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Intestinal microbiota
modulates adrenomedullary response
through Nod1 sensing in chromaffin cells

Chen Xiang,1,2,9 Peihua Chen,2,3,4,9 Qin Zhang,1 Yinghui Li,1,2 Ying Pan,1 Wenchun Xie,5,6 Jianyuan Sun,2,3,4,*

and Zhihua Liu1,7,8,10,*

SUMMARY

The intestinal microbiota closely interacts with the neuroendocrine system and ex-
erts profound effects on host physiology. Here, we report that nucleotide-binding
oligomerization domain 1 (Nod1) ligand derived from intestinal bacteria modu-
lates catecholamine storage and secretion in mouse adrenal chromaffin cells. The
cytosolic peptidoglycan receptorNod1 is involved in chromograninA (Chga) reten-
tion in dense core granules (DCGs) in chromaffin cells.Mechanistically, upon recog-
nizing its ligand, Nod1 localizes to DCGs, and recruits Rab2a, which is critical for
Chga and epinephrine retention in DCGs. Depletion of Nod1 ligand or deficiency
of Nod1 leads to a profound defect in epinephrine storage in chromaffin cells
and subsequently less secretion upon stimulation. The intestine-adrenal medulla
cross talk bridged by Nod1 ligand modulates adrenal medullary responses during
the immobilization-induced stress response in mice. Thus, our study uncovers a
mechanism by which intestinal microbes modulate epinephrine secretion in
response to stress, which may provide further understanding of the gut-brain axis.

INTRODUCTION

Accumulating evidence has shown that microbes residing in the intestine are deeply intertwined with

diverse aspects of host physiology, ranging from metabolism, immune development, and immune re-

sponses to neuronal development and activity (Blander et al., 2017; Fung et al., 2017; Nicholson et al.,

2012; Rooks and Garrett, 2016). It is emerging that the neuroendocrine system closely interacts with the

gut microbiota (Farzi et al., 2018). Gut dysbiosis leads to profound alterations in neuroendocrine, neuro-

chemical, and behavioral parameters (Crumeyrolle-Arias et al., 2014; Foster and McVey Neufeld, 2013;

Rogers et al., 2016; Zheng et al., 2016). Uncovering the molecular mechanisms underlying such cross talk

between microbes and the neuroendocrine system is of importance to understand the role of the micro-

biota in host health and disease.

The neuroendocrine system controls vital processes in response to acute or chronic stress. The sympatho-

adrenal-medullary (SAM) and hypothalamic-pituitary-adrenocortical (HPA) axes are the primary systems

involved in the stress response. It has been recognized that the intestinal microbiota impacts stress re-

sponses. Absence of microbiota (germ-free [GF] status) or depletion of microbes by antibiotics in rodents

leads to exaggerated activation of the HPA axis associated with elevated adrenocorticotrophic hormone

and corticosterone levels in response to stress, accompanied with reduced anxiety (Sudo et al., 2004;

Zheng et al., 2016; Diaz Heijtz et al., 2011; Huo et al., 2017). Colonization by microbiota has been shown

to regulate the expression of critical HPA axis genes in hippocampus andmodulate hippocampal serotonin

concentration, which also affects HPA activation (Luo et al., 2018; Farzi et al., 2015; Shanks et al., 1995;

Clarke et al., 2013). Innate immune receptors are one of themechanisms underlying the effect of microbiota

on the HPA axis (Liu et al., 2014; Zacharowski et al., 2006). In comparison, the effect of intestinal microbiota

on the SAM pathway has not been extensively investigated. One previous study found that the absence of

gut microbial colonization selectively impaired catecholamine response to hypoglycemic stress in mice

(Giri et al., 2019); however, the molecular mechanism was not identified.

Nucleotide-binding oligomerization domain 1 (Nod1), together with Nod2, as classic pattern recognition

receptors, play a key role in mediating the microbe-host cross talk, including lymphoid tissue genesis
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(Bouskra et al., 2008), Paneth cell function in the intestine (Zhang et al., 2015), neutrophil priming (Clarke

et al., 2010), hematopoiesis (Iwamura et al., 2017), and 5-hydroxytryptamine (5-HT) signaling (Pusceddu

et al., 2019). Our previous studies have found specific roles of Nod1 and Nod2 in modulating the intracel-

lular membrane trafficking events of dense core granules (DCGs) in islet beta cells and intestinal Paneth

cells (Zhang et al., 2015, 2019), indicating that DCG-mediated secretion could be subjected to regulation

from commensal bacteria.

In this study, we found that Nod1 was highly expressed in adrenal chromaffin cells. Intestinal microbe-

derived Nod1 ligand modulated hormone secretion in chromaffin cells. Mechanistically, we found that

Nod1 localized to DCGs and recruited Rab2a onto DCGs, which subsequently affected Chga retention

in DCGs. Microbe sensing through Nod1 was required for efficient storage and secretion of epinephrine

in adrenal chromaffin cells. Finally, specific deficiency of Nod1 in chromaffin cells impaired epinephrine

secretion during immobilization stress in mice. Collectively, our results identify a new microbe-host cross

talk pathway, in which adrenal chromaffin cells sensemicrobial Nod1 ligand released from commensal bac-

teria by intestinal lysozyme to optimize epinephrine secretion during immobilization stress.

RESULTS

Nod1 expressed in adrenal chromaffin cells modulates epinephrine secretion

Immunohistochemical (IHC) staining of adrenal gland from wild-type (WT) mice detected Nod1 expression

specifically in the medulla, but not in the cortex region, whereas Nod1 deficiency abolished staining in the

medulla region (Figure 1A). Quantitative polymerase chain reaction inWT tissues showed thatNod1mRNA

was highly enriched in medulla but very low in the cortex (Figure 1B). The overall level of Nod1 mRNA in

adrenal glands was relatively low, probably because the medulla is not the major part of the adrenal gland.

Notably, Nod1mRNA and protein levels in the medulla were almost comparable to those in spleen, which

is known to express Nod1 at a high level (Figures 1B, S1A, and S1B), as previously reported (Inohara et al.,

1999).

We next sought to understand the biological function of Nod1 in adrenal chromaffin cells. Adrenal chro-

maffin cells are classic neuroendocrine cells, which secrete catecholamines upon receiving stimulation

from sympathetic nerves (Fenwick et al., 1982; Sala et al., 2008). Epinephrine is the major form of catechol-

amine present in adrenal chromaffin cells. Catecholamine secretion can be monitored in a real-time

manner using specific probes (Muller et al., 2014; Wang et al., 2018). A G protein-coupled receptor

(GPCR) activation-based NE (GRABNE) probe, based on an a2 adrenergic receptor, has been developed

for in vivo and in vitro measurement of epinephrine or norepinephrine dynamics (Feng et al., 2019). The

GRABNE sensor was constructed by inserting a circularly permutated enhanced green fluorescent

protein (eGFP) between the fifth and sixth transmembrane domains of the a2 adrenergic receptor.

When epinephrine or norepinephrine binds to the extracellular domain of the GRABNE sensor, a conforma-

tional change occurs between the fifth and sixth transmembrane domains to activate the green fluores-

cence of eGFP. Thus, when GRABNE sensor is expressed on the cell surface, its fluorescence reflects the

level of epinephrine/norepinephrine in the extracellular environment (Figure S1C). We employed the

GRABNE assay to monitor the secretion activity of chromaffin cell upon stimulation. Ex vivo cultured chro-

maffin cells were transfected with the GRABNE-encoding plasmid and subjected to K+ treatment to induce

secretion. The resulting fluorescence flux was recorded, and the changes of green fluorescence intensities

(DF/F0) were calculated to reflect the epinephrine (norepinephrine) level (Figures S1D and S1E). As origi-

nally published (Feng et al., 2019), the GRABNE plasmid also encodes a plasma membrane-targeted

mCherry following the coding sequence of GRABNE using an internal ribosome entry site (IRES) sequence.

Translation of this mCherry reporter through an IRES sequence is used to monitor possible photobleaching

during the experimentation. No photobleaching was apparent during our experiments (Figures S1D and

S1E).

We employed the GRABNE method to evaluate whether Nod1 or Nod1 ligand could affect the secretion of

epinephrine (and, to a lesser extent, norepinephrine) from ex vivo cultured chromaffin cells. iE-DAP was

used as the Nod1 agonist. A concentration of 1 mg/mL iE-DAP was chosen because we previously showed

that it could restore the Nod1 ligand activity of sera from GF mice to a level comparable to that in specific

pathogen-free (SPF) mice (Stojanovic and Trajkovski, 2019). iE-Lys was used as the negative control for iE-

DAP. In addition, lipopolysaccharides (LPS), the TLR4 ligand, and muramyl dipeptide (MDP), the Nod2

ligand, were included. Transient transfection of GRABNE inevitably resulted in different expression level,
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Figure 1. Adrenal chromaffin cells express Nod1 and sense Nod1 ligand

(A) Immunohistochemical (IHC) staining of Nod1 in paraffin sections of adrenal gland from wild-type (WT) andNod1�/�mice. Medullary regions are outlined

with a red dashed line. Blue boxed areas are shown at higher magnification (4 times enlarged) in the insets in the bottom right corner.

(B) Relative Nod1 mRNA levels in indicated tissues determined by quantitative PCR. The Gapdh mRNA level was used for normalization (n = 4 mice).

(C) Representative images of green fluorescence of GRABNE in transfected chromaffin cells during the course of treatment with K+ solution (90 mM) to trigger

secretion.

(D) The recorded relative fluorescence changes of GRABNE over the time course of the experiment (DF/F0) (n = 6–11 cells from 5 to 8 mice).

(E) The maximum peak of DF/F0 in the different treatment groups from (D).

Scale bars: 120 mm (A), 5 mm (C). Each symbol represents an individual mouse in (B) or an individual cell in (E). Summary plots show all data points with mean

and s.e.m (B and E). The line connects means of fluorescence change over the time course with ribbons indicating Gs.e.m. (D). Statistically significant

differences were determined using one-way ANOVA followed by Tukey’s post hoc test (B, E). ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001.

Experiments were repeated at least three times (A, B, C).
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Figure 2. Nod1 affects the amount of Chga and epinephrine in DCGs

(A) Electronmicroscopy images of epinephrine-storing cells fromWT andNod1�/�mice. Boxed areas are shown at higher magnification (3 times enlarged) in

the panels on the right. White arrowheads indicate type 1 DCGs, white arrows indicate type 2 DCGs and black arrows indicate type 3 DCGs.
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indicated by different basal level of GRABNE fluorescence. However, we found that the max F/F0 did not

correlate with basal level of GRABNE fluorescence (Figure S1F). Furthermore, analysis of the distribution

of basal level of GRABNE fluorescence suggested that treatment with different compounds did not overtly

affect basal level of GRABNE fluorescence in transfected primary chromaffin cells and PC-12 cells (Figures

S1G–S1I), a cell line derived from a pheochromocytoma of the rat adrenal medulla (Greene and Tischler,

1976).

As expected, a green fluorescence flux was induced on the plasma membrane of the chromaffin cells upon

K+ stimulation (Figure 1C). Notably, K+ induced comparable green fluorescence flux in WT cells treated

with iE-Lys, LPS, and MDP (Figures 1C and 1D), while a much stronger fluorescence flux was observed in

WT cells treated with iE-DAP (Figures 1C and 1D). The maximum changes of fluorescence intensity (Max

DF/F0) were significantly increased in iE-DAP-treated WT chromaffin cells compared with WT cells treated

with iE-Lys, MDP, or LPS (Figure 1E).

Chromaffin cells from Nod1�/� mice did not respond to K+ stimulation as robustly as cells from WT mice

(the iE-Lys-treated groups in Figures 1C–1E). iE-DAP treatment did not enhance the fluorescence flux in

Nod1�/� cells as it did in cells fromWTmice (Figures 1C–1E). Thus, Nod1 agonist can boost catecholamine

secretion from chromaffin cells in a Nod1-dependent manner.

Nod1 deficiency reduces the abundance of Chga and epinephrine in adrenal chromaffin cells

Adrenal chromaffin cells store epinephrine (norepinephrine) in DCGs. We employed transmission electron

microscopy (TEM) to analyze the morphology of DCGs. DCGmorphology differs greatly between epineph-

rine-storing and norepinephrine-storing cells under the fixation condition we used (Figure S2A). We

analyzed epinephrine-storing cells in our study. In epinephrine-storing cells, three types of vesicles were

present: (1) a thin halo with a dense core (indicated by white arrowheads in Figure 2A), (2) a swollen halo

with a dense core structure (indicated by white arrows in Figure 2A), and (3) a swollen halo with no notice-

able dense core (indicated by black arrows in Figure 2A). Most of the vesicles in WT chromaffin cells had a

dense core surrounded by a thin halo (type 1). A few vesicles in WT cells had dense cores that appeared less

compact (type 2); these might represent DCGs undergoing maturation. In comparison, Nod1�/� chro-

maffin cells were predominantly filled with enlarged vesicles, either with less compact cores (type 2, Fig-

ure 2A) or without dense cores (type 3, Figure 2A). We quantified the numbers of typical DCGs (type 1)

and atypical ones (types 2 and 3) in chromaffin cells from WT and Nod1�/� mice (Figure 2B). Around

40% of vesicles in chromaffin cells from Nod1�/� mice appeared atypical, compared to 10% in WT cells.

Furthermore, among the DCGs with dense cores (type 1 and type 2), the diameters of the cores were

smaller in chromaffin cells from Nod1�/� mice (Figure 2C). These data indicate that Nod1 deficiency leads

to abnormalities in DCG formation in chromaffin cells.

Chga plays a key role in the formation of DCGs (Kim et al., 2001). We probed for Chga in adrenal medulla of

WT and Nod1�/� mice and found that the Chga immunofluorescence signal was markedly reduced in

Nod1�/�medullas compared withWTmedullas (Figures 2D and S2B). Although TEM showed enlarged ves-

icles in chromaffin cells from Nod1�/� mice (Figure 2D), the immunofluorescence signal of the DCG mem-

brane protein synaptophysin (Figure 2D) appeared largely normal in confocal images of chromaffin cells

from Nod1�/� mice. The resolution of confocal imaging of fixed paraffin-embedded tissue might not be

sufficient to detect small alternations in vesicle size. To quantify Chga protein, we performed immunoblot-

ting on isolated adrenal medullas fromWT andNod1�/�mice. Loss of Nod1 markedly reduced the amount

Figure 2. Continued

(B) Quantification of typical (type 1) vs atypical (type 2, 3) DCGs in medullas from WT (n = 10 cells) and Nod1�/� (n = 8 cells) mice.

(C) Quantification of dense core diameters in type1 and type 2 DCGs present in chromaffin cells in WT (n = 502 DCGs) and Nod1�/� (n = 334 DCGs) mice.

(D) Immunostaining and confocal imaging of synaptophysin (green) and Chga (red) in paraffin sections of adrenal glands from WT and Nod1�/� mice.

(E) Representative immunoblots of Chga in the dissected adrenal medullas fromWT (n = 3) andNod1�/� (n = 3) mice. Gapdh was used as a loading control.

(F) Relative level of Chga protein compared to Gapdh in isolated adrenal medullas, analyzed by immunoblotting, and quantified by densitometry.

(G) Immunostaining and confocal imaging of epinephrine (green) and TH (red) in paraffin sections of adrenal glands from WT and Nod1�/� mice.

(H) Quantification of relative epinephrine fluorescence in the images related to (G).

(I) The amount of epinephrine in adrenal glands in WT and Nod1�/� mice.

Scale bars, 2 mm (A), 10 mm (D), 100 mm (G). Statistically significant differences were determined using the student’s t-test (B, C, F, H, I). **p < 0.01, ***p < 0.001

and ****p < 0.0001. Each symbol represents an individual mouse (F, I). Mean and s.e.m. are indicated (B, C, F, H, I). Data (D-G) are representative of three

independent experiments.
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Figure 3. Microbe-derived Nod1 ligand modulates the amount of Chga and epinephrine in chromaffin cells

(A) Immunostaining and confocal imaging of Chga (red) and synaptophysin (green) in adrenomedullary tissue sections from WT, ABX, and Lyz1�/� mice.

(B) Immunostaining and confocal imaging of epinephrine (green) and TH (red) in paraffin sections of adrenal glands from the indicated mice.

(C and D) The epinephrine content in adrenal glands frommice treated with H2O (vehicle, n = 6) or antibiotic cocktail (ABX, n = 7), as well as in adrenal glands

from WT (n = 6), Lyz1�/� (n = 5), and Lyz1�/� orally supplemented with iE-DAP (n = 12) mice.

(E) The relative level of Nod1 mRNA in isolated medullary region from the indicated mice (WT, n = 5; ABX, n = 5; Lyz1�/�, n = 4) determined by quantitative

PCR.

(F) Immunoblotting of Nod1 in isolated medullary regions from the indicated mice. Actin was used as a loading control.
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of Chga protein (Figures 2E and 2F). Meanwhile, Chga, Chgb, Synaptotagmin I, and Carboxypeptidase E

mRNA levels were comparable in isolated adrenal medullas fromWT andNod1�/�mice (Figures S2C–S2F).

In addition, mRNA levels of genes involved in epinephrine synthesis and 5-HT recycling were similar in WT

and Nod1�/� mice (Figures S2G–S2I).

Chga is critical for epinephrine condensation in DCGs (Pasqua et al., 2016). We used an antibody to probe

for epinephrine in adrenal medullas and found that the anti-epinephrine immunofluorescence was weaker

in medullas from Nod1�/� mice compared with medullas from WT mice (Figures 2G and 2H). Tyrosine hy-

droxylase (TH) was stained to mark chromaffin cells (Figure 2G). We further quantified the amount of

epinephrine in adrenal glands and found that Nod1 deficiency markedly reduced the abundance of

epinephrine (Figure 2I). Thus, deficiency of Nod1 leads to reduced levels of Chga and epinephrine in DCGs.

Microbial Nod1 ligand regulates the abundance of Chga and epinephrine in DCGs

Nod1 ligand derived from intestinal microbes is known to get into the circulation and modulate a range of

biological activities in a Nod1-dependent manner (Bouskra et al., 2008; Chan et al., 2017; Zhang et al., 2019;

Hergott et al., 2016; Iwamura et al., 2017). Here, we suspected that Nod1 ligand from intestinal microbes

might be involved in regulating Nod1 activity in adrenal chromaffin cells. Treatment with antibiotics has

been used to deplete microbial ligands in the circulation (Clarke et al., 2010; Bird, 2010; Arentsen et al.,

2017; Hergott et al., 2016). We found that treatment of mice with a cocktail of antibiotics (ABX) significantly

reduced the bacterial load and diminished the Chga staining in chromaffin cells (Figures 3A, S3A, and S3B).

Since oral gavage could be stressful, we subjected a group of mice to the same oral gavage procedure with

H2O. Oral gavage itself did not affect Chga staining in chromaffin cells (Figure S3B). We previously reported

that the presence of circulating Nod1 ligand depends on lysozyme in the intestinal lumen, and deficiency of

Lyz1 in mice leads to reduced level of microbial Nod1 ligand in the circulation (Zhang et al., 2019). We

immunostained Chga in adrenal glands in Lyz1�/� mice and found that the Chga signal was diminished

in chromaffin cells (Figures 3A and S3C).

We further determined whether the amount of epinephrine was affected in mice lacking Nod1 ligand.

Immunofluorescence staining detected a marked reduction of epinephrine in TH+ cells in adrenal glands

in ABX or Lyz1�/� mice compared with WT mice (Figures 3B and S3D). Quantification confirmed that this

reduction was highly significant in ABX or Lyz1�/� mice compared with control groups (Figures 3C and

3D). Of note, the overall structure and the relative ratio between medulla to whole adrenal gland was

not altered in Lyz1�/� mice (Figures S3E–S3J). To further determine whether Nod1 ligand was involved

in modulating the amount of adrenal epinephrine, we orally supplemented Lyz1�/� mice with iE-DAP.

The supplementation partially restored the level of epinephrine in Lyz1�/�mice (Figure 3D). Previously, oli-

gopeptide transporters encoded by SLC15A3 and SLC15A4 were reported to be responsible for transport-

ing small peptidoglycan (PGN) fragments into macrophages (Nakamura et al., 2014). Here, we found that

both transporters were expressed in adrenal medulla (Figures S3K and S3L). We suspected that such trans-

porters might be responsible for transporting microbial Nod1 ligand into chromaffin cells.

To determine how Nod1 ligand and Nod1 receptor were involved in Chga and epinephrine storage in

DCGs, we first determined whether ABX treatment or Lyz1 deficiency might affect the expression of

Nod1 in adrenal gland. Nod1 mRNA levels were comparable among WT, ABX-treated, and Lyz1�/�

mice (Figure 3E). Immunoblotting showed comparable levels of Nod1 in isolated adrenomedullas from

WT and Lyz1�/� mice (Figure 3F), which was confirmed by IHC in adrenal glands (Figures S3M and S3N).

We determined the cellular localization of Nod1 in adrenal glands from WT, ABX-treated, and Lyz1�/�

mice. We used Rab10 to mark the DCGs (Figure 3G). Rab10 colocalized with Chga on DCGs in WT chro-

maffin cells (Figure S3O), consistent with the previous publication indicating Rab10 localization on DCGs

in intestinal Paneth cell (Zhang et al., 2015). Nod1 colocalized with Rab10 in the adrenomedullary region

in WT mice, indicating the recruitment of Nod1 onto DCGs (Figure 3G). However, the recruitment of

Figure 3. Continued

(G) Immunostaining and confocal imaging of Nod1 (red) and Rab10 (green) in adrenomedullary tissue sections from the indicated mice.

(H) Quantification of relative Nod1 fluorescence in the images related to (G).

Scale bars, 10 mm (A, B, and G). Statistically significant differences were determined using the student’s t-test (C) and one-way ANOVA (D and E). **p < 0.01

and ****p < 0.0001. Each symbol represents an individual mouse. Mean and s.e.m. are indicated (C, D, E, and H). Data (A, B, F, G, and H) are representative of

three independent experiments.
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Nod1 onto DCGs was significantly reduced in ABX-treated or Lyz1�/�mice (Figures 3G and 3H). These data

indicate that Nod1 normally localizes to DCGs in the presence of microbes or circulating microbial

products.

Nod1 recruits Rab2a onto DCGs to regulate Chga retention in DCGs

We next sought to understand the molecular mechanism by which Nod1 affects the abundance of Chga in

DCGs. Rabs, a family of small GTPases, aremaster regulators of intracellular membrane trafficking. Rab2a is

known to be a Golgi-resident GTPase, governing intra-Golgi trafficking (Buffa et al., 2008; Ailion et al.,

2014). In addition, Rab2a localizes to the membranes of lysosome-like organelles, such as DCGs, melano-

somes and early endosomes. Studies have shown that Rab2a regulates cargo sorting events in neurons in

C. elegans and intestinal Paneth cells (Edwards et al., 2009; Sumakovic et al., 2009; Zhang et al., 2015). In

C. elegans, Rab2 null mutation impaired the maturation of the dense core of DCGs, and DCG cargos were

mistargeted to early endosomes for degradation (Sumakovic et al., 2009; Edwards et al., 2009). In cultured

intestinal organoids, Rab2a knockdown led to lysozyme being targeted for degradation in lysosomes

instead of being stored in DCGs in Paneth cells (Zhang et al., 2015). Thus, we suspected that Rab2a might

act downstream of Nod1 in regulating Chga storage in DCGs in chromaffin cells. We performed immuno-

staining of Rab2a and Nod1 in adrenal medulla (Figure S4A). We found that Rab2a and Nod1 largely colo-

calized inWT chromaffin cells (Figure S4A), consistent with our data showing that Nod1 localized to Rab10+

DCGs (Figure 3G). Consistently, our immunostaining showed Rab2a was recruited to synaptophysin+ DCGs

in chromaffin cells in WT mice (Figure 4A). In comparison, the immunostaining signal of Rab2a on

synaptophysin+ DCGs was greatly reduced in chromaffin cells from Nod1�/� mice (Figures 4A and S4B),

whereas the protein level of Rab2a in isolated adrenal medullas from Nod1�/� mice was comparable

with that from WT mice (Figure 4B), which indicates that the reduced immunostaining signal of Rab2a

on DCGs in adrenal chromaffin cells from Nod1�/� mice was due to reduced recruitment. Furthermore,

the immunostaining signal of Rab2a on synaptophysin+ DCGs was greatly reduced in chromaffin cells

from ABX or Lyz1�/� mice (Figures 4C and S4C), whereas the protein level of Rab2a in isolated adrenal me-

dullas from Lyz1�/� mice was comparable with that from WT mice (Figure 4B).

To determine whether Rab2a affects Chga retention in DCGs, we determined the effect of Rab2a on Chga

in PC-12 cells. To perturb the activity of Rab2a, we created a Rab2a mutant, S20N, which was previously

determined as a dominant negative mutant (Tisdale et al., 1992). By immunofluorescence staining, we

compared the level of Chga between PC-12 cells transfected with eGFP empty vector (EV), designated

eGFP(EV), eGFP-tagged Rab2a-WT, designated eGFP-Rab2a(WT), and cells transfected with eGFP-tagged

Rab2a-S20N, designated eGFP-Rab2a(S20N) (Figure 4D). The expression of eGFP-Rab2a(S20N) led to a

significant reduction in Chga protein level, indicated by reduced fluorescence intensity (Figures 4D–4F),

compared to cells expressing eGFP(EV) or eGFP-tagged Rab2a-WT (Figures 4D–4F). It was previously

shown that loss of Rab2a led to mistargeting of DCG cargos for degradation in lysosomes (Zhang et al.,

2015; Edwards et al., 2009; Sumakovic et al., 2009). We treated PC-12 cells expressing Rab2a S20N with

two different inhibitors of lysosome activity, leupeptin or chloroquine. Leupeptin or chloroquine treatment

effectively restored Chga in cells expressing the Rab2a S20Nmutant (Figures 4D–4F). Thus, Rab2a activity is

involved in regulating the storage of Chga in DCGs.

Reduced catecholamine secretion in chromaffin cells deficient in Nod1 or Nod1 ligand

We next decided to address whether endogenous microbial Nod1 ligand might affect catecholamine

secretion of chromaffin cells. We first employed the GRABNE assay to compare the secretion activities of

chromaffin cells isolated fromWT,Nod1�/� and Lyz1�/�mice.Consistent with our result in Figure 1A, chro-

maffin cells from Nod1�/� mice displayed a defect in K+-induced catecholamine secretion, compared to

cells from WT mice (Figures 5A–5C). Deletion of Lyz1 also resulted in a marked defect in K+-induced cate-

cholamine secretion (Figures 5A–5C), albeit less severe than in cells from Nod1�/� mice. We wanted to

determine whether supplementing Nod1 ligand could restore catecholamine secretion in Lyz1�/� mice.

We orally supplemented Lyz1�/� mice with iE-DAP at a dose which restored the circulating level of

Nod1 ligand in vivo in Lyz1�/� mice (Zhang et al., 2015). Orally supplementing Lyz1�/� mice with iE-DAP

restored the secretion activity of ex vivo cultured chromaffin cells (Figures 5A–5C). This indicates that

the lack of Nod1 ligand underlies the secretion defect in chromaffin cells in Lyz1�/� mice.

Next, we decided to determine the effect of Nod1 or its ligand on the dynamics of catecholamine secretion

using single-cell amperometry. Single-cell amperometry measures the numbers of released catecholamine
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Figure 4. Nod1 recruits Rab2a onto DCGs to regulate Chga retention in DCGs

(A) Immunostaining and confocal imaging of Rab2a (green) and synaptophysin (red) in paraffin sections of adrenal glands from WT and Nod1�/� mice.

(B) Immunoblotting of Rab2a in isolated medullary regions from the indicated mice. Gapdh was used as a loading control.

(C) Immunostaining and confocal imaging of Rab2a (green) and synaptophysin (red) in paraffin sections of adrenal gland from WT, ABX, and Lyz1�/� mice.

(D) PC-12 cells were transfected with eGFP empty vector (EV), wild-type Rab2a tagged with eGFP, or a dominant-negative Rab2a-S20N mutant tagged with

eGFP and then subjected to the indicated treatments. Cells were immunostained with anti-GFP (red) and anti-Chga (gray) antibodies. White dashed lines

indicate the designated cell boundary.

(E) Fluorescence intensity analysis along the designated line on the left using Nikon-Elements Advanced Research Imaging Software.

(F) Fluorescence intensity of Chga staining in GFP-expressing cells shown in (D). At least 988 GFP+ cells (from more than 70 frames) were quantified per sample.

Scale bars, 10 mm (A, C, and D). Each symbol represents one cell in (F). Statistically significant differences were determined using one-way ANOVA (F). ****p <

0.0001. ns, indicates no significant difference. Summary plot shows means and sd (F). Data (A-E) are representative of three independent experiments.
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molecules during every individual exocytosis event (Garcia et al., 2006; Wightman et al., 1991). Basically,

catecholamines from each vesicle are captured and oxidized on a carbon electrode, resulting in a current

(or amperometric) peak for each vesicle that bursts (Figure 6A). Each validated current peak represents a

fusion event, and the number of catecholamine molecules from each fusion event is calculated from the

integration of each single current event (Garcia et al., 2006; Wightman et al., 1991). Single-cell amperom-

etry does not distinguish different kinds of catecholamines, but it can accurately quantify the number of

molecules released and the kinetic parameters of each vesicle (Dunevall et al., 2015). Single-cell amperom-

etry was employed to record each K+-stimulated fusion event between secretory vesicles and the plasma

Figure 5. Endogenous Nod1 ligand modulates catecholamine secretion ex vivo

(A) Representative images of green fluorescence of GRABNE in transfected chromaffin cells fromWT,Nod1�/�, Lyz1�/�mice, or Lyz1�/�mice orally gavaged

with iE-DAP, during the course of treatment with K+ solution (90 mM) to trigger secretion.

(B) The recorded relative fluorescence changes of GRABNE over the time course of the experiment (DF/F0) (n = 8–12 cells from 5 to 8 mice).

(C) The maximum peak of DF/F0 in the different treatment groups from (B).

Scale bar, 5 mm (A). Each symbol represents a different cell (C). Statistically significant differences were determined using one-way ANOVA followed by

Tukey’s post hoc test (C). ns, not significant, *p < 0.05, **p < 0.01. Data are representative of three independent experiments.
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membrane on cultured primary chromaffin cells from WT, Nod1�/�, and Lyz1�/� mice (Figure 6B). The dis-

tribution of the peak current of individual amperometric spike events was skewed toward lower

values in Nod1�/� and Lyz1�/� chromaffin cells (Figure 6C). The means of peak current of individual event

were significantly reduced in Nod1�/� and Lyz1�/� chromaffin cells compared with WT cells (Figure 6C),

while the difference in medians of peak current of individual cells did not reach statistical significance

(Figure 6D).

The numbers of catecholamine molecules released in each fusion event were calculated. The molecule

numbers were significantly decreased per event in Nod1-or Lyz1-deficient cells (Figure 6E). This indicates

that fewer catecholamine molecules were secreted per fusion event in Nod1�/� and Lyz1�/� chromaffin

cells compared with WT cells. Comparing the medians of molecule numbers of individual cells also indi-

cated a reduction in catecholamine secretion in Nod1�/� and Lyz1�/� chromaffin cells (Figure 6F).

Figure 6. Amperometry recordings reveal a significant decrease in the number of catecholamine molecules released by individual vesicles in

Nod1�/� and Lyz1�/� adrenal chromaffin cells

(A) Schematic diagram of the amperometry recording experiment.

(B) Representative amperometric traces from WT, Nod1�/�, and Lyz1�/� chromaffin cells.

(C) Peak current of each amperometric spike event from WT (n = 2106 events), Nod1�/� (n = 1256 events), and Lyz1�/� (n = 1316 events) chromaffin cells.

(D) Medians of peak current from each WT (n = 15 cells), Nod1�/� (n = 14 cells), and Lyz1�/� (n = 16 cells) chromaffin cell were plotted with s.e.m.

(E) Number of molecules in each amperometric spike event from WT (n = 2106 events), Nod1�/� (n = 1256 events), and Lyz1�/� (n = 1316 events) chromaffin

cells.

(F) Medians of number of molecules from each WT (n = 15 cells), Nod1�/� (n = 14 cells), and Lyz1�/� (n = 16 cells) chromaffin cells were plotted with s.e.m.

(G) Medians of total spike charge of each individual WT (n = 15 cells),Nod1�/� (n = 14 cells), and Lyz1�/� (n = 16 cells) chromaffin cell were plotted with s.e.m.

Statistically significant differences were determined using one-way ANOVA followed by Tukey’s post hoc test (C-F). *p < 0.05, **p < 0.01, ****p < 0.001.
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Calculation of total spike charges also indicated less secretion of catecholamine in Nod1�/� and Lyz1�/�

chromaffin cells (Figure 6G). Taken together, these data indicate that deficiency of Nod1 or Lyz1 leads

to impaired catecholamine secretion from DCGs.

Deficiency of Nod1 ligand impairs the stress response

Wewanted to determine the physiological function of Nod1 sensing in adrenal chromaffin cells.We employed a

mouse immobilization model, which has been widely used to evaluate the adrenal medullary response during

stress. The elevated epinephrine, together with other stress hormones, induces a range of physiological re-

sponses in preparation for the fight-or-flight response, including increased blood sugar level, glycogen mobili-

zation in the liver, etc (Buira et al., 2004; Fernandez et al., 2000; Park et al., 2016; Kang et al., 2015). The plasma

level of epinephrine reaches its peak from 30 min to 90min after the onset of immobilization stress (Jeong et al.,

2000; Kvetnansky et al., 2006; Qing et al., 2020). Thus, we subjected WT and Lyz1�/� mice to one hour of immo-

bilization. WT and Lyz1�/� mice had comparable levels of circulating epinephrine under basal (non-stressed)

conditions (Figure 7A).When themice were immobilized for one hour, the level of circulating epinephrinemark-

edly increased in WT mice, but the increase was blunted in Lyz1�/� mice (Figure 7A). We found that the blood

sugar was clearly elevated in both Lyz1�/� andWTmice after restraint (Figure 7B), and the surge in blood sugar

was less pronounced in Lyz1�/� mice (Figure 7B).

To further address more specifically whether Nod1 may affect epinephrine secretion in adrenal medulla,

we depleted Nod1 in adrenal chromaffin cells by crossing Dbh-cre mice with Nod1f/f mice. The Nod1

mRNA level was significantly reduced in the adrenomedullary region of Dbh-cre;Nod1f/f mice (Fig-

ure S5A). The staining signals of epinephrine and Chga were marked reduced in adrenal medullas in

Dbh-cre;Nod1f/f mice compared with those in Nod1f/f mice (Figures S5B and S5C). Adrenal glands

from Dbh-cre;Nod1f/f mice contained less epinephrine than control Nod1f/f mice, while the overall

structure of adrenal gland and the relative ratio of medulla to whole adrenal gland were not changed

in Dbh-cre;Nod1f/f mice (Figures S5D–S5J). We also performed the GRABNE assay on cells isolated

from Dbh-cre;Nod1f/f mice and control mice. K+-stimulated epinephrine secretion was markedly blunted

in cells from Dbh-cre;Nod1f/f mice compared with Nod1f/f or Dbh-cre controls (Figures S5K–S5M). To

determine whether depletion of Nod1 in adrenal chromaffin cells might affect epinephrine in vivo, we

subjected control and Dbh-cre;Nod1f/f mice to immobilization. Control and Dbh-cre;Nod1f/f mice had

a comparable level of circulating epinephrine (Figure 7C). Immobilization resulted in a dramatic increase

in the circulating epinephrine level in control mice, while the increase in epinephrine level was less

pronounced in Dbh-cre;Nod1f/f mice (Figure 7C). The increase in blood sugar was also blunted in

Dbh-cre;Nod1f/f mice compared with control mice (Figure 7D). Previous studies have shown that stress

can result in significant depletion of liver glycogen within 20 or 30 min of the onset of immobilization

(Sánchez et al., 2002; Fernández et al., 2000). We subjected mice to immobilization for 25 min. We found

that the stress-induced depletion of the liver glycogen store in Dbh-cre;Nod1f/f mice was milder than in

control mice (Figure 7E). Thus, our data demonstrate that Nod1 sensing in adrenal medulla is involved in

epinephrine secretion during immobilization stress.

DISCUSSION

Here, we report that intestinal microbes modulate epinephrine output from adrenal medulla during

immobilization stress. Mechanistically, we propose that upon sensing its ligand, Nod1 recruits Rab2a

onto DCGs, which assists the retention of Chga and epinephrine in DCGs. Defects in this pathway

lead to reduced epinephrine secretion. Thus, our study unveils a physiological role of Nod1-mediated

cross talk between intestine and adrenal medulla to promote the epinephrine surge during the acute

stress response.

Our ex vivo GRABNE sensor assay revealed that exogenous iE-DAP enhanced epinephrine secretion in

chromaffin cells in a Nod1-dependent manner, indicating a role of Nod1 in epinephrine secretion. It is

notable that the ex vivo cultured Nod1�/� chromaffin cells had an impaired secretion response compared

with WT chromaffin cells. It is possible that Nod1 plays ligand-dependent and ligand-independent roles in

modulating epinephrine secretion. Epinephrine secretion from ex vivo cultured Lyz1�/� chromaffin cells

was blunted, which indicates a ligand-dependent role of Nod1. However, it remains to be addressed

whether Nod1 modulates epinephrine through ligand-independent manner. The PGN fragments sensed

by adrenal glands are derived from intestinal microbes residing in the GI tract. To better mimic the route

by which natural PGNs enter adrenal glands, we choose oral gavage to supplement the mice with iE-DAP.
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Oral supplementation of iE-DAP rescued the secretion defect of chromaffin cells from Lyz1�/� mice,

indicating that optimal secretory activity of chromaffin cells from WT mice depends on the presence of

endogenous Nod1 ligand. It is possible that endogenous Nod1 ligand remained bound in ex vivo cultured

chromaffin cells from WT mice and regulated catecholamine secretion. It is also possible that the ex vivo

cultured chromaffin cells from WT mice contained more epinephrine when initially isolated, and more

epinephrine was secreted upon stimulation during the GRABNE assay.

Nod1 expression is known in immune-related tissues, such as spleen and lung. In this study, we found that

the adrenal medullary region expressed a high level of Nod1. Notably, the expression of Nod1 in adrenal

Figure 7. Deficiency of Nod1 ligand impairs epinephrine response

(A and C) Plasma level of epinephrine in the steady state and following stress induction by immobilization (IMMO; 1 hr) in WT (non-stressed, n = 7; IMMO 1 hr,

n = 7), Lyz1�/� (non-stressed, n = 10; IMMO 1 hr, n = 6), Dbh-cre (non-stressed, n = 5; IMMO 1 hr, n = 5), Nod1f/f (non-stressed, n = 8; IMMO 1 hr, n = 7) and

Dbh-cre;Nod1f/f (non-stressed, n = 6; IMMO 1 hr, n = 6) mice.

(B and D) Concentration of blood glucose in the steady state and following immobilization (IMMO; 1 hr) in WT (n = 7), Lyz1�/� (n = 6), Dbh-cre (n = 5),Nod1f/f

(n = 7) and Dbh-cre;Nod1f/f (n = 10) mice.

(E) Liver glycogen content under steady-state conditions or after 25 min IMMO in Nod1f/f (non-stressed, n = 8; IMMO 1 hr, n = 5) and Dbh-cre;Nod1f/f (non-

stressed, n = 8; IMMO 1 hr, n = 5) mice.

Statistically significant differences were determined using one-way ANOVA followed by Tukey’s post hoc test (A-E). ns, indicates no significant difference (p

> 0.05). *p < 0.05, **p < 0.01 and ***p < 0.001. Summary plots (A-E) show mean with s.e.m. Each symbol represents an individual mouse.
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gland was restricted to the medulla region, as evidenced by our immunohistochemistry and

quantitative PCR results. In comparison, the overall level of Nod1 mRNA in adrenal gland remained rela-

tively low, consistent with online databases. Interestingly, our previous study found a highly restricted

expression of Nod1 in pancreatic beta cells but not in other pancreatic cells (Zhang et al., 2015).

RNA-seq data showed selectively higher expression of Nod1 in adrenal chromaffin cells compared to sym-

pathetic nerves (Chan et al., 2019). Thus, we suspect that Nod1, despite not being widely expressed, is

selectively expressed in small subsets of cells in certain tissues, which might be involved in responding

to bacterial PGNs.

Adrenal chromaffin cells are the primary source of epinephrine during the immobilization-induced stress

response. We employed the immobilization method to evaluate the role of Nod1 in epinephrine secretion.

A mouse Dbh-cre line was used to deplete Nod1. In addition to adrenal chromaffin cells, Dbh is also ex-

pressed in certain neurons and sympathetic nerves. Thus, we cannot exclude the possibility that Nod1

may play roles in catecholaminergic Dbh+ cells other than adrenal chromaffin cells during the stress

response. However, our analysis on ex vivo cultured primary chromaffin cells supports a cell-intrinsic role

of Nod1. It remains to be determined whether Nod1 expressed in cells other than intestinal epithelium

and adrenal chromaffin cells may regulate other aspects of physiological processes involved in the stress

response.

Studies have revealed that GF and ABX mice displayed reduced anxiety-like behavior compared with SPF

controls. Previous studies had demonstrated that the HPA axis and serotonergic system were altered in

mice lacking microbiota (Sudo et al., 2004; Clarke et al., 2013; Zheng et al., 2016). The adrenomedullary

response, HPA axis and hippocampal serotonergic system are tightly integrated in regulating stress, anx-

iety and depression. Our study indicates a role of Nod1 in regulating the adrenomedullary response by

regulating epinephrine storage and secretion. It is worth noting that 5-HT can exert an inhibitory effect

on epinephrine secretion from adrenal chromaffin cells (Brindley et al., 2016). It has been shown that adre-

nal chromaffin cells recycle 5-HT through serotonin transporter (SERT) (Brindley et al., 2016; Linder et al.,

2009). Deficiency of SERT resulted in reduction of 5-HT in adrenal gland and enhanced secretion of

epinephrine without affecting the adrenal gland epinephrine content. In primary cultured chromaffin cells,

5-HT treatment reduced the number of vesicles undergoing exocytosis, without affecting the quantal size

and kinetics of transmitter release from individual vesicular fusion events (Brindley et al., 2016, 2017). Pre-

viously, Nod1 has been implicated in the 5-HT signaling pathway. Mice deficient in both Nod1 and Nod2

exhibited signs of stress-induced anxiety-like behavior and had lower levels of 5-HT in both the hippocam-

pus and brainstem, through a mechanism that partially depended on Nod1 expressed in the intestinal

epithelium (Pusceddu et al., 2019). Indeed, another study found that Nod1 activation reduced the SERT

mRNA level in an intestinal epithelial cell line (Layunta et al., 2018). However, our quantitative PCR showed

that depletion of Nod1 did not affect the SERT mRNA level in adrenal chromaffin cells. Furthermore, our

single-cell amperometry showed reduced quantal size and kinetics of individual vesicular fusion events

in chromaffin cells from Nod1�/� and Lyz1�/� mice, indicating a mechanism distinct from 5-HT recycling.

Therefore, the effect of microbial Nod1 ligand on epinephrine storage and secretion is independent of

5-HT signaling.

We found that loss of Nod1 or microbial Nod1 ligand results in impaired storage and secretion of

epinephrine in DCGs. Nod1�/� and Lyz1�/� mice had lower levels of Chga and epinephrine. Chga

has been shown to regulate the biogenesis of catecholamine-containing DCGs in the adrenal gland

(Dı́az-Vera et al., 2012; Kim et al., 2001; Pasqua et al., 2016). We attribute the reduced storage of

epinephrine to the reduced amount of Chga. Previous work found that the absence of gut microbial

colonization selectively impaired the catecholamine response to hypoglycemic stress in mice, and the

transcriptome in adrenal glands was altered (Giri et al., 2019). However, the amounts of epinephrine

and Chga in adrenal glands were not analyzed. It remains to be determined whether Nod1-regulated

storage of epinephrine may also contribute to the impaired catecholamine response to hypoglycemic

stress.

Previous findings have found that Nod1 and Nod2 undergo enhanced membrane recruitment upon ligand

binding (Lu et al., 2019). Indeed, our previous studies have shown enhanced membrane recruitment of

Nod1 and Nod2 upon commensal bacterial colonization in b cells and intestinal Paneth cells, respectively

(Zhang et al., 2019). In this study, immunostaining showed Nod1 largely localized to DCGs in chromaffin

ll
OPEN ACCESS

14 iScience 24, 102849, August 20, 2021

iScience
Article



cells in WT mice, and ABX treatment or Lyz1 depletion greatly reduced the staining signal of Nod1 on

DCGs. Meanwhile, our immunoblotting and quantitative PCR showed comparable levels of Nod1 protein

and mRNA present in medullas in WT and Lyz1�/� mice. Thus, we attributed the reduced staining of Nod1

on DCGs to the reduced membrane recruitment of Nod1 onto DCGs. Our immunostaining procedure on

paraffin-embedded tissues might have favored the visualization of membrane-localized proteins, which we

have previously encountered (Zhang et al., 2015, 2019). We suspect that the amount of cytosolic Nod1 was

underestimated in our staining. Nevertheless, our data support that the recruitment of Nod1 onto DCGs

can be enhanced by microbial Nod1 ligand.

Our electron microscopy (EM) analysis revealed enlarged DCGs and less condensed DCG cores in chro-

maffin cells in in Nod1�/� mice, a defect similar to that reported for Chga KO mice in the C57BL/6J back-

ground (Pasqua et al., 2016). We found that Chga mRNA levels were not affected in adrenal medullas of

Nod1�/� mice, while Chga protein levels were reduced by half. We observed reduced recruitment of

Rab2a onto DCGs in Nod1�/�, Lyz1�/�, and ABX mice. Overexpressing a dominant negative mutant

of Rab2a reduced the level of Chga in PC-12 cells, and this phenotype was reversed by inhibiting the

activity of lysosomes. We propose a scenario where a reduced level of Nod1 or Nod1 ligand impairs

Rab2a recruitment onto DCG membranes, which may cause mistargeting of a significant proportion of

Chga to lysosomes for degradation. The involvement of Rab2a in DCG cargo sorting has been previously

reported (Edwards et al., 2009; Sugawara et al., 2014; Sumakovic et al., 2009; Zhang et al., 2015). Loss of

Rab2a in neurons in C. elegans led to specific lysosomal degradation of a neuropeptide that is normally

located in DCGs (Edwards et al., 2009; Sumakovic et al., 2009). Knockdown of Rab2a led to lysosomal

degradation of lysozyme in intestinal Paneth cells (Zhang et al., 2015). Besides DCGs, Rab2a also func-

tions at various steps of intracellular membrane trafficking, including endoplasmic reticulum (ER)-Golgi

transport, autophagy and autolysosome formation, and endosome-lysosome fusion. Indeed, our results

showed that Nod1 localized to a region close to nuclei, together with Rab2a, in chromaffin cells from

ABX or Lyz1�/� mice. Therefore, Nod1 together with Nod1 ligand is required to recruit Rab2a onto

DCGs. We suspect some other factors downstream of Nod1 are involved in recruiting Rab2a onto

DCGs, which warrants further investigation.

Although Nod1 is well recognized as a peptidoglycan receptor involved in inflammation, investigations

into the mechanisms that mediate cross talk between host and commensal microbes have uncovered a

much more complex role of Nod1. For instance, Nod1, activated by the Nod1 ligand, instructs the matu-

ration of gut-associated lymphoid tissues in mice (Bouskra et al., 2008). Nod1 signaling primes neutrophils

for optimal bactericidal activity (Clarke et al., 2010). Nod1 signaling in mesenchymal stromal cells regulates

hematopoiesis (Iwamura et al., 2017). Nod1 signaling contributes tometabolic inflammation during high fat

diet-induced obesity (Schertzer et al., 2011). Beyond immunity and inflammation, Nod1 sensing regulates

5-HT signaling in intestinal epithelium and regulates insulin trafficking in islet beta cells (Pusceddu et al.,

2019; Zhang et al., 2019). Despite extensive evidence that Nod1 mediates the cross talk between host

and commensal bacteria, it remains largely unanswered how Nod1 ligand derived from commensal bacte-

ria gets into various host cells. It was previously reported that oligopeptide transporters encoded by

SLC15A3 and SLC15A4 are responsible for transporting small PGN fragments into macrophages (Naka-

mura et al., 2014). Whether such transporters mediate import of Nod1 ligand from the circulation into

Nod1-expressing cells remains to be determined.

In summary, Nod1 ligand from intestinal microbes directly modulates the storage of Chga and epinephrine

in DCGs in adrenal chromaffin cells, which optimizes epinephrine secretion under stress conditions. Thus,

our study further exemplifies Nod1 ligand as a key signaling molecule in the microbiota-intestine-brain

axis.

Limitations of the study

In this study, we demonstrated that adrenal chromaffin cells respond to colonization of commensal bacte-

rial through sensing soluble molecule, such as Nod1 ligand, from commensal bacteria. Our ex vivo exper-

iments show an effect of Nod1 ligand on isolated adrenal chromaffin cells. Although the ex vivo system

offers an opportunity to dissect the molecular mechanisms, the interactions between bacteria and SAM

in vivo are likely more complicated. We used Lyz1�/� mice or Dbh-cre;Nod1f/f mice for our in vivo exper-

iments to demonstrate the effect of bacterial Nod1. However, both animal models have their drawbacks.

Other bacterial ligands could be altered in Lyz1�/� mice, while cells other than chromaffin cells could be
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affected in Dbh-cre;Nod1f/f mice. The effects of bacterial colonization on the stress response are likely co-

ordinated by an array of different bacterial components and a number of host cells and sensors. The effect

of bacterial Nod1 ligand on epinephrine secretion reflects one aspect of bacteria-host cross talk during

stress response. The modulatory roles of commensal bacteria on stress response warrant further investiga-

tion and will be an exciting area for future research.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit Anti-Human Nod1 Polyclonal Novus Biologicals Cat# NB100-56878,RRID:AB_837807

Anti-Nod1 Antibody, Unconjugated Cell Signaling Technology Cat# 3545, RRID:AB_823443

RAB2 antibody Proteintech Cat# 15420-1-AP, RRID:AB_2176874

Anti-Rab2a Zen BioScience Cat# 200506

RAB10 antibody [4E2] Abcam Cat# ab104859, RRID:AB_10711207

Synaptophysin Polyclonal Antibody Thermo Fisher Scientific Cat# PA1-1043, RRID:AB_2199026

Anti-Chga Novus Biologicals Cat# NBP2-4476

Chromogranin A Antibody Abcam Cat# ab15160, RRID:AB_301704

Tyrosine Hydroxylase Antibody Novus Cat# NB300-110, RRID:AB_10002491

Anti-GAPDH Immunoway Cat# YT5052

Mouse Anti-b actin mAb antibody ZSGB-BIO Cat# TA-09, RRID:AB_2636897

Anti-Epinephrine Abbexa Cat# ABX100507

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary

Antibody, Alexa Fluor 555

Thermo Fisher Scientific Cat# A-21428, RRID:AB_2535849

Goat anti-Mouse IgG (H+L) Cross-Adsorbed Secondary

Antibody, Alexa Fluor 555

Thermo Fisher Scientific Cat# A-21422, RRID:AB_2535844

Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary

Antibody, Alexa Fluor 488

Thermo Fisher Scientific Cat# A-11008, RRID:AB_143165

Goat anti-Mouse IgG (H+L) Cross-Adsorbed Secondary

Antibody, Alexa Fluor 488

Thermo Fisher Scientific Cat# A-11001, RRID:AB_2534069

Goat anti-Rat IgG (H+L) Cross-Adsorbed Secondary

Antibody, Alexa Fluor 488

Thermo Fisher Scientific Cat# A-11006, RRID:AB_2534074

Donkey anti-Sheep IgG (H+L) Cross-Adsorbed Secondary

Antibody, Alexa Fluor 594

Thermo Fisher Scientific Cat# A-11016, RRID:AB_2534083

Donkey Anti-Mouse IgG(H+L), CoraLite488 conjugate

antibody

Proteintech Cat# SA00013-5, RRID:AB_2890971

Mouse Anti-Rabbit IgG-HRP antibody SouthernBiotech Cat# 4090-05, RRID:AB_2650510

Goat anti-Mouse IgG (H+L) pAb-HRP MBL Cat# 330

Anti-GFP antibody Roche Cat# 11814460001, RRID:AB_390913

Anti-rabbit IgG (H+L), F(ab)2 Fragment (Alexa Fluor 647

Conjugate) antibody

Cell Signaling Technology Cat# 4414, RRID:AB_10693544

Bacterial and virus strains

Biological samples

Chemicals, peptides, and recombinant proteins

Normal goat serum blocking reagent Boster Biotech Cat# AR1009

DAPI Novon Cat# SS0156

Fluoromount-G Southern Biotech Cat# 0100-01

DAB Peroxidase (HRP) substrate Maixin Biotech Cat# DAB-0031

Hematoxylin solution Sigma-Aldrich Cat# 03971

PageRuler Prestained protein Ladder Thermo Fisher Cat# 26616

Pure nitrocellulose blotting membrane PALL Cat# P/N 66485

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Luminata Forte Western Millipore Cat# WBLUF0100

DMEM Hyclone Cat# sh3002201B

FBS Bioind Cat# 04-001-1A

RPMI 1640 Medium Gibco Cat# 11875-093

Endotoxin free PBS Gibco Cat# 10010-023

Lipofectamine 2000 Thermo Fisher Cat# 11668019

Lipofectamine 3000 Thermo Fisher Cat# L3000001

Hexadimethrine bromide (polybrene) Sigma-Aldrich Cat# H9268

Trizol Thermo Fisher Cat# 15596018

iE-DAP InvivoGen Cat# tlrl-dap

Muramyldipeptide (L-D isoform, active) InvivoGen Cat# tlrl-mdp

LPS-EB (LPS from E. coli O111:B4) InvivoGen Cat# L2630-100MG

iE-Lys InvivoGen Cat# tlrl-lys

PrimeScript RT reagent Kit TAKARA Cat# DRR047A

SYRB Premix Ex Taq TAKARA Cat# DRR820A

Leupeptin Leagene Biotechnology Cat# PI0029

Chloroquine diphosphate Abcam Cat# ab142116

Gentamicin sulfate salt Sigma-Aldrich E003632-1G

Vancomycin hydrochloride from Streptomyces orientalis Sigma-Aldrich V2002-100MG

Metronidazole Sigma-Aldrich M1547-5G

Neomycin trisulfate salt hydrate Sigma-Aldrich N6386-5G

Ampicillin sodium salt Sigma-Aldrich A9518-25G-9

Critical commercial assays

Adrenaline Research ELISA Labor Diagnostika

Nord

Cat# BA E-5100

glycogen content assay kit Solarbio Cat# BC0340

UltraSensitive TM S-P Kit mouse Maixin Biotech Cat# KIT-9701

UltraSensitive TM S-P Kit rabbit Maixin Biotech Cat# KIT-9706

Experimental models: cell lines

PC-12 China Infrastructure of

Cell Line Resources

Cat# TCR 8

Experimental models: organisms/strains

Mouse: Nod1�/� Our lab (Zhang et al., 2019) N/A

Mouse: Lyz1�/� Our lab (Zhang et al., 2019) N/A

Mouse: Dbh-Cre MMRRC RRID:MMRRC_036734-UCD

Mouse: Nod1f/f Our lab (Zhang et al., 2019) N/A

Mouse: C57BL/6J C57BL/6JTshu N/A

Oligonucleotides

PCR primers This paper See Table S1

Recombinant DNA

pDisplay-NE1m-IRES-mCherry-CAAX (Feng et al., 2019) N/A

peGFP-C1 Addgene Cat# 6084-1

Rab2a cDNA cloned from HEK-293T This study N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Zhihua Liu (zhihualiu@mail.tsinghua.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data produced or analyzed for this study are included in the published article and its supplementary

information files.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Lyz1�/�, Nod1�/� and Nod1f/f mice (C57BL/6 background) were described previously (Zhang et al., 2019).

The Dbh-Cre (Tg(Dbh-cre)KH212Gsat/Mmucd) mice were a gift from Professor Chen Zhan (NIBS) and were

originally from the Mutant Mouse Resource & Research Center (MMRRC) (Gerfen et al., 2013). The Dbh-cre

mice were further crossed with Nod1f/f to generate conditional knockout (Dbh-cre;Nod1f/f) mice. 2-4-

month-old gender-matched mice were used in this study unless noted otherwise. All mice were bred at

3-6 animals per cage in a 12/12 h light-dark cycle with ad libitum access to food and water at a controlled

temperature (23�C G 2�C). All specific pathogen-free (SPF) mice were bred and housed in an AAALAC

(Association for Assessment and Accreditation of Laboratory Animal Care) accredited barrier facility in

Tsinghua University. The animal experiments in the methods sections were carried out in accordance

with Tsinghua University animal protocols (protocol number 20-LZH4), approved by Institutional Animal

Care and Use Committee (IACUC). Mice were sacrificed by hypoxia via carbon dioxide inhalation followed

by cervical dislocation in accordance with AAALAC guidelines immediately after the end of the intended

experiments or at 8–10 am.

METHOD DETAILS

Plasmids

Human Rab2a cDNA was reverse-transcribed from mRNA prepared from HEK293T cells and inserted into

peGFP-C1 vector. The dominant-negative (S20N) Rab2a mutant was generated by PCR-mediated muta-

genesis. Sequences were confirmed by Sanger sequencing.

ABX treatments

ABX mice (male) were prepared according to the published procedure (Hill et al., 2010). Briefly, mice were

subjected to oral gavage daily for 10 days with 300 mL of autoclaved water or autoclaved water

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

GraphPad Prism v8 GraphPad software https://www.graphpad.com/

scientificsoftware/prism

Image J v1.48 NIH https://imagej.nih.gov/ij/

Zeiss Zen Imaging software (blue edition) Zeiss https://www.zeiss.com/microscopy/int/

softwarecameras.html

Nikon-Elements Advanced Research Nikon www.microscope.healthcare.nikon.com

Fiji NIH https://fiji.sc/

Other

Original western blot images This paper Mendeley Data, V1, https://doi.org/10.17632/

px5wfcvwwb.1
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supplemented with ampicillin (1 mg/mL), gentamicin (1 mg/mL), metronidazole (1 mg/mL), neomycin

(1 mg/mL), and vancomycin (0.5 mg/mL). Otherwise, mice had ad libitum access to autoclaved water. Fecal

samples were collected at the end of the experiment and total DNAwas extracted usingQIAamp Fast DNA

Stool Mini Kit. A short segment of the 16S rRNA gene was specifically amplified by real-time PCR using

UniF340 (50-ACTCCTACGGGAGGCAGCAGT-30) and UniR514 (50-ATTACCGCGGCTGCTG-GC-30) to

determine the total amount of commensal bacteria (Wlodarska et al., 2011).

Oral iE-DAP supplementation to mice

iE-DAP was dissolved in endotoxin-free PBS. 8-10-week-old male mice were gavaged with iE-DAP (1 mg/

mouse) or PBS (mock) twice begin at 8 pm, 12 hr apart. 4 hours after the second gavage, mice were sacri-

ficed and adrenal glands were collected for epinephrine measurement or ex vivo GRABNE assay.

PC-12 cell culture, transfection, immunofluorescence staining and image quantification

PC-12 cells were obtained from China Infrastructure of Cell Line Resources (Cat# TCR 8) and verified based

on their morphology under the microscope and by their growth curve. PC-12 cells were cultured in RPMI-

1640 medium supplemented with 10% fetal bovine serum and 1% Pen/Strep. The cells were cultured at

37�C in a humidified atmosphere containing 5% CO2. PC-12 cells in 24-well plates were transfected with

1 mg indicated plasmid and 3 mL Lipofectamine 2000 in 300 mL Opti-MEM media following the manufac-

turer’s instruction. 24 hours post-transfection, transfected cells were treated with leupeptin (100 mM), chlo-

roquine (50 mM) or DMSO (mock-treated) for another 24 hr in growth medium before being processed for

immunofluorescence staining.

For immunofluorescence staining, cells grown on coverslips were washedwith cold PBS and fixed in 4% PFA

for 15 min at 4�C. Cells were then washed three times with PBS and blocked with antibody dilution buffer

(PBS supplemented with 5% goat serum and 0.1% saponin) for 30 min. Cells were incubated with primary

antibodies at 4�C overnight followed by fluorophore-conjugated secondary antibodies at RT for 2 hr. Sam-

ples were washed in PBS containing 0.1% Tween 20 three times between steps. Antibody dilution buffer

was used throughout for antibody incubation steps. Coverslips were then counterstained and mounted

onto slides in Fluoromount-G. Confocal images were obtained with a Nikon Ti confocal microscope under

a 633 oil objective.

Fluorescence quantification of Chga staining was performed using a Nikon Ti NE imaging system. Cells

were selected based on positive staining with anti-eGFP antibody and the boundary of the selected cell

was drawn using ROI (region of interest) manager (Nikon-Elements Advanced Research Imaging Software).

Fluorescence intensity of the individual selected cells was determined by Nikon-Elements Advanced

Research Imaging Software. At least 988 GFP+ cells (frommore than 70 frames) were quantified per sample.

Fluorescence intensity of Chga staining in cells transfected with Rab2a WT and S20N (Both eGFP positive

and Anti eGFP positive) were calculated and analyzed.We then excluded the data of cells that fluorescence

intensity of red channel was lower than 105 AU (mislabeled cell fragments) and higher than 2*107 AU (abnor-

mally high deviation values) in the statistical data.

Adrenal gland dissection and size analysis

WT, Lyz1�/�, Nod1�/�,Dbh-cre;Nod1f/f,Nod1f/f andDbh-cre mice (male) were anesthetized with CO2, and

the glands were dissected on ice and adipose tissue was removed. The isolated adrenal glands were

weighed. Tissues were then immediately fixed in 4% PFA solution for 12 hr and finally embedded in paraffin

and serially sectioned at 6 mm intervals. Images (every 10th section) were captured with a 3DHISTECH

panoramic system. In each image, the areas of the entire gland and the medulla were quantified using Im-

ageJ. The sum of the areas of all sections was used to estimate total and medullary volumes in the glands

from each genotype.

Isolation and culture of mouse adrenal chromaffin cells

Primary chromaffin cells were prepared from adrenal glands using the following procedure, as previously

described by Aaron Kolski-Andreaco et al (Kolski-Andreaco et al., 2007). First, male mice were anesthetized

with CO2, and dissected adrenal glands were placed into a dish containing oxygenated Locke’s buffer

(NaCl 140mM, KCl 5mM, HEPES 10mM, glucose 10mM,MgCl2 1.2 mM, CaCl2 2.2 mM; pH 7.35, osmolarity

between 295 and 300 mOsm) on ice, and cortexes were removed. Second, adrenal medullas were digested
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for 25 min twice in DMEM with papain (40 unit/ml), 1 mM CaCl2 and 0.5 mM EDTA at 37�C. Subsequently,
the medullas were disrupted by pipetting gently in complete medium with DMEM, 5% fetal calf serum,10%

horse serum, and 5 mL/mL penicillin and streptomycin. Cells were pelleted for 8 min at 200 g. Pellets were

resuspended in complete medium and plated on poly-L-lysine-pretreated coverslips or in imaging cham-

bers. Finally, primary adrenal chromaffin cells were then kept in an incubator at 37�C with 5% CO2. Cell

viability was determined by trypan blue staining, and cell preparations with >95% viability were used for

further assays.

Amperometric recording and analysis

Isolated chromaffin cells were obtained from the adrenal glands of adult (11–13 weeks old) male WT,

Lyz1�/� and Nod1�/� male mice. Amperometric recordings were performed after 1–3 days in culture at

room temperature. The bath solution contained 140 mM NaCl, 2.7 mM KCl, 5 mM CaCl2, 1 mM MgCl2,

10 mM HEPES/NaOH, and 5–10 mM glucose. Osmolarity was around 300 mOsm, and the pH was adjusted

to 7.3 with NaOH. To trigger secretion, KCl concentration was increased to 95 mMwith a reduction of NaCl

concentration to maintain the osmolarity. Chromaffin cells were stimulated by high potassium solution

(95 mM KCl) contained in a puffing pipette located around 15 mm away from the recorded cell. The working

potential of the carbon fiber electrode (CFE) was held at +700 mV with a patch-clamp amplifier (EPC10,

HEKA, Germany). With a micromanipulator (MPC200, Sutter Instruments, USA), the CFE was slowly

advanced to the chromaffin cell of interest.

The amperometric currents were recorded with sampling frequency 20 kHz and analyzed using the

‘Quantal Analysis’ program in Igor Pro (Version 6.2, WaveMetrics, Lake Oswego, USA), written by Drs.

Mosharov and Sulzer (Mosharov and Sulzer, 2005). Data for offline analysis were low-pass-filtered at 1

kHz. A level of 53 the RMS of noise at baseline was set as the threshold for signal detection(Chen et al.,

2021). Spike amplitude Imax is the spike maximum from the baseline current. The total charge during a spike

event (Q) is calculated from the integral of the current (I) asQ =
R
Idt. For the amount of catecholamine (N),

the number of molecules is calculated as N = Q=ðn 3 eÞ, where n is the number of electrons donated by

each catecholamine molecule (n=2 for catecholamine) and e is the elementary charge (e = 1.6 3 10�19).

The two-tailed t test was used for statistical analysis. Error bars are standard error of the mean (s.e.m.).

Characterization of GRABNE in PC-12 cells

Cultured PC-12 cells (6 cm dish) were transfected with 4 mg GRABNE sensor, 10 mL P3000 and 10 mL Lipofect-

amine3000 in 300 mL Opti-MEMmedium following the manufacturer’s instructions. After 24 hr, the mixture

of Opti-MEM-Lipofectamine-plasmid-medium was replaced again by complete medium. After another

12 hr, the cells were harvested and plated on cell coverslips. 24 hours later, iE-DAP (1 mg/mL), iE-Lys

(1 mg/mL), MDP (1 mg/mL) or LPS (500 ng/mL) was added into the complete medium. After a further 6 hr,

the fluorescence of GRABNE sensor was imaged by Nikon Ti confocal microscope under a 633 oil objective

for further analysis.

Ex vivo K+-stimulated catecholamine secretion assay (GRABNE assay)

Cultured primary chromaffin cells were transfected following a published procedure (Meunier et al., 2013).

Briefly, primary chromaffin cells were plated into imaging chambers and allowed to adhere for 3 hr. Com-

plete medium was replaced with Opti-MEM medium, and the cells were transfected with 1 mg GRABNE us-

ing 2 mL Lipofectamine 2000. After 60 min, the mixture of Opti-MEM-Lipofectamine-plasmid was replaced

again by complete medium to end the transfection procedure. The cells were used for the secretion assay

48 hr later. In the experiment with chromaffin cells from WT and Nod1�/� mice, iE-DAP (1 mg/mL), iE-Lys

(1 mg/mL), MDP (1 mg/mL) or LPS (500 ng/mL) was added into the complete medium of 6 hr prior to the

secretion GRABNE assay.

For the secretion assay, chromaffin cells in the chamber were first bathed in Tyrode’s solution (pH = 7.3–7.4)

before KCl was added to reach a concentration of 90 mM. The fluorescence changes of recorded cells were

imaged with an inverted Ti-E A1 confocal microscope with 525/50 and 600/30 nm emission filters to collect

the green and red fluorescence, respectively. Individual cells were recorded for 5 min, with images taken

every 5 s and the exposure time set at 50 ms per frame under the same microscopic parameters. The

cell boundary was drawn using ROI manager, and fluorescence intensity value (FI) of individual cells

were acquired. The instantaneous fluorescence change DF/F0 was calculated as (Ft - F0)/F0. The average

at the five different time points before K+ stimulation was defined as F0.
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Extraction of adrenal glands

Whole adrenal glands from WT, Lyz1�/�, Nod1�/�, Dbh-cre;Nod1f/f, Nod1f/f and ABX mice (male) were

dissected on ice. Subsequently, the isolated adrenal glands were weighed and homogenized in

acetonitrile (30 mL for every 1 mg of tissue). Ascorbic acid (final concentration at 3 mg/mL) was added as

antioxidant. After thorough homogenization, samples were further sonicated for 60 s to fully extract cate-

cholamines. The homogenates were centrifuged at 12,000 rpm for 10 min at 4�C. Supernatants were

collected and stored at �80�C before quantification.

Immobilization and plasma preparation

Mice were subjected to restraint stress in a plastic piping bag (16*28*6.4 cm) for 25min (for glycogen detec-

tion) or 1 hr (for epinephrine quantification) at 8 am. The tip (1 cm in length) was removed to allow airflow.

During the restrain, animals could move their heads but were unable to move their limbs. For the control

group, the mice were placed in their home cages at the same time without food and water.

At the end of the restraint, blood samples were collected into tubes containing 5 mMEDTA through orbital

sinus bleeding. Subsequently, the plasma samples were prepared by centrifugation at 8000 rpm for 10 min

at 4�C. The plasma samples were stored at �80�C before analysis.

Epinephrine quantification

The concentration of epinephrine in tissue or plasma samples was measured using an Adrenaline Research

Elisa kit (BA E�5100) from Labor Diagnostika Nord (LDN) following the manufacturer’s instruction.

Detection of glycogen

The amount of glycogen in liver was quantified using a glycogen content assay kit (Solarbio, BC0340, China)

according to the manufacturer’s instructions.

Immunofluorescence (IF) staining and immunohistochemistry staining of tissue sections

Murine tissues were fixed in 4% PFA/PBS overnight, dehydrated and embedded in paraffin. Tissue slices

(6 mm in thickness) were mounted on positively charged glass and dewaxed. Antigen retrieval was

performed by incubation in 0.01 M sodium citrate buffer (pH 6.0) for 25 min in a boiling steamer. For immu-

nofluorescence staining, slides were then blocked with normal goat serum blocking reagent for 30 min,

followed by sequential incubation with primary antibodies at 4�C overnight and fluorophore-conjugated

secondary antibodies at RT for 2 hr. Slides were then counterstained with DAPI and mounted in Fluoro-

mount-G. Confocal images were obtained with Zeiss LSM 710 or Nikon Ti NE imaging systems.

For IHC staining, slides were treated with an UltraSensitive TM S-P Kit after the antigen retrieval step. After

sequential incubation with hydrogen peroxide (�15 min), blocking serum (�20 min), primary antibodies

(overnight at 4�C), biotinylated secondary antibody (�20 min) and streptavidin-peroxidase (�20 min),

immunoreactivity was visualized using diaminobenzidine (DAB). The slides were counterstained with hema-

toxylin, mounted, and observed with a light microscope (Nikon Eclipse 90i).

Image analysis and quantification

Quantitation of the fluorescence was performed using ImageJ as described by Shihan et al. (Shihan et al.,

2021). Briefly, fluorescence images were captured on a Zeiss LSM 710 confocal microscope or Nikon Ti

confocal microscope. Image analysis was performed using Fiji (an image processing package — a "batte-

ries-included" distribution of ImageJ). Representative fluorescence images in each group were analyzed

for quantification. Automatic thresholding was used to convert the image to a binary mask that included

all fluorescence data above background. We calculated the mean intensity of fluorescence for each image

and exported the data from Fiji into prism for further analysis and presentation.

Gene expression analysis using quantitative reverse-transcription PCR

RNA was extracted using Trizol from dissected adrenal medulla, dissected adrenal cortex, heart, brain, kid-

ney, whole adrenal gland, spleen and lung (frommale or female mice), and stored at�80�C. RNA was then

quantified and purified with a PrimerScript RT reagent kit. q-PCR reactions were performed with SYBR Pre-

mix Taq on a Rotor Gene 6000 thermal cycler in triplicate. The following thermal cycling conditions were

used: 95�C for 30 s, followed by 40 cycles of 95�C for 5 s and 60�C for 34 s. The specificity of q-PCR was
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verified with melting curves for each PCR reaction. The level of target mRNA was determined by Delta-

Delta Ct values between the target and loading control. Primers for q-PCR are listed in the Supplementary

Information. Quantitative reverse-transcription PCR primers can be found in the Table S1.

Western blotting

The dissected adrenal medullas were homogenized in RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% sodium

deoxycholate, 0.1% SDS, 50 mM Tris pH 8.0, 5.0 mM EDTA pH 8.0, 0.5 mM dithiothreitol) supplemented

with a protease inhibitor cocktail and 10 mM PMSF. The lysates were placed on ice for 30 min, then

centrifuged at 12,000 rpm for 10 min. Tissue lysates were separated on SDS-PAGE gels and blotted

onto immobilon-p PVDF membranes. After blocking in 5% skim milk in PBS-T (0.1% Tween 20) for 1 hr at

room temperature, membranes were incubated with primary antibody at 4�C overnight and secondary

HRP-conjugated antibodies and visualized by using ECL detection reagent. Protein band intensity was

quantified using ImageJ software.

Electron microscopic analysis of DCGs in adrenal chromaffin cells

Isolated adrenal glands from euthanized mice were washed with cold PBS, and cortexes were removed in

0.1 M sodium phosphate buffer (pH 7.2) containing 2.5% glutaraldehyde and 2% paraformaldehyde. Adre-

nal medullas were then fixed in 0.1 M sodium phosphate buffer (pH 7.2) containing 2.5% glutaraldehyde

and 2% paraformaldehyde at 4�C overnight. Dehydration was performed with an ethanol gradient followed

by infiltration and embedding with an SPI-Pon 812 Epoxy Embedding Kit. Sections were cut on a Leica

Ultracut Ultramicrotome (Leica EM UC6) and stained with uranyl acetate and lead citrate. The digital im-

ages were obtained using a transmission electron microscope (Hitichi H-7650) at 80 kV. Magnifications

are indicated in the figure legend. Norepinephrine-storing cells were distinguished from epinephrine-stor-

ing cells based on the characteristics of the dense cores. Only epinephrine-storing cells were selected and

analyzed in our study.

Image analysis were performed by a blinded researcher. The diameters of dense cores were measured

using ImageJ software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism 8.1. Student’s t-test was used for comparisons be-

tween two groups. One-way ANOVA was used for comparisons between more than two groups. The

respective statistical test used for each figure is noted in the corresponding figure legends and statistically

significant differences are noted as ns (p > 0.05), *p% 0.05, **p% 0.01, ***p% 0.001, ****p% 0.0001. We

summarized the statistical information in Table S2.
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