AON to the OB than originally thought.

Neurons in the AON were more densely infected from

the GL with PRV- than RV-mediated trans-synaptic

tracing. Which circuit provides the ability to make high

strength of the PRV GFP tracing in the bilateral AON? As

far as we know, AON send weak feedback projection on

the GL of the ipsilateral OB and there was no feedback

projection on the contra-lateral GL. The dense feedback

projections from the AON to the bilateral GCL [6], and the

dense projections from the GCL to the GL within the OB

[44, 45], as well as the strong reciprocal projections

between the bilateral AONs [53], might explain the high

efficiency of PRV GFP-mediated trans-synaptic labeling of

the bilateral AON.

Apart from the AON, pyramidal neurons in layers II and

III of the APC send robust excitatory centrifugal input to

the GCs and dSACs in the GCL [54]. But it had not been

reported that centrifugal feedback inputs originating PPC

to GCL and GL, whose target neurons and possible

functions need to be further identified. In addition,

Fig. 7 Cortical organization of centrifugal afferents to the GL of the

OB. A The GCL receives direct centrifugal inputs from the bilateral

AON, ipsilateral APC, PPC, BMA, Ent, CA1, HDB, DR, and LC, but

the GL only receives direct centrifugal inputs from the ipsilateral

AON, APC, and HDB. B PRV531 at 48 h after injection into the GL.

Some neurons were labeled in the bilateral AON, APC, PPC, Ent,

Hip, HDB, DR, and LC, and the ipsilateral BMA and BLV, which

indicate that there are direct and indirect projections to the GL.

C PRV531 72 h after injection into the GL. More neurons were

labeled in the bilateral AON, APC, PPC, AM, Ent, Hip, HDB, DR,

MR, and LC. AON, anterior olfactory nucleus; APC, anterior piriform

cortex; PPC, posterior piriform cortex; AM, amygdala; Ent, entorhi-

nal cortex; Hip, hippocampus; HDB, horizontal limb of the diagonal

band of Broca; DR, dorsal raphe; MR, median raphe; LC,

locus coeruleus.
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olfactory-related feedback afferents arise from many

sources, including the peri-amygdaloid cortex and amyg-

dala [33], but precise neural connections are rarely

reported. This is the first report that the basomedial,

basolateral, medial, posteromedial cortical, and posterolat-

eral AM could directly and indirectly regulate olfactory

information processing in the GL. Because the medial and

posteromedial cortical AM received inputs from the AOB,

and the posterolateral cortical AM received inputs from the

OB [31], these circuits between main olfactory and

vomeronasal cortex may be nodes where main and

accessory olfactory information converged and are recip-

rocally regulated.

The OB receives centrifugal projections from the Ent

and Hip [55]. The hippocampal formation, which is

anatomically and functionally related to olfactory struc-

tures especially in rodents, is essential for olfactory

identification and the expression of odor memory repre-

sentations [56]. Anatomically, the Hip receives olfactory

information directly through the medial olfactory tract to

the hippocampal rudiment and indirectly through the

perforant path from the Ent to the dentate gyrus [56].

Retrograde and anterograde tracing experiments have

shown that the Hip projections to OB mainly come from

ventral CA1 [57, 58], which is consistent with our RV-

mediated labeling. Whether these projections from Ent and

Hip to the OB process spatial information for olfactory

recognition or are involved in olfactory learning and

memory remains to be elucidated.

Neuromodulatory Centrifugal Projections to the OB

In addition to the dense centrifugal feedback projections

from higher olfactory-related areas, the OB also receives

dense neuromodulatory inputs (cholinergic, noradrenergic,

and serotonergic) [5, 13, 14]. Cholinergic input to the OB is

provided primarily by the axons of neurons whose cell

bodies reside in the HDB in the basal forebrain; this has

been implicated in odor discrimination and detection, as

well as olfactory learning and memory [4, 5]. Both

nicotinic and muscarinic receptors are found in the OB

and play crucial and complementary roles in regulating the

coherence and sparseness of the OB network output and

olfactory behaviors [59, 60]. Although each layer in the OB

received cholinergic HDB projections, both the GL and

IPL are predominant in the distribution of axonal projec-

tions in choline acetyltransferase (Chat-Cre) mice [17, 61],

which is inconsistent with our RV-mediated retrograde

labeling showing that more neurons innervate the GCL

than GL. Perhaps this is because the method used in this

study through axon terminal RV absorption is different

from measuring the density of axon branches. It may also

be that cholinergic neurons have more synapses in the GCL

than in the GL. In addition to cholinergic inputs, GCs

receive centrifugal GABAergic projections from basal

forebrain as well as dSACs [62, 63].

The OB receives significant noradrenergic input from

the LC and norepinephrine is involved in olfactory

associative learning, as well as odor detection and dis-

crimination [64–66]. Norepinephrine dramatically changes

the activity of ETCs and GCs [67–69], which is consistent

with the RV labeling from the GCL, but no neurons in the

LC were infected in RV-mediated labeling from the GL. It

may be that the number of ETCs is much smaller than that

of GCs [19]. Besides, the density of axons of dopamine-B-

hydroxylase in the GL was much lower than that in the

GCL [33].

Serotonergic neurons in the raphe nuclei are involved,

via their extensive innervation, in a variety of functions

including depression, anxiety, sleep-wake cycles, reward,

patience in decision-making, and sexual preference

[70–76]. Serotonergic projections from the DR and MR

densely innervate the OB, where they modulate the initial

representation and processing of olfactory information

[5, 77, 78]. Almost all types of neurons in the OB are

dramatically modulated by serotonin [77, 79–83], the DR

mainly projecting to the GCL, and the MR to the GL [78].

In our RV-mediated labeling, only neurons in the DR were

infected from the GCL, but neurons in the MR were not

infected from the GL. This may be because of the

difference between the two labeling methods. It is also

possible that the two types of projection differ in function.
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