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Résumé 

Les récepteurs Erythropoietin-producing hepatocyte (EPH) constituent la plus grande famille de 

récepteurs à activité tyrosine kinase transmembranaires. Leur activité kinase peut être induite 

par leurs ligands, les éphrines (EFN). Une fois activés, ces récepteurs sont impliqués dans la 

régulation de la fonction cellulaire par transduction antérograde ou rétrograde du signal EPH-

EFN. Au cours de la dernière décennie, nos études ont démontré que les EPH / EFN jouent un rôle 

important dans la régulation de la pression artérielle par la modulation de la contractilité des 

cellules musculaires lisses vasculaires (VSMC). EPHB6, EFNB1 et EFNB3 ont un effet négatif sur la 

contractilité des VSMC et la pression artérielle, tandis que EPHB4 et EFNB2 montrent un effet 

positif. La famille EPH / EFN est donc un nouveau système yin et yang qui ajuste finement 

l'homéostasie de la pression artérielle. Nous avons également constaté que les catécholamines 

urinaires de 24 h sont réduites chez les souris mâles EPHB6 knockout (KO), suggérant que l’EPHB6 

régule la pression artérielle non seulement via les VSMC mais aussi par la sécrétion de 

catécholamine (CAT). La régulation de CAT par l’EPHB6 dépend de la testostérone car (1) les 

niveaux réduits de CAT ne sont pas observés chez les souris femelles EPHB6 KO ; et (2) la 

castration chez les souris mâles EPHB6 KO ramène la CAT à des niveaux normaux. Durant ma 

thèse, nous avons étudié le mécanisme impliqué dans la régulation de la sécrétion et de la 

synthèse des catécholamines chez les cellules chromaffines des glandes surrénales (AGCC) par la 

voie de signalisation de l’EPHB6. En ex vivo, la teneur totale en épinéphrine et la sécrétion 

d'épinéphrine déclenchée par l'acétylcholine (ACh) sont toutes deux réduites dans les glandes 

surrénales venant des souris KO mâles mais pas dans celles venant des femelles ou de mâles 

castrés. Ensuite, nous avons observé une diminution de l’afflux de Ca2+ dépendant de l'ACh dans 

les AGCC venant des souris mâles EPHB6 KO, ce qui découle de l'effet non-génomique de la 

testostérone. En appliquant le patch clamping de cellules entières sur les AGCC, nous avons 

démontré que la diminution d’afflux de Ca2+ dans ces cellules est causée par l’augmentation des 

courants de potassium à grande conductance activé par le calcium (BK). En utilisant 

l'enregistrement ampérométrique, nous avons constaté que la sécrétion de CAT par les AGCC est 

compromise en l'absence d'EPHB6. Nous avons également observé une diminution du 
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désassemblage de la F-actine corticale dans les AGCC venant de souris mâles KO associée à une 

diminution de l'exocytose des vésicules contenant es catécholamines. Ces deux phénomènes 

n’ont pas été observés chez les femelles KO ni chez les mâles castrés. Des études 

complémentaires ont montré que le désassemblage défectueux de la F-actine dans les AGCC est 

régulé par la signalisation inverse de l'EPHB6 à l'EFNB1 via deux voies de signalisations 

différentes : la voie du membre A de la famille des homologues Ras (RHOA) et la voie de la tyrosine 

kinase proto-oncogène de la famille Src (FYN) / proto-oncogène c-ABL / la calponine 

monooxygénase associée aux microtubules et le domaine LIM contenant 1 (MICAL-1). En outre, 

nous avons observé que la diminution de la teneur totale en épinéphrine dans la glande surrénale 

venant des souris mâles KO est causée par une expression altérée de la tyrosine hydroxylase (TH), 

qui est l’enzyme limitant la vitesse dans la biosynthèse des CAT. L'effet non génomique de la 

testostérone a également participé dans ce processus. Nous avons révélé que la signalisation 

inverse d'EPHB6 à EFNB1 contribue à la surexpression de TH dans les AGCC par l’augmentation 

de son niveau de transcription. La voie en aval de cette signalisation inverse implique la petite 

famille Rac GTPase 1 (RAC1) / MAP kinase kinase 7 (MKK7) / c-Jun N-terminal kinase (JNK) / proto-

oncogène c-Jun / activator protein 1 (AP1) / réponse de croissance précoce 1 (EGR1). 

Ces travaux démontrent pour la première fois un rôle spécifique de la famille EPH / EFN dans la 

régulation de la biologie médullaire de la glande surrénale. La signalisation rétrograde d’EPHB6 

via EFNB1 régule la synthèse et la sécrétion des catécholamines de concert avec la testostérone 

dans les AGCC.  

Mots-clés : Erythropoietin-producing hepatocyte (EPH), éphrines (EFN), cellules chromaffines des 

glandes surrénales, catécholamine, testostérone. 

 



 

Abstract 

Erythropoietin-producing hepatocyte (Eph) receptors are the largest family of cell surface 

transmembrane receptor tyrosine kinases. Their kinase activity can be activated by their ligands, 

ephrins (EFNs), and involved in cell function regulation through either EPH-EFN forward or reverse 

signaling transduction. In the last decade, we have revealed the previously unknown function of 

EPHs/EFNs in the regulation of blood pressure by modulating the contractility of vascular smooth 

muscle cells (VSMCs). EPHB6, EFNB1, and EFNB3 have a negative effect on the VSMCs contractility 

and blood pressure, while EPHB4 and EFNB2 show a positive effect instead. Thus, EPH/EFN family 

is a novel yin and yang system that finely tunes blood pressure homeostasis. EPHB6 also targets 

cells responsible for catecholamine (CAT) secretion in addition to the VSMCs, since we found that 

the 24-h urine catecholamines are reduced in male EPHB6 knockout (KO) mice. This phenotype in 

EPHB6 KO mice is testosterone-dependent because the reduced CAT levels are not observed in 

female KO mice; castration in KO male mice reverts the CAT levels to a normal range. In this 

research, we investigated the mechanism for the regulation of catecholamine secretion and 

synthesis in adrenal gland chromaffin cells (AGCCs) by EPHB6 signaling. In ex vivo, the total 

content of epinephrine and the acetylcholine (ACh)-triggered epinephrine secretion were both 

reduced in the adrenal gland from KO male but not female or castrated mice. Then, we found a 

reduced ACh-dependent Ca2+ influx in AGCCs from male EPHB6 KO mice, and this effect depended 

on the non-genomic effect of testosterone. The results of whole-cell patch clamping on AGCCs 

indicated that the enhanced large-conductance calcium-activated potassium (BK) currents were 

responsible for the reduced Ca2+ influx in these cells.  Using amperometry recording, we found 

that CAT secretion by AGCCs was compromised in the absence of EPHB6. The cortical F-actin 

disassembly in AGCCs from KO male but not female or castrated mice was reduced, accompanied 

by decreased catecholamine vesicle exocytosis. Further study showed such defective F-actin 

disassembly in AGCCs was regulated by the reverse signaling from EPHB6 to EFNB1 via the Ras 

homolog family member A (RHOA) and proto-oncogene Src family tyrosine kinase (FYN)/proto-

oncogene c-ABL/microtubule-associated monooxygenase calponin and LIM domain containing 1 

(MICAL-1) pathways. Further, we observed that the reduced total content of epinephrine in the 
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adrenal gland from male KO mice was caused by impaired expression of tyrosine hydroxylase (TH), 

the rate-limiting enzyme in CAT biosynthesis. The non-genomic effect of testosterone was also 

involved in this process. We revealed that the reverse signaling from EPHB6 to EFNB1 contributed 

to the up-regulation of TH expression in AGCCs by enhancing its transcription. The downstream 

pathway of this reverse signaling involved Rac family small GTPase 1 (RAC1)/MAP kinase kinase 7 

(MKK7)/c-Jun N-terminal kinase (JNK)/ proto-oncogene c-Jun/activator protein 1 (AP1)/early 

growth response 1 (EGR1). 

The present research, for the first time, revealed the specific role of the EPH/EFN family on the 

regulation of the adrenal gland medullary biology. The EPHB6 reverse signaling through EFNB1 in 

concert with testosterone regulates the catecholamine synthesis and secretion in AGCCs.  

Keywords: Erythropoietin-producing hepatocyte (EPH), ephrins (EFN), adrenal gland chromaffin 

cell, catecholamine, testosterone. 
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Chapitre 1 – INTRODUCTION  

 

1.1 Function and signal pathways of EPHs/EFNs 

Erythropoietin-producing hepatocyte (EPH) receptors are the largest family of cell surface 

transmembrane receptor tyrosine kinases (RTKs), which can transduce the extracellular signals to 

the cell interior through activating their kinase activity after ligand binding (Lisabeth et al., 2013). 

In 1987, Hirai et al. (Hirai et al., 1987) first described an EPH protein as a novel cell surface tyrosine 

kinase receptor and its potential role in the neoplastic process of some tumors. After that, many 

other members of the EPH family and their ligands (named Ephrins (EFNs)) were identified. 

(Lindberg and Hunter, 1990; Sajjadi et al., 1991; Bohme et al., 1993; Cerretti et al., 1995; Fox et 

al., 1995; Gurniak and Berg, 1996; Lee et al., 1996; Stein et al., 1996) 

 

1.1.1 EPH/EFN family members and structure 

According to sequence similarity and ligand affinity of the EPH receptors, they are subdivided into 

“A” and “B” subfamilies (Lisabeth et al., 2013). To date, 14 EPH receptors (EPHA1-EPHA8, EPHA10, 

and EPHB1-B4, EPHB6) and 8 EFNs (EFNA1-EFNA5, EFNB1-EFNB3) have been identified in 

mammals (Alfaro et al., 2020). In most cases, EPHA receptors promiscuously bind to EFNA ligands 

and EPHB receptors to EFNB ligands (Murai and Pasquale, 2004; Pasquale, 2005). However, Some 

EPHs such as EPHA2, EPHA3, EPHA4, and EPHB2 can also bind to the different subclasses of EFNs. 

Unlike other EPH receptors, EPHA10 and EPHB6 are tyrosine-kinase-defective receptors because 

their conserved kinase domains have been mutated, resulting in a lack of kinase activity (Lisabeth 

et al., 2013). 

The EPH receptors are transmembrane proteins. The extracellular regions of EPHs are composed 

of a ligand-binding globular domain (LBD), a cysteine-rich domain (CRD), and two fibronectin-type 

III repeats. Their cytoplasmic part comprises a juxtamembrane domain, a tyrosine kinase domain, 

a sterile alpha motif (SAM), and a PDZ-binding motif (Fig. 1) (Kullander and Klein, 2002). Both EFN 



28 

subfamilies have a conserved EPH receptor-binding domain in the extracellular region. EFNAs 

connect to the cell membrane via a glycosylphosphatidylinositol anchor, while EFNBs are 

composed of a transmembrane segment and a short cytoplasmic tail (Fig. 1). 

 

 

Figure 1. –  Domain structure of EPH receptors and EFNs. Image modified from Kullander and Klein, 

2002 (Kullander and Klein, 2002). 

 

1.1.2 EPH/EFN Binding and Receptor Activation 

EPH/EFN signaling is triggered by direct cell-cell contact and molecule clustering. EPH receptors 

and EFNs can carry out both trans (cell-cell interaction) and cis (within the same cell) signal 

transduction (Dravis and Henkemeyer, 2011). The binding of EFNs to the EPH receptors leads to 

aggregation of these two molecules in different clusters in the corresponding plasma membrane, 
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thus forming the bidirectional signaling center in which activated EPH receptors send the forward 

signaling into the EPH receptor-expressing cell, while EFNs are responsible for the reverse 

signaling sent into the EFN ligand-expressing cell (Himanen et al., 2001).  

According to crystallography studies, the EPH/EFN clusters are formed via broad EPH/EPH, 

EPH/EFN, and EFN/EFN interactions. Before cell-cell contact, the EPH molecules are pre-clustered 

with each other on the cell surface through some extracellular domains, most probably in the LBD 

region and CRD region called the clustering interface (Himanen et al., 2010). EFNs can also form 

low-affinity EFN-EFN homodimers (Toth et al., 2001). Upon ligand binding, EPH receptors and 

EFNs can form high-affinity EPH-EFN heterodimers at a 1:1 ratio. This reorients these two 

molecules and creates a complementary interaction surface to make their homodimers more 

stable. Then these two pairs of EPH-EFN heterodimers can join into a ring-like tetrameric complex 

via EPH-EPH interactions in the clustering interface (Murai and Pasquale, 2003)（Fig. 2）. The 

process will continue, and hundreds of receptors will be recruited to generate large-sized clusters 

(Himanen et al., 2010; Xu et al., 2013). This EPH/EFN tetrameric complex is critical for bidirectional 

signaling. It fixes the orientation of the receptors and ligands and unleashes the tyrosine kinase 

domains of paired EPH receptors into an active conformation, and further trans-

autophosphorylate each other and launch the forward signaling. While the EFNs are 

phosphorylated at their cytoplasmic tail and activated upon the repositioning of the EFN 

transmembrane and cytoplasmic domains to launch the reverse signaling (Himanen et al., 2001). 

What’s more, the degree of EPH receptors activation depends on the oligomerization state of the 

EFNs and vice versa. In vitro, soluble EFN-Fc fusion proteins or anti-EPH antibodies require pre-

clustering into oligomers to induce strong EPH receptor phosphorylation and downstream 

biological reactions. This feature is also unique in ligand-receptor interaction in the EPH/EFN 

signaling system (Davis et al., 1994).  

Interestingly, this EPH/EFN complex can also recruit unliganded EPHs to participate in this 

assembly via homotypic EPH LBD-FNIII interaction, which can significantly expand the size of the 

signaling site on the cell surface during the EPH/EFN contact (Xu et al., 2013). This observation 

indicates the EPH receptors can be activated without direct ligand binding. This ligand-

independent EPH receptor activation is also mentioned in Wimmer-Kleikamp’s research. They 
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have found that EPHA3 mutants with impaired EFN-binding capacity can be recruited to the wild-

type EPHA3/EFNA5 clusters and be phosphorylated (Wimmer-Kleikamp et al., 2004). Janes et al. 

even suggest that EPHA and EPHB receptors can be recruited to a cluster complex and 

phosphorylated upon ligand activation of one or the other receptor class via EPH heterologous 

interaction (Janes et al., 2011). Furthermore, the kinase-inactive mutant EPHA3 receptor can be 

cross-activated with wild-type EPHB2 receptor upon EFNB1 binding. Besides EPH/EPH receptor 

interactions, there are other cell-surface molecules that can be recruited to EPH clusters, such as 

EPH/C-X-C chemokine receptor type 4 interactions (Salvucci et al., 2006), EPH/ N-Methyl-D-

aspartic acid or N-Methyl-D-aspartate interactions (Drescher, 2000), or EPH/FGFR (fibroblast 

growth factor receptors) interactions (Fukai et al., 2008), regulating their respective signaling. 

Such evidence shows that both ligand-induced and ligand-independent EPH receptor activation 

are important in the EPH/EFN signaling modulation. 

 

 

Figure 2. –  EPH/EFN tetramer formation. Image modified from Murai and Pasquale, 2003 (Murai 

and Pasquale, 2003). 
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1.1.3 EPH/EFN forward signaling 

Like the prototypical RTK signaling, the EPH/EFN forward signaling is triggered by the binding of 

the extracellular ligand EFNs to EPHs to activate the latter’s cytoplasmic kinase domain. Upon the 

EFN binding, the EPH/EFN clusters recruit more liganded or unliganded EPH receptors to form 

oligomers and then amplify the signaling. This signaling autophosphorylates several tyrosine 

residues in the cytoplasmic region of the receptors, including the juxtamembrane domain and 

kinase domain. Autophosphorylation of two conserved tyrosines in the juxtamembrane domain 

is considered a critical step to fully activate the receptor's tyrosine kinase domain (Binns et al., 

2000; Wybenga-Groot et al., 2001). To understand the role of the juxtamembrane domain in the 

tyrosine kinase receptor activation, Binns modified the EPHA4 cytoplasmic part by replacing the 

two conserved juxtamembrane tyrosine residues with phenylalanine and found this mutant 

causes significantly defective catalytic activation. This result indicates the inhibitory role of the 

juxtamembrane domain in EPH receptor kinase activation (Binns et al., 2000). Structural studies 

further explain this inhibitory role. The helical conformation of the juxtamembrane domain 

distorts the kinase domain, preventing the formation of an active conformation. Once the two 

conserved juxtamembrane tyrosine residues are phosphorylated, the interaction between the 

juxtamembrane domain and kinase domain is disturbed, allowing the kinase domain to escape 

from the inhibition to get fully activated (Wybenga-Groot et al., 2001).  

The autophosphorylation not only results in kinase activation but also provides docking sites for 

cytoplasmic signaling molecules which contain an Src-homology-2 (SH2) domain, recruiting 

nonreceptor tyrosine kinases of the Src or Abl families and adaptors such as growth factor 

receptor-bound protein (Grb) 2, non-catalytic region of tyrosine kinase adaptor protein (Nck) 

(Kullander and Klein, 2002), and SH2 domain-containing adapter protein B (Wagner et al., 2020). 

The SAM domain will interact with some downstream effectors, such as the guanine nucleotide 

exchange factor VAV3 (Fang et al., 2008). The PDZ binding domain also recruits the PDZ domain-

containing proteins, including actin cytoskeleton regulators, Ras and Rho family GTPases 

(Linnemann et al., 1999; Noren and Pasquale, 2004), and adaptors, such as protein Interacting 

with C Kinase-1 (PICK1) and glutamate receptor-interacting protein (Grip) (Torres et al., 1998). 

These interactions of the molecules are pivotal for signaling transduction. 
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EPH/EFN signaling is well-known in regulating cell morphology, adhesion, migration, invasion, 

proliferation, and differentiation upon cell-cell contact-dependent communication (Pasquale, 

2005). The downstream signaling pathways of EPH/EFN signaling have been widely studied after 

the discovery of EPH/EFN. The most classic signaling pathway is the connection between EPH/EFN 

and the Rho and Ras GTPases (Noren and Pasquale, 2004). The EFN-induced EPH forward signaling 

acts as a switch to activate or inactivate the GTPases through regulating both guanine nucleotide 

exchange factors (GEFs) and GTPase-activating proteins (GAPs). There are three prominent 

members in Rho family GTPases, RhoA, Rac1, and Cdc42. The EFN-induced cell repulsion requires 

the activation of Rho family GTPases, particularly Rac1 and RhoA (Wahl et al., 2000; Jurney et al., 

2002). The internalization of EPH/EFN complexes mainly depends on Rac activity, while RhoA is 

thought to promote disassembly of filamentous actin (F-actin) and actomyosin contractility. 

EFNA-induced forward signaling modulates the activity of Ephexin, a GEF for Rho GTPases, 

enhancing RhoA activity and inhibiting Cdc42 and Rac1 activity. Such effects regulate growth cone 

motility in retinal ganglion cells (Shamah et al., 2001). Apart from Ephexin, Rho family GEF Vav2 

also activates RhoA when EPHA receptors are activated (Batson et al., 2014). Furthermore, Rac1-

dependent EPH-EFN endocytosis is critical in cell repulsion. Rho family GEF Vav2 is first revealed 

as a link between the activated EPH receptors and Rac-dependent endocytosis, which switches 

the EPH forward signaling from adhesion to repulsion (Cowan et al., 2005). In addition to the Vav 

family GEFs, TIAM Rac1 Associated GEF 1 (Tiam1) can be recruited to the EPHA2 receptor upon 

the soluble EFNA1 stimulation. This further activates Rac1 GTPase, causing actin cytoskeletal 

remodeling and cortical neurons to extend neuritis (Tanaka et al., 2004). A similar effect of Tiam1-

Rac on dendritic spine morphogenesis is found in the EPHB2 forward signaling pathway (Gaitanos 

et al., 2016). EPHB receptor activation leads to Rac1-dependent dendritic spine formation induced 

by Rac-GEF Tiam1. At the same time, the Rac-GAP is activated to prevent Rac1-mediated receptor 

from internalization to maintain an optimal level of Rac1 activity (Um et al., 2014). Therefore, the 

forward migration of the growth cone depends on the dynamic balance among RhoA, Rac1, and 

Cdc42 activities. Besides cell repulsion, EPH forward signaling also mediated many other cellular 

processes through the Rho GTPases. EFNB2-induced EPHA4 forward signaling regulates the Rho-

dependent actin-filament polymerization to help monocytes to adhere to endothelial cells (Poitz 
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et al., 2015). EPHB3 and EPHB4 forward signaling induced by EFNB2 activate Cdc42 GTPase in 

metastatic PC-3 cells promotes their migration towards fibroblasts (Astin et al., 2010). Rho GEF 

kalirin is recruited to EPHB receptors, triggered by the EFN/EPH trans-synaptic signaling, and 

sequentially activates Rac1 and its effector Serine/threonine-protein kinase (PAK) to regulate the 

morphological development of the  dendritic spines (Penzes et al., 2003). There are some other 

studies showing the extensive role of the EPH forward signaling and Rho family GTPases in 

physiology. For example, EFNA1-induced EPHA4 activity modulates blood-brain barrier injury in a 

RhoA activity-dependent way (Chen et al., 2018). EPH receptors work with Rho GTPases to 

regulate glioblastoma invasion (de Gooijer et al., 2018). 

Like the Rho family GTPases, the Ras family GTPases are also widely regulated by the EPH receptor 

forward signaling. As opposed to other RTK members, EPH receptor forward signaling inhibits the 

Ras-mitogen-activated protein kinase (MAPK) pathway during cell physiological process 

regulation. In many cell lines, EPH forward signaling inhibits the extracellular-signal-regulated 

kinase 1/2 (ERK1/2) activity (Elowe et al., 2001; Miao et al., 2001; Minami et al., 2011). Such an 

inhibitory effect is dependent on p120RasGAP, which can inhibit Ras activity by elevating the 

intrinsic rate of GTP hydrolysis. For example, during the ascidian embryonic differentiation, the 

fibroblast growth factor (FGF)-dependent activation of ERK1/2 is attenuated by EPH/EFN forward-

signaling through p120RasGAP (Haupaix et al., 2013).  

EPHB6 forward signaling recruits the adaptor protein GRB2 and triggers the activation of Ras 

GTPase to enhance cell proliferation through the Ras-ERK pathway (Toosi et al., 2018). In PC12 

cells, EPHA4 induces an increase of MAPK activity upon EFNA5 treatment (Shin et al., 2008). 

Furthermore, there are some other reports indicating that the inactivation of Rap1, another 

member of Ras family GTPase, by activating RapGAP or inhibiting the GEF C3G is critical for EFNs-

induced cell retraction (Riedl et al., 2005; Richter et al., 2007). In addition to the negative effect 

of the EPH forward signaling on the Ras-ERK pathway, EPH receptors activate Ras GTPases in some 

sporadic studies (Vindis et al., 2003; Bush and Soriano, 2010).  

Similar to their effects on the Ras family, EPHs mainly inactivate kinase Akt, which is involved in 

apoptosis, cell proliferation, and cell migration, but sometimes they activate it. In PC3 prostate 
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cancer cells, EFNA1-induced EPHA2 activity dephosphorylates Akt at T308 and S473 through a 

phosphatase, leading to the inactivation of the Akt-mTORC1 (mammalian Target of Rapamycin 

complex 1) oncogenic pathway to decrease cell growth and migration (Yang et al., 2011). This 

observation is also reported in other cancer cell types (Miao et al., 2009; Lin et al., 2015). The EPH 

receptor can act both upstream and downstream of Akt (Shi and Wang, 2018; Stallaert et al., 

2018). However, the positive effect of EPH forward signaling on Akt activity through the 

phosphatidylinositol 3-kinase (PI3K) - Akt signaling axis in cell migration is also demonstrated in 

some studies (Chang et al., 2008; Jiang et al., 2015). 

 

1.1.4 EPH/EFN reverse signaling 

The EFNs also can transmit “reverse signaling” into the cell after the stimulation from EPH 

receptors during cell-cell contact. Because of the big difference in structure, EFNA and EFNB have 

different signal transmission methods. Due to the lack of an enzymatic domain, EFNB activation 

depends on Src family kinase (SFK)-mediated tyrosine phosphorylation in its intracellular domain, 

which contains five conserved tyrosine residues. EFNB1 has one more tyrosine residue than other 

EFNBs in the domain. The engagement of EPHBs and EFNBs rapidly recruits the SFKs to the 

cytoplasmic tyrosine sites of EFNBs, leading to the transient SFKs activation, which further 

transphosphorylates the EFNBs (Palmer et al., 2002). In the Xenopus oocyte system, EPHB 

receptors can trigger tyrosine phosphorylation of EFNB1 at Tyr298 (Tyr 304 in murine) by SFK and 

create a binding site for adaptor GRB4/NCK2 to transduce signals (Bong et al., 2004). Another 

SH2-containing protein, signal transducer and activator of transcription 3  (STAT3), can be 

recruited by the cytoplasmic domain of EFNB1 after the domain being phosphorylated by Janus 

kinase 2 (JAK2) (Bong et al., 2007). The downstream STAT3 phosphorylation is observed in the 

EPHB2-induced EFNB reverse signaling in regulating tumor angiogenesis (Sato et al., 2019). The 

phosphorylation of EFNB1 at Tyr310 leads to the dissociation of the EFNB1/ Par polarity complex 

protein-6 complex and the rescue of atypical protein kinase C (PKC) activity by active FGF receptor 

1, resulting in the proper establishment of tight junction (Lee et al., 2008). 
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In addition to the phosphorylation-dependent signaling, EFNB ligands can recruit signaling 

proteins containing PDZ domains to their carboxyl terminus to transduce signals. According to the 

PDZ Base, there are approximately 300 PDZ domain-mediated protein-protein interactions 

involved in cell regulation (Beuming et al., 2005). Transcriptional coactivator with a PDZ-binding 

motif, TAZ, can bind to the PDZ domain of the EFNB ligand and interact with other transcription 

factors to regulate cell differentiation and organogenetic development (Strakova et al., 2010; Xing 

et al., 2010). PDZ-RGS3 is a binding partner of EFNB ligands. It mediates the EFNB reverse signaling 

and regulates G-protein-related responsiveness to neuronal guidance cues (Lu et al., 2001). GRIP 

binds to the cytoplasmic part of EFNB1 upon the stimulation of the soluble EPHB2 receptor and 

provides a scaffold for the assembly of the downstream signaling cluster. Moreover, other kinases 

are also recruited to form the EFN-GRIP complex, linking EFNB reverse signaling to cellular kinase 

cascades to transduce signals (Bruckner et al., 1999). Our previous research also reveals the 

essential role of GRIP1 in EFNB3 reverse signaling mediated blood pressure regulation (Wang et 

al., 2016b). The EFNB1 reverse signaling promotes cell invasion by activating ADP-ribosylation 

factor 1 (Arf1) GTPase and increases the secretion of matrix metalloproteinase-8 (MMP-8), which 

induces extracellular matrix degradation (Tanaka et al., 2007). In the activation of SFK and EFNB 

induced by EPHB receptors, PTP-BL, a cytoplasmic PDZ domain-containing protein tyrosine 

phosphatase, is recruited to the EFNB ligands PDZ domain, dephosphorylating both SFK and EFNB 

to turn off the reverse signaling (Palmer et al., 2002). This is a mechanism to convert 

phosphotyrosine/SFK-dependent signaling to PDZ-dependent signaling. PTP-BL is well known for 

its interaction with PTPL1-associated RhoGAP1, and they can work together to inactivate the Rho 

signaling in actin cytoskeleton dynamics, while the GTPase-activating protein p190RhoGAP acts 

as the main Src substrate in evoking Rho-mediated actin reorganization (Saras et al., 1997; Brouns 

et al., 2001). These results demonstrate that the rearrangement of actin cytoskeleton is regulated 

by EFNB reverse signaling in both phosphotyrosine-dependent and PDZ domain-dependent 

manners. EPHB2-induced EPH/EFN reverse signaling in hippocampal neurons initiates a negative 

regulation effect on axonal outgrowth through the RhoA/Rock pathway (Takeuchi et al., 2015). 

EFNB3 reverse signaling coupled with the SH2/SH3 adaptor protein Grb4/NCK2 mediates axon 

pruning via the GEFDock180-Rac/Cdc42-PAK pathway (Xu and Henkemeyer, 2009). EPHB reverse 
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signaling activates Rac-GEF Tiam and Rac GTPase to promote actin polymerization at the EPHB2 

internalization site during the cell repulsion process (Gaitanos et al., 2016). These evidences 

demonstrate the extensive participation of the Rho GTPases in the EFN reverse signaling.  

Since the EFNAs lack a cytoplasmic domain, the EFNA reverse signaling is transduced through 

interaction with non-EFN intracellular partners. A study on retinal ganglion cell axons shows that 

EFNA can interact in cis with the tropomyosin receptor kinase B (TrkB) receptor and enhance the 

retinal axon branching through the PI-3 kinase/Akt pathway (Xu and Henkemeyer, 2012). In 

retinal axons, p75 neurotrophin receptors form a complex with EFNA within caveolae along the 

retinal axons. This results in Fyn-mediated phosphorylation of EFNA to transduce reverse 

signaling into the cell, leading to axon repulsion (Lim et al., 2008). The reverse signaling through 

EFNA4 in T cells initiates the phosphorylation of SFKs, such as Lck, Fyn, Syk, and Akt, causing an 

antiapoptotic effect (Holen et al., 2008). Fyn protein tyrosine kinase is also reported to be 

activated by EFNA5 reverse signaling to regulate cellular architecture and adhesion (Davy et al., 

1999). In addition to the SFKs, MAPKs ERK1/2 is also activated in EFNA5 reverse signaling, 

regulating axon morphogenesis and guidance (Davy and Robbins, 2000). Although more and more 

molecules are revealed to be involved in regulating EFNA reverse signaling, the mechanism of 

which still needs further clarification.  

 

1.1.5 EPHB6 

1.1.5.1 Unique feature of EPHB6 signaling  

EPHB6 is an innately kinase-dead member of the EPH family. It’s widespread in most tissues, and 

the highest expression is observed in the thymus and brain (Hafner et al., 2004). The sequence 

analysis of EPHB6 revealed that several key amino acid residues within its kinase domain were 

absent. This abolishes the kinase activity of EPHB6, so EPHB6 is classified as a pseudokinase 

(Gurniak and Berg, 1996).  Although the tyrosine residues in the conserved activation loop of 

EPHB6 are missing, the two conserved tyrosine residues in the juxtamembrane region are still 

retained. The phosphorylation of these two tyrosine residues provides binding sites to SH2 
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domain-containing proteins or phosphotyrosine binding domain-containing proteins and further 

triggers the downstream signals to regulate cell function. Thus, unlike most EPH receptors that 

transduce signals through their kinase activation, EPHB6 participates in the EPH/EFN signaling 

network mainly via its kinase-independent activity. Many evidences have revealed the specificity 

of EPHB6 in the EPH/EFN signal transduction. Under the stimulation of EFNB1, EPHB1 could form 

a stable hetero-complex with EPHB6 resulting in increased EPHB6 phosphorylation, which 

subsequently recruited the proto-oncogene c-Cbl into EPH receptor complexes without changing 

the phosphorylation of Cbl for the downstream events. Such kind of cross-talk between EPHs was 

also reported in the interaction of EPHB6 with EPHB4 (Truitt et al., 2010), EPHB2, and EPHA2 (Fox 

and Kandpal, 2011). In addition, when exposed to EFNB2, EPHB6 could be phosphorylated by Src 

family kinase Fyn activity based on their constitutive association (Matsuoka et al., 2005). In these 

cases, EPHB6 exerted its non-catalytic functions via scaffolding or recruiting other EPHs, SH2 

domain-containing proteins, and the adapter proteins. To further understand how EPHB6 

functions, a structural analysis of EPHB6 and its oligomerization on the cell surface is required. 

So far, we still know little about the complete three-dimensional protein structure of EPHB6. Until 

very recently, Emilia O. Mason determined the structural organization of the extracellular domain 

of EPHB6 by X-ray crystallography (Mason et al., 2021). Most parts of the EPHB6 ectodomain were 

very similar to those observed in the EPHAs. However, some unique structural features of EPHB6 

were also revealed to be closely related to its potential functions. For instance, an insert of 11 

serine residues within the J-K loop was found inside the LBD of EPHB6, which was not observed 

in other EPHs. It is speculated that this special structure might interfere with ligand binding, 

thereby reducing the affinity of EPHB6 for EFNBs. Another unique serine-rich short loop opposite 

to LBD of EPHB6 was potentially related to the EPH-EPH interactions during the formation of 

EPH/EFN signaling assemblies on the cell surface. These unique characteristics of EPHB6 

determine its distinct mechanism of action in the EPH/EFN signaling pathways. The application of 

more advanced structural research techniques, such as cryo-electron microscopy, will help us to 

understand the structure of EPHB6 and its correlation with EPHB6 function more deeply.  
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1.1.5.2 EPHB6 biological effects 

Despite the lack of intrinsic kinase activity, EPHB6 still plays an important role in many biological 

responses in both normal physiology and malignancy. For example, EPHB6 was reported to 

regulate the permeability of the tubule cells together with EPHB2, which affected the 

reabsorption ability of the kidney. A study of inflammatory pain and hyperalgesia showed the 

expression of EPHB6 in the spinal dorsal horn sensory neurons was important for pain signal 

transmission (King, 2014). Most recently, EPHB6 was demonstrated to be involved in the 

regulation of gut homeostasis (Li et al., 2020).  

The role of EPHB6 in cancer seems more attractive. EPHB6 is described as a malignancy-

suppressing factor due to its preventive effect on aggressive malignancies. The expression of 

EPHB6 was reported lower in various cancers, such as neuroblastoma, non-small cell lung cancer, 

and breast cancer (Truitt and Freywald, 2011). Such downregulation of EPHB6 in these cancers 

was caused by modification of multiple factors at the gene level and posttranscriptional levels, 

such as mutation, promoter hypermethylation, and transcript destabilization (Truitt and Freywald, 

2011). The defective EPHB6 expression showed closely related to the increase of cancer invasion 

and distant metastasis (Tang et al., 2000; Muller-Tidow et al., 2005; Fox and Kandpal, 2009). This 

anti-invasive property of EPHB6 was further proved by the evidence that restoration of EPHB6 

expression suppressed the metastasis of lung cancer, breast cancer, and colorectal cancer (Yu et 

al., 2010;Mateo-Lozano et al., 2017;Toosi et al., 2018). The underlying mechanism of EPHB6 anti-

invasive action might be related to the enhanced adhesion of the cancer cells caused by EPHB6-

induced actin cytoskeleton rearrangements, and the decreased level of metalloproteinases by the 

EPHB6 signaling (Fox and Kandpal, 2009;Truitt et al., 2010). Interestingly, overexpression of 

EPHB6 in the cancer cells was also conducive to reducing drug resistance during cancer therapies 

(El Zawily et al., 2017;Toosi et al., 2018).  

In the last 20 years, our lab revealed some novel roles of EPHB6 in the immune system. We first 

showed the EPHB6 function in T cells in vitro. The proliferation of Jurkat cells was inhibited and 

turned to apoptosis upon the co-cross-linking of EPHB6 and cluster of differentiation 3 (Luo et al., 

2001). While in the normal resting human T cells, the EPHB6 crosslinking by mAb resulted in the 

co-localization of EPHB6 and T cell receptor (TCR) and further stimulated the T cell proliferation, 



39 

which was accompanied by the increased production of lymphokines and the enhanced T cell 

responses to antigen (Luo et al., 2002). Similar effects on the T cells were also observed upon the 

stimulation of solid-phase EFNB2 and EFNB3, which are the ligands of EPHB6. The function of 

EPHB6 in T cells was further clarified in the EPHB6-null mutant mouse model. The absence of 

EPHB6 led to reduced T cell proliferation and compromised T cell response to TCR stimulation 

both in vitro and in vivo (Luo et al., 2004). In addition to T cells, the EPHB6 also contributed to the 

monocyte chemotaxis, which was involved in the development of atherosclerosis (Sakamoto et 

al., 2011). The critical roles of EPHB6 in the immune system will gradually emerge with the 

deepening of research. 

When we studied the roles of EPHs/EFNs in the cardiovascular system, EPHB6 showed its 

powerful effect on blood pressure regulation (Luo et al., 2012). The reverse signaling from EFNBs 

to EPHB6 dampened the VSMCs contraction in vitro. The VSMCs are found within the wall of blood 

vessels, and their contraction or relaxation determines the vascular tone. Thus, it’s supposed to 

see the enhanced blood vessel contractility and hence the elevated blood pressure when EPHB6 

was absent. Surprisingly, the blood pressure presented no significant difference between WT and 

EPHB6 KO male or female mice. However, after castration, the KO male mice manifested higher 

blood pressure than their WT counterparts.  It indicated that EPHB6 in concert with sex hormones 

contributed to the blood pressure regulation, and some compensatory feedback mechanisms 

should be involved in this process. Additional experiments revealed the 24-h urine 

catecholamines were reduced in EPHB6 KO male mice, which might compensatively offset the 

VSMCs contraction caused by EPHB6 deletion and keep blood pressure normal in KO male mice. 

However, such compensation was abolished after castration since the catecholamine levels of 

castrated KO male mice rose to normal, which might be the reason for the observed increased 

blood pressure in these mice. As we know, the majority of catecholamines are produced in 

adrenal gland chromaffin cells in mammals. So, these interesting phenotypes in EPHB6 KO mice 

indicated that EPHB6 should also target the adrenal gland chromaffin cells and exerted a 

testosterone-dependent catecholamine regulatory effect. In the next section, we will review the 

basic knowledge of catecholamines and chromaffin cell biology to explore further the roles of 

EPHBs/EFNs in this new field.   
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1.2 Catecholamines 

Catecholamines, including dopamine (DA), epinephrine (Epi), and norepinephrine (NE), are very 

important monoamine neurotransmitters and hormones involved in the physiological regulation 

of the body. They are mainly produced by the postganglionic fibers of the sympathetic nervous 

system, adrenal gland, and chromaffin cells. Over 90% of circulating Epi is released by the adrenal 

medulla, but only 7% of circulating NE is contributed by it. In contrast, NE is widely produced as a 

neurotransmitter in the central nervous system (CNS), where Epi is much less abundant. Most 

circulating NE is derived from neurotransmission, whereas the circulating Epi exerts its main 

effect as a hormone. They together play important roles in the fight-to-flight response by 

accelerating the heart and lung action, increasing the blood flow to the muscles, and liberating 

the metabolic energy source for muscular action (Tank and Lee Wong, 2015). DA mainly acts as a 

neurotransmitter of the CNS. Therefore, it is mainly produced in the dopaminergic neurons in 

many areas of the brain, particularly the hypothalamus, the substantia nigra, and the ventral 

tegmental area (Juarez Olguin et al., 2016). It performs crucial neuromodulation tasks in the brain, 

including reward, movement regulation, motivation, and cognitive function (Klein et al., 2019). 

Catecholamines are essential signal mediators in normal physiological processes, being 

responsible for transmitting physiological signals and maintaining body homeostasis. Their serum 

levels can be used to assist in the diagnosis of endocrine-related diseases, such as hypertension, 

hyperthyroidism, pheochromocytoma, and neuroblastoma. 

 

1.2.1 Catecholamine biosynthesis and regulation 

1.2.1.1 Catecholamine biosynthesis 

The catecholamines biosynthesis starts from L-tyrosine. Tyrosine hydroxylase (TH) is the rate-

limiting enzyme in the synthesis of catecholamines. It catalyzes the conversion of the L-tyrosine 

to L-DOPA in the cytoplasm. Then the L-DOPA can be transformed into DA in the presence of 

DOPA decarboxylase. The DA is transported into the neurotransmitter vesicles and is converted 
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into NE by DA β-hydroxylase. In the adrenal gland chromaffin cells and some neurons containing 

phenylethanolamine N-methyltransferase, NE can be converted into Epi (Fig.3). 

 

 

Figure 3. –  Pathway of catecholamine biosynthesis. Image modified from Vegh et al. 2016 (Vegh et 

al., 2016). 

1.2.1.2 Catecholamine biosynthesis regulation 

From the process of catecholamine biosynthesis, we can identify at least four enzymes (TH, DOPA 

decarboxylase, DA β-hydroxylase, and phenylethanolamine N-methyltransferase ) involved in the 

various steps of the synthesis of the different components (Fig.3). A large number of regulatory 

mechanisms for these four enzymes can affect the final catecholamine production. However, 

hydroxylation of the phenyl ring in tyrosine to form L-DOPA is the rate-limiting step in the 

catecholamine biosynthesis, so the regulation of TH is the most important event in the production 

of the catecholamines (Udenfriend, 1966). Our review of the catecholamine biosynthesis will 

mainly focus on TH synthesis and activity regulation. 
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1.2.1.2.1 Regulation of TH synthesis 

TH exists as a tetramer of four identical subunits, including an N-terminal regulatory domain, a 

catalytic domain, and a C-terminal tetramerization domain. It uses the tetrahydrobiopterin (BH4) 

as a substrate, and together with molecular oxygen and ion, converting tyrosine into L-DOPA. The 

TH synthesis is controlled by many regulatory factors at the transcriptional and post-

transcriptional levels. The TH activity is also essential for catecholamine production and is 

regulated by multiple modes, including phosphorylation, protein-protein interactions, and 

catecholamine feedback inhibition. These regulatory mechanisms will be detailed discussed in the 

following sections. 

 

1.2.1.2.2 Transcriptional regulation of TH 

The transcriptional regulation of TH mainly depends on transcription factors' delicate work and 

other co-factors to finely produce the right amount of mRNA, just like they regulate all other 

genes. The role of trans-acting factors in regulating TH expression relies on their binding with cis-

regulatory elements in the TH gene, such as promoters, enhancers, silencers, and insulators. This 

regulatory mechanism is responsible for developing and maintaining tissue-specific TH expression 

and regulating the expression level of TH responding to stimulus. Our discussion below will focus 

on the latter part. 

As early as 1996, Kumer and Vrana already had a good description of the TH promoter's cis-

regulatory elements (Kumer and Vrana, 1996). With additional research, more and more cis-

regulatory elements of TH promoter have been discovered (Fig.4). 

Cyclic AMP/Ca2+ responsive element (CRE/CaRE), located between -45 and -38 bp in the rat TH 

promoter, regulates TH expression primarily by responding to the intracellular concentration 

change of Ca2+ and the second messengers cAMP (Lenartowski and Goc, 2011). It is a critical 

regulatory element for both basic and induced TH synthesis, which many studies have proved. In 

the cAMP-responsive element-binding protein (CREB)-deficient PC12 cell lines, TH gene proximal 

promoter and CRE element activity are impaired under cAMP stimulation, resulting in a total 

arrest of TH mRNA transcription. The PKA signaling cascade is responsible for signal transmission 
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(Piech-Dumas and Tank, 1999). Long-term stimulation of nicotine elevates TH mRNA level in PC12 

cell lines, and this depended on the activity of the cAMP-PKA-CREB axis (Hiremagalur et al., 1993). 

In addition to the cAMP-mediated pathway, short-term stimulation of nicotine induces the 

elevation of the intracellular Ca2+ concentration, which activates calmodulin kinase and in turn 

phosphorylates CREB, promoting TH transcription at its CRE/CaRE site (Gueorguiev et al., 1999). 

Moreover, membrane depolarization or ionomycin is also found to strengthen TH promoter 

activity via the CRE/CaRE (Kilbourne et al., 1992; Nankova et al., 1996). At a position further 

upstream (between -97 and -90 bp in the rat TH promoter), there is a second CRE2 site identified 

as a cAMP-responsive element to increase TH expression upon phorbol ester treatment (Best and 

Tank, 1998). It is worth noting that some studies also show that the binding of transcription 

factors with CRE and the flanking sequences of AP1 and pDSE are needed to form a complex to 

promote full activation of the rat TH gene (Patankar et al., 1997). 

The AP1 element, located at about 200 bp upstream of the rat TH promoter's transcriptional start 

site and overlapping with E-box, is also important for TH expression (Yoon and Chikaraishi, 1994). 

The deletion of the AP1 binding site in the TH promoter on PC12 cells leads to the reduction of 

basal and enhanced expression of the TH gene (Gizang-Ginsberg and Ziff, 1990;1994). The AP1 

element–dependent activation of TH gene expression can be induced by Ca2+, phorbol esters, 

nerve growth factor, or hypoxia. AP1 transcription factor is a dimeric complex formed by 

members from the FOS, JUN, ATF, or MAF families, which is the major protein complex binding 

with the AP1 site. These protein families can form homodimers or heterodimers and bind to the 

AP1 site with different affinities. In research to study the induction of different TH–AP1 complexes 

in striatal neurons by acidic fibroblast growth factor (aFGF) and co-activator, gel shift assays 

revealed that aFGF stimulation leads to qualitative changes in the components of AP1 complexes 

binding to the AP1 site from low-affinity dimers (such as ATF/CREB) to high-affinity dimers (such 

as Fos/Jun), and these changes may depend on the signal transmission via MAPK pathway (Hai 

and Curran, 1991; Guo et al., 1998). Similar to CRE/CaRE, the protein complexes binding with AP1 

often recognize the CRE site. The full TH gene activity induced by the AP1 element also requires 

the CRE element regulation (Piech-Dumas et al., 2001; Suzuki et al., 2004). 
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Specificity protein 1 (Sp1) element, located from -124 to -107 bp upstream of the transcription 

start site, was first identified by Yang in 1998 (Yang et al., 1998). This new cis-regulatory motif is 

identified using DNase I footprinting analysis in the rat TH gene's 503-bp proximal area. It may 

activate TH transcription in concert with the CRE element. The Sp1 site in the TH promoter region 

overlaps with the Egr1 site in a study about the immobilization stress on rat adrenal medulla 

(Papanikolaou and Sabban, 1999). The ability of transcription factor Egr1 to upregulate the 

activity of rat TH promoter induced by phorbol ester or stress may need not only the Sp1/Egr1 

motif but also the AP1 element (Papanikolaou and Sabban, 2000; Nakashima et al., 2003).  

Gender also involves in the regulation of TH expression by activating the specific elements in the 

TH promoter. Estrogen response element (ERE), located between -43 and -29 bp upstream of the 

TH promoter, together with the overlapping CRE/CaRE site, are essential for the elevated TH 

promoter activity in PC12 cells expressing estradiol receptor-alpha caused by 17beta-estradiol 

(Maharjan et al., 2005). This effect depends on the PKA/MEK signaling activating the CREB by 

phosphorylation and further increasing the CRE-driven promoter activity (Maharjan et al., 2010). 

The sex-determining region Y (SRY) binds to the site close to the AP1 site in the TH promoter and 

significantly increases TH gene expression.  

Some other cis-regulatory elements in the TH promoter region help to regulate the expression of 

the TH gene. For instance, the glucocorticoid response element (GRE) (5734-5728 upstream), 

whose sequence is TGACTAA, resembling the AP1 element (so it is called GRE/AP1 site), involves 

in the regulation of TH gene expression induced by glucocorticoid stimulation. The hypoxia-

responsive element (HRE) (226-221 upstream), when interacting with hypoxia-inducible 

transcription factors induced by hypoxia in oxygen-sensitive cells, increases TH gene expression 

(Schnell et al., 2003). 
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Figure 4. –  A schematic diagram and overview of the regulation of the TH promoter. Image modified 

from Tekin et al. 2014 (Tekin et al., 2014). 

 

1.2.1.2.3 Epigenetic regulation of TH      

Research on the epigenetic regulation of gene expression developed rapidly in the past 20 years. 

More and more evidence has demonstrated that epigenetic factors are also important for TH 

expression. For example, TH protein expression in rat brain tissues is downregulated due to the 

decreased histone H3 acetylation level at the promoter after Staphylococcus aureus infection 

(Choudhury et al., 2019). It revealed that the TH expression would be restrained if the histone 

acetylation at the promoter region is impaired, and multiple other animal and human studies also 

provided similar evidence (Romano et al., 2007; Liu et al., 2014a; Qiao et al., 2019). The reason 

may be related to the destabilization of the TH mRNA after histone acetylation is inhibited (Aranyi 

et al., 2007). In addition to histone acetylation, methylation of histone also regulates the 

expression of TH. Exposure to methylmercury leads to a significantly increased tri-methylation of 

histone H3 lysine 27 levels at the TH promoter, resulting in repressed TH gene expression (Go et 

al., 2018). In recent years, many epigenetic types of research based on microRNAs (miRNAs) have 

further enriched the study of TH epigenetic regulation. A study in rat adrenal medulla revealed 
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miRNA-375 negatively regulates the biosynthesis of TH by targeting Sp1 and results in the 

decrease of catecholamine synthesis and secretion (Gai et al., 2017). The potential role of miRNA 

on the TH regulation is also reported by an in silico target gene prediction program based on the 

investigation of the miRNA expression in the brains of schizophrenic and bipolar disorder patients 

(Kim et al., 2010). Along with the development of epigenetics, we believe the picture of epigenetic 

regulation of TH will be more and more colorful. 

 

1.2.1.2.4 Post-transcriptional regulation of TH 

After transcription, the TH mRNA undergoes many post-transcriptional modifications to produce 

TH protein. The stability of TH mRNA, which is very important for subsequent translation, is mainly 

regulated by interacting with specific modulators. Under the hypoxia stimulation, the TH gene 

transcription level and TH mRNA stability are both increased in PC12 cells (Czyzyk-Krzeska et al., 

1994b). Further study reveals that the TH mRNA stability depends on the interaction of the poly 

(C) binding protein (PCBP) with hypoxia-inducible protein binding sequence at the 3’-untranslated 

region (UTR) of rat TH mRNA (Czyzyk-Krzeska et al., 1994a; Czyzyk-Krzeska and Beresh, 1996). The 

half-life of TH mRNA increases four-fold in AGCCs stimulated with nicotinic agonist, and this 

elevation is also related to the binding of the protein to the 3`UTR (Roe et al., 2004). Similar results 

are found in the PC12 cells treated with cAMP analogs or phorbol esters; the RNA-protein 

interaction contributed to the stability of TH mRNA (Vyas et al., 1990; Fossom et al., 1992). In 

addition to maintaining TH mRNA stability, this manner of RNA-protein interaction also 

contributes to mRNA translation regulation. The increased TH mRNA translation level in 

dopaminergic neurons induced by cAMP is regulated by the binding of PCBP2 to the 

polypyrimidine-rich site in the TH mRNA 3′-UTR (Xu et al., 2009). The vital role of RNA-protein 

interaction in TH translation regulation may also give a good explanation for the disproportionate 

change of TH protein level and TH mRNA level in adrenal medulla induced by short-term stressors 

(Xu et al., 2007). 
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1.2.1.2.5 Regulation of TH activity 

The activity of the TH enzyme largely determines the output of catecholamine. TH synthesis is 

mainly responsible for the long-term TH activity regulation, while the short-term TH activity 

regulation depends mostly on the phosphorylation state of the TH enzyme. The principle of TH 

catalytic reaction is that it performs hydroxylation reaction on the aromatic amino acid in L-

tyrosine using Fe2+, oxygen, and BH4. The active site of TH protein is occupied by the iron atom. 

The catalysis can only proceed when the iron atom is in a ferrous state. The three-dimensional 

structure study of TH protein shows that when TH is in an inactive state, the regulatory domain 

will cover the active site, thereby restricting access to the active site. Phosphorylation in the 

regulatory domain relieves its inhibitory effect on the active site, while dephosphorylation 

restores it to the blocking position (Daubner et al., 2011). 

 

1.2.1.2.6 Regulation of TH by phosphorylation and dephosphorylation 

Many in vivo or in vitro studies reveal that four serine residues (Ser8, Ser19, Ser31, and Ser40) in 

the regulatory domain of TH protein primarily contribute to TH phosphorylation regulation. In 

response to different stimuli, single or multiple serine residues will be phosphorylated by multiple 

protein kinases, including Ca2+/calmodulin-dependent protein kinase II (CaMKII), ERK1/2, PKA, 

and mitogen-activated protein kinase-activating protein kinase II (MAPKAPK-2). Phosphorylation 

at Ser40 has the most powerful effect on TH activity increase compared to other serine residues. 

The primary outcome of phosphorylation at Ser40 in TH protein is to relieve the feedback 

inhibition by catecholamines (Le Bourdelles et al., 1991).  TH activity increased by 20-fold after 

the Ser40 of the dopamine-bound TH is phosphorylated by PKA (Daubner et al., 1992), while 

phosphorylation of Ser31 mediated by ERK1/2 in vitro only leads to a less than two-fold increase 

(Haycock et al., 1992). However, the prior phosphorylation of Ser31 in rat TH can elevate the rate 

of Ser40 phosphorylation by up to 9-fold in vitro (Lehmann et al., 2006). Unlike Ser40 and Ser31, 

the phosphorylation of Ser8 and Ser19 cannot directly regulate TH activity. However, 

phosphorylation of Ser19 by CaMKII can enhance the binding of 14-3-3 protein to TH and further 

lead to a 2-fold increase of TH activity. And the Ser19 phosphorylation also results in the elevated 

phosphorylation level of Ser40 (Haycock et al., 1998). ERK1/2 can phosphorylate the Ser8 site of 
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TH, but there is no strong evidence showing that it is related to the TH activity regulation (Kansy 

et al., 2004).  

Dephosphorylation at these four serine residues in the regulatory domain of TH protein by 

phosphatases will reverse the phosphorylation-dependent TH activity. Phosphoprotein 

phosphatase 2A (PP2A) plays a crucial role in the dephosphorylation regulation of TH activity. 

Many pieces of evidence have indicated PP2A can dephosphorylate TH at Ser19, Ser31, and Ser40 

and subsequent suppression of TH activity both in vitro and in vivo. For example, PP2A-treated 

bovine adrenal chromaffin cells exhibit different dephosphorylation levels at Ser19, Ser31, and 

Ser40 of TH (Leal et al., 2002). The inhibition of TH activity in dopaminergic cells induced by 

manganese exposure is caused by PKC delta and PP2A activity (Zhang et al., 2011). 

Lipopolysaccharide (LPS) injection in vivo reduces the TH activity due to the inhibitory effect on 

the phosphorylation of Ser31 and Ser40 caused by PP2 activity (Ong et al., 2017). 

 

1.2.1.2.7 Feedback inhibition by catecholamines 

The catecholamine feedback inhibition is a very important regulatory mechanism to provide fine 

control of catecholamine production. This inhibitory effect is achieved by the binding of the 

catecholamines to specific sites in TH. It is currently believed that there are two catecholamine 

binding sites in TH: one is a high-affinity site, another is a low-affinity site (Ong et al., 2017). The 

interaction of catecholamines to the high-affinity site leads to a decrease of the TH activity by 

preventing BH4 from interacting with the active site or forming a tight enzyme-iron-

catecholamine complex (Tekin et al., 2014). This kind of interaction can only be released by 

phosphorylation of TH at Ser40. The interaction of catecholamines to the low-affinity site, from 

which catecholamines are easily dissociable, can be found in both the non-phosphorylated TH 

and the Ser40 phosphorylated TH. In the non-phosphorylated TH and Ser40-phosphorylated TH, 

the dissociation of catecholamine from the low-affinity site can respectively increase TH activity 

by twelve and nine times (Gordon et al., 2008). This flexible TH activity regulation is more likely 

to be the main mechanism to control the catecholamine production in most instances and to 

prevent excessive accumulation of cytosolic catecholamines. 
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1.2.2 Catecholamine secretion and regulation 

In the study of the secretion mechanism of neuroendocrine cells, adrenal gland chromaffin cells 

(AGCCs) are widely used as a model. The research on catecholamine secretion from chromaffin 

cells can be traced back to the last century. More and more molecules have been found to be 

involved in the multiple steps of catecholamine secretion regulation, including secretory vesicle 

recruitment, docking, priming, fusion, and release. Catecholamine secretion processes and 

regulatory mechanisms are constantly discovered by cell biology researchers. 

 

1.2.2.1 The stimulus-evoked response of chromaffin cells  

AGCCs are mainly innervated by the splanchnic nerve and respond to the neurotransmitters 

released from pre-synaptic sympathetic ganglia, such as acetylcholine (ACh) and pituitary 

adenylate cyclase-activating polypeptide (PACAP). The classic stimulus-secretion coupling in 

AGCCs will be initiated once ACh binds to the nicotinic receptors on the AGCCs’ membrane. At 

first, a small amount of Na+ and Ca2+ flows into the cells through activated nicotinic receptors, 

and causes a mild depolarization of the cell membrane. Next, the voltage-gated Na+ channels are 

opened by depolarization, causing more Na+ influx and enhancing depolarization, which further 

activates the voltage-gated Ca2+ channels (VGCCs) and allows large amounts of Ca2+ influx. The 

increase of intracellular Ca2+ concentration further launches the exocytosis of catecholamine 

vesicles (Aunis, 1998) (Fig.5A). Although the muscarinic receptors are also expressed on the 

surface of AGCCs, they are not as important as nicotinic receptors for the catecholamine 

exocytosis. It is worth noting that this stimulus-secretion coupling can be amplified by the gap 

junction-mediated cell-to-cell communication to elevate the efficiency of catecholamine 

secretion (Colomer et al., 2009).  

In addition to ACh, another neurotransmitter secreted by splanchnic nerve terminals named 

PACAP is reported as the major neurotransmitter to activate AGCCs following stress. PACAP 

stimulation can promote both synthesis and secretion of catecholamines in AGCCs. The binding 

of PACAP to the AGCCs activates the PACAP-preferring receptor on the cell membrane, which 

activates phospho-dependent depolarizing cation conductance (PDCC) via the cAMP-Epac-PKC 
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pathway. The activation of PDCC causes cell depolarization and further opens VGCCs to induce 

Ca2+ influx and results in subsequent catecholamine exocytosis (Eiden et al., 2018) (Fig.5B). 

Besides the neurotransmitter stimulation, many other stimuli can also evoke catecholamines 

secretion from AGCCs (Aunis, 1998). Depolarization by high K+ concentrations can directly activate 

VGCCs and secretion. Histamine, angiotensin II, and bradykinin can directly bind to their receptors 

on the membrane of AGCCs, stimulating the catecholamine exocytosis. 

Different from the stimuli above, many other factors play negative regulatory roles on 

catecholamines secretion. Long-term exposure to ACh will cause a rapid decrease in the release 

of catecholamines by AGCCs. This phenomenon is called desensitization, which mainly relates to 

the desensitization of the nicotinic receptors via PKA-mediated phosphorylation (Paradiso and 

Brehm, 1998). Interaction between dopamine agonists and Dopamine D2 receptors located on 

the surface of AGCCs shows an inhibitory effect on Ca2+ influx and catecholamine secretion 

(Sontag et al., 1990). Other molecules, such as GABA (Inoue et al., 2010), and neuroactive 

peptides (Role et al., 1981; Venihaki et al., 1996), are also revealed in many studies negatively 

regulating the catecholamine exocytosis in AGCCs. Due to the diversity of the membrane 

receptors, the stimulus-evoked responses of AGCCs are very complex and involve many different 

mechanisms to secret the right amount of catecholamines.  
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Figure 5. –  Schematic illustration of the signaling pathways of catecholamines secretion induced by 

ACh and PACAP in adrenal gland chromaffin cells. Image modified from Smith, 2012 (Smith 

and Eiden, 2012). 

 

1.2.2.2 Chromaffin vesicle exocytosis 

After catecholamines are synthesized in the AGCCs, they are transported into chromaffin vesicles 

by vesicular monoamine transporters in an ATP-dependent way (Wimalasena, 2011). These 

chromaffin vesicles containing dense-core aggregate originate from the Golgi network. During the 

maturation of vesicles, many molecules, including catecholamines, ATP, enzymes, peptides, and 

grains, are assembled into the vesicles, and these vesicles are transported along microtubules 

from their initial site deep in the cytoplasm to the F-actin-rich cell cortex, waiting for further 

docking, priming, fusion, and exocytosis (Fig.6). These chromaffin vesicles are majorly located at 

two pools constructed from actin cytoskeleton: the reserve pool and release-ready pool (Rose et 

al., 2002). Most of the chromaffin vesicles are restricted in the cortical F-actin network of the 

reserve pool away from the plasma membrane. In contrast, a small amount (1%-4%) of the 

vesicles stay in the release-ready pool within a 50 nm subplasmalemmal zone in the resting state 

(Heinemann et al., 1993; Vitale et al., 1995). Myosin VI and Synapsin II may help to anchor 

chromaffin vesicles to the actin filaments to maintain the reserve pool (Villanueva et al., 2006; 

Tomatis et al., 2013). The movement of chromaffin vesicles from the reserve pool to the release-

ready pool is mainly triggered by the rise of intracellular Ca2+ concentration and ATP hydrolysis. 

This process requires F-actin remodeling and microtubule trails to liberate and guide (Trifaro, 

2008 ). Two molecular motors, myosin II and Va, play important roles on the cortex F-actin 

dynamics, and drive the vesicles to exocytotic sites through the trails (Neco et al., 2002). In 

addition to Ca2+ influx, the disassembly of F-actin also can be triggered by PKC activation after 

treatment with phorbol esters (Trifaro et al., 2000).  

After the vesicle traffic, there are three more steps (docking, priming, fusion) before the final 

vesicle exocytosis. Docking is the process by which the vesicles are tethered to the cell membrane 

in the release-ready pool. It has been proposed that the docking process in chromaffin cells is 
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controlled by syntaxin, synaptosomal-associated protein 25 (SNAP-25), and synaptotagmin-1 

(Borisovska et al., 2005). SNAP-25 binds to membrane protein syntaxin to form SNARE complex 

and further wraps with the vesicular membrane protein synaptotagmin-1 to anchor the vesicle to 

the cell membrane. Another molecule, mammalian uncoordinated (Munc)18-1, also contributes 

to the docking process by facilitating the formation of a more compatible SNARE complex for 

docking (Dawidowski and Cafiso, 2016). 

Once the docking of vesicles is finished, a priming step is required for the vesicles to become 

fusion competent. According to the newly developed kinetics studies, the priming process is 

divided into two steps. They are modulated by three Ca2+ sensors with distinct Ca2+ sensitivities, 

which are Munc13, Ca2+-activated dependent activator protein for secretion (CAPS), and 

synaptotagmin-1, in a Ca2+ -dependent way. In the first step, the conformation of syntaxin in the 

SNARE complex is opened by the catalysis of Munc13, allowing synaptobrevin and more SNAP-25 

to participate in the assembly of the upgraded SNARE complex (Ma et al., 2011). The population 

of chromaffin vesicles in this state is classified as a slow releasable pool (SRP). In the second step, 

CAPSs further bind to “opened” syntaxin, leading to a more stable open state of syntaxin to form 

a full SNARE complex (Parsaud et al., 2013). The population of chromaffin vesicles in this state is 

classified as a readily releasable pool (RRP) (Fig.6). The deletion of CAPSs in the chromaffin cells 

results in a sharp decrease of the chromaffin vesicles in RRP and a sustained release of 

catecholamines during constant stimulation (Liu et al., 2008). Moreover, the interaction of 

synaptotagmin-1 with SNAP-25 not only contributes to the docking process but also plays a 

powerful role in stabilizing the primed chromaffin vesicles. Mutation of the synaptotagmin-1 

binding sites in the SNARE complex causes the loss of SRP and RRP (Mohrmann et al., 2013).  

After the priming process, the chromaffin vesicles are ready to fuse with the cell membrane. The 

SNARE complex continues to play a central role in the fusion process. Mutations in multiple 

different sites of the SNARE complex all result in impaired fusion function of chromaffin vesicles 

(Wang et al., 2011; Mohrmann et al., 2013). At the resting state, the SNARE complex is restrained 

in a pre-fusion state due to the binding of small cytosolic protein complexins (Schaub et al., 2006). 

When intracellular Ca2+ concentration is raised after stimulation, Ca2+ will bind to synaptotagmin-

1, and the bound complexins will be released from the SNARE complex, triggering the next fusion 
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process. According to electrophysiological recordings in AGCCs, catecholamines flow out through 

a high conductance channel named “fusion pore”. SNARE complexes are the main components 

of the fusion pore, and they are involved in regulating the conductance and the diameter of the 

fusion pore (Fang et al., 2013; Chang et al., 2015). In addition, many works suggest that F-actin 

and myosin II are also essential to the fusion events (Neco et al., 2004; Miklavc et al., 2015). They 

may contribute to conducting and maintaining the open state of the fusion pore (Wen et al., 2016) 

and promote neurotransmitter release by enhanced membrane tension (Miklavc et al., 2015). 

 

Figure 6. –  Model of chromaffin granule exocytosis. Image modified from Marengo and Cardenas, 

2018 (Marengo and Cardenas, 2018). 

 

1.2.2.3 Ca2+ regulation of catecholamine secretion 

The Ca2+-dependent stimulus-secretion coupling is the first revealed mechanism and also is the 

most important mechanism for the catecholamine secretion from AGCCs (Douglas and Rubin, 

1961). The increase of the cytosol Ca2+ concentration is essential for the chromaffin vesicles 

exocytosis. The strength and duration of the cytosolic Ca2+ signals contribute to the regulation of 
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chromaffin vesicles distribution in the different pools and every step of the exocytosis, including 

recruitment, docking, priming, and fusion. 

The intracellular Ca2+ concentration is not homogeneously distributed in the AGCCs. The 

extracellular Ca2+ cations flux into AGCCs through the VGCCs activated by stimuli, inducing the 

Ca2+-induced Ca2+ release from the endoplasmic reticulum to amplify the Ca2+ signal. The Ca2+ is 

also taken up by mitochondria and promotes the increase of the respiration rate to produce more 

ATP (Garcia et al., 2006). The Ca2+ redistribution in the cell leads to the formation of the sub-

membrane Ca2+ gradients and Ca2+ microdomains. These microdomains, whose sizes are about 

0.35 µm, are distributed in the region about 200 nm away from the plasma membrane and are 

neighboring with the VGCCs, close to the docked chromaffin vesicles. In a buffered Ca2+ diffusion 

model, by stimulating AGCCs with short depolarization, the Ca2+ concentration in the 

microdomains adjacent to the mouse of VGCCs is increased to 30 μM within microseconds, while 

the Ca2+ level only rises to 1.9 μM within milliseconds in the region 300 nm away from the channel 

pore (Klingauf and Neher, 1997). In resting conditions, the cytosolic Ca2+ concentration near the 

VGCCs only rises very briefly and cannot achieve the accumulation of residual Ca2+ under the low-

frequency repetitive stimulation. However, high-frequency stimulation can provoke a large Ca2+ 

influx, leading to the Ca2+ accumulation in the region further away from the VGCCs (Klingauf and 

Neher, 1997).  

The temporal and spatial characteristics of sub-membrane Ca2+ gradients have a close relationship 

with the chromaffin vesicle burst secretion and sustained secretion. In the resting condition, the 

low-frequency stimulation only increases the Ca2+ concentration of the Ca2+ microdomains around 

VGCCs, which induces a small group of RRR chromaffin vesicles close to the channels, named 

immediately releasable pool (IRP), to be rapidly released (Alvarez and Marengo, 2011). Many 

studies demonstrated the P/Q-type VDCCs are mainly responsible for the IRP exocytosis in mouse 

AGCCs (Alvarez et al., 2008; Alvarez et al., 2013). Due to the small IRP size and the slow speed of 

IRP replenishment (5-10 s), it is difficult to sustain the chromaffin vesicle secretion (Moya-Diaz et 

al., 2016). A recent study challengingly suggested that there is another rapid manner of IRP 

replenishment (0.5-1.5 s) linked to dynamin-dependent fast endocytosis during individual action 

potentials stimulation (Montenegro et al., 2020). Therefore, there may be different 
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replenishment mechanisms for regulating the IRP exocytosis by different stimulation. When 

receiving high-frequency repetitive stimulation, the chromaffin vesicles in the release-ready pool 

will be quickly released synchronously with stimuli, and the vesicles in the reserve pool will 

mature and refill the release-ready pool to maintain subsequently sustained exocytosis (Stevens 

et al., 2011). This process requires sufficient calcium accumulation around the chromaffin vesicles. 

The F-actin remodeling during the vesicle traffic is basically Ca2+ -dependent. High cytosolic Ca2+ 

concentrations can both activate scinderin to cut the actin filaments (Dumitrescu Pene et al., 2005) 

and activate ERK1/2 and Src kinases, which are involved in actin polymerization (Olivares et al., 

2014; Gonzalez-Jamett et al., 2017). In the following docking, priming, and fusion processes, there 

are many different types of Ca2+ sensors involving in the formation of the core component SNARE 

complex. These Ca2+ sensors have distinct Ca2+ sensitivity and require different levels of Ca2+ signal 

to be activated. Thus, Ca2+ ions drive the whole process of catecholamine secretion. 

 

1.2.2.4 Role of F-actin in catecholamine secretion 

The role of F-actin in catecholamine secretion has been studied for about 50 years. The earliest 

knowledge of F-actin was limited to its peripheral cortical barrier function. It restrains the 

chromaffin vesicles in the reserve pool and prevents them from accessing the submembrane 

releasing sites in AGCCs (Gutierrez and Villanueva, 2018). The increased cytosolic Ca2+ 

concentration after stimulation leads to the dense F-actin network fragmentation and 

subsequent entry of the chromaffin vesicles into the secretory sites. Later studies demonstrated 

the new role of F-actin in the chromaffin vesicles transport system. The remodeling of F-actin also 

forms F-actin trails together with microtubules to guide the vesicles moving from the reserve pool 

to the readily releasable pool with the help of myosin. In recent years, more and more complex 

roles of F-actin in the chromaffin vesicle exocytosis have been revealed. F-actin participates in the 

fusion process by adjusting the surface tension of the cell membrane to open the fusion pore and 

even the duration of the fusion pore. The co-localization of the SNARE complex with VGCCs needs 

the structural support of F-actin cortical cytoskeletal cages, which also contributes to the 

construction of the Ca2+ microdomain. The dynamics of F-actin are even involved in the transport 

of many organelles, such as mitochondria and endoplasmic reticulum, which is also related to the 
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construction of Ca2+ microdomain (Gutierrez and Villanueva, 2018). Due to the fundamental roles 

of F-actin in so many processes of catecholamine secretion, the regulation of F-actin dynamic 

remodeling is crucial.  

 

1.2.2.5 Regulation of F-actin dynamics 

F-actin remodeling is a dynamic process of the transition between monomeric globular actin (G-

actin) and F-actin. This particular process of actin filament formation is called “treadmilling.” 

When G-actin binds to ATP, the ATP-actin monomers prefer to join the filament’s fast-growing 

barbed end to assemble the F-actin. As an ATPase, actin hydrolyzes ATP and changes into ADP+Pi-

actin, which shows ADP-actin binding with Pi noncovalently, relatively rapidly after ATP-actin adds 

to the barbed end. The ADP+Pi-actin will remain for some time and then convert to ADP-actin at 

the pointed end, ready for disassembly (Lee and Dominguez, 2010). The ratio of these three 

components in F-actin varies according to different states, which is the core mechanism of F-actin 

remodeling. Many specific actin-binding proteins (ABPs) control each step of the dynamic actin 

treadmilling, including nucleation, elongation, depolymerization, end-capping, cutting, cross-link, 

and actin monomer separation (Fig. 7). 

The most important ABPs are the G-actin-binding proteins: profilin, Thymosin β4 (T-β4), and 

ADF/cofilin. Profilin can catalyze the ADP-actin to ATP-actin and binds to the latter, promoting its 

combination to the barbed end of the F-actin. At the same time, ADF/cofilin functions by binding 

to ADP-actin and further destabilizes it, accelerating its dissociation from the pointed end (dos 

Remedios et al., 2003). T-β4 is another ABP with a high affinity to G-actin, and the binding of T-

β4 and G-actin not only inhibits the nucleotide exchange on G-actin but also blocks ATP-actin 

aggregation (Hertzog et al., 2004; Xue et al., 2014). T-β4 binds to ATP-actin competitively with 

profilin since they have a similar affinity to ATP-actin. However, most ATP-actin monomers bind 

to T-β4 instead of profilin because the amount of T-β4 is much larger than profilin in the cells 

(Skruber et al., 2018). Moreover, the binding of profilin with the membrane phospholipid 

phosphoinositol 4,5-bisphosphate (PIP2) further reduces the probability of forming the profilin-

ATP-actin complex (Skruber et al., 2018). Thus, T-β4 helps to hold the ATP-actin in the “reserve 
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pool” waiting for polymerization. When needed, profilin can replace with T-β4 by converting into 

profilin-ATP-actin for polymerization (Pantaloni and Carlier, 1993). The phosphorylation of 

profilin can enhance its binding with actin and subsequent actin polymerization (Fan et al., 2012).  

Actin-related protein (Arp) 2/3 complex can mimic the timer/tetramer, which is the critical 

structure of actin nucleation. Thus it is considered as a key nucleator for actin filaments nucleation. 

The activity of Arp2/3 complex is limited unless activated by nucleation promoting factors (NPF), 

such as Wiskott–Aldrich syndrome protein (WASP), WASP family verprolin-homologous protein 

(WAVE), and WASP and SCAR homologue (WASH) complex (Rotty et al., 2013). The classic 

nucleation manner of Arp2/3 is to form a nucleus with actin monomers for filament branch 

generation on a pre-existing filament. The structural studies reveal the branch and the main 

filament have a characteristic 70° angle (Pollard, 2007).  

Formins are another critical group of nucleation/elongation factors, mainly responsible for the 

assembly of the unbranched actin filament. The dimerization of formins with actin monomers 

enhances the stabilization of actin dimers, which is used as a nucleus for actin assembly. During 

filament elongation, actin monomers are added to formins-actin dimer sequentially at the barbed 

end to assemble the filament (Xu et al., 2004). Formins can also recruit the profilin-actin 

complexes binding to their proline-rich formin homology (FH) 1 domain to participate in the 

filament elongation (Breitsprecher and Goode, 2013). 

Capping is a crucial step to control the length and amount of the actin filaments by capping in 

both nonequivalent ends of the filaments. The most common capping protein at the barbed-end 

is CapZ, while the pointed-end is predominantly capped by tropomodulin protein (dos Remedios 

et al., 2003). In the cells, capping can be modulated by PIP and PIP2, which promote the capping 

proteins separating from the ends of filaments, leading to dynamic filament remodeling. Besides, 

the profilin binds to the barbed ends of actin filaments competing with capping proteins, resulting 

in the inhibition of the interaction between capping proteins and barbed ends. 

Disassembly of the F-actin messy network usually requires two steps: debranching and severing. 

Arp2/3 complex is the main nucleator for generating the branched actin filaments, thus inhibiting 

the activity Arp2/3 complex facilitates the dissociation of the branched filaments from the main 
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filaments. There are many Arp2/3 inhibitors contributing to this debranching process, such as 

coronin, glia maturation factor, and Arpin. They directly bind to the Arp2/3 complex and induce 

distinct open conformations of the complex, resulting in the inhibition of the Arp2/3 activity and 

the detachment of branched filaments (Sokolova et al., 2017). ADF/cofilin family proteins have 

both debranching and severing effects on the F-actin network. The interaction of ADF/cofilin with 

the actin filaments promotes the phosphate dissociating from the ADP+Pi-actin and the F-actin 

helical structure's turnover, which reduces the affinity of Arp2/3 complex for the actin filament 

causing the debranching at branch junction. The ADF/cofilin and Arp2/3 also competitively bind 

to the actin filaments. (Chan et al., 2009). These mechanisms explain how the ADF/cofilin proteins 

play their debranching role in the F-actin turnover. In addition, the turnover of the actin network 

by ADF/cofilin binding also causes the breakage of the inter-subunit bonds of mother filaments, 

which cuts the F-actin into several shorter fragments for further disintegration from the pointed 

ends, and even from barbed ends in the presence of capping proteins (Wioland et al., 2017). A 

similar severing function also can be found on another powerful severing protein, gelsolin (dos 

Remedios et al., 2003). Their severing activities are restricted by their interaction with PIP2, so 

hydrolysis of PIP2 will release them and leads to the acting filaments disassembly. The activity of 

ADF/cofilin is also regulated by phosphorylation. It is well known that the activity of ADF/cofilin 

is inhibited due to its phosphorylation by LIM kinases (LIMKs), whose activities are controlled by 

Rho GTPases (dos Remedios et al., 2003). 

The disassembly of F-actin is not only regulated by the ABPs, but also by post-translational 

modifications. In 2010, a novel F-actin-disassembly factor Mical was found in Drosophila. It can 

directly bind to F-actin and precisely disassemble the actin filaments by reduction-oxidation 

(redox) enzymatic reactions (Hung et al., 2010). As a redox enzyme, Mical selectively exerts its 

oxidation activity on two amino acids, methionines 44 and 47, within the pointed end of F-actin, 

catalyzing F-actin disassembly and inhibiting actin re-polymerization until the oxidation is relieved 

(Hung et al., 2011; Grintsevich et al., 2017). Later research further found that the collaborative 

interaction between Mical and cofilin can magnify their individual roles in F-actin disassembly and 

results in a more thorough and faster dismantling of the actin network (Grintsevich et al., 2016).   
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Cross-linking between the cortical actin filament and the cell membrane is important for cortical 

actin filament stabilization. ERM proteins, including ezrin, radixin, moesin, are such membrane-

cytoskeleton linker proteins. The interruption of ERM function in growth cones leads to a lack of 

increased F-actin beneath the plasma membrane under the stimulation of nerve growth factor 

(Marsick et al., 2012). Phosphorylation or binding to PIP2 can enhance the activity of ERM and 

the subsequent actin cross-linking (Bosk et al., 2011). The phosphorylation of ERM can be 

regulated by several kinases, such as Rho kinase, PKC, and NF-kappa-B-inducing kinase (Fehon et 

al., 2010). 

 

Figure 7. –  The regulation of F-actin remodeling. Image modified from Uray, 2020 (Uray et al., 

2020). 

 

1.2.3 Catecholamine degradation 

The degradation of catecholamines mainly depends on two important enzymes: monoamine 

oxidases (MAO) and catechol-O-methyltransferases (COMT). There are some differences in the 

degradation processes of three catecholamine components (DA, NE, Epi). After the deamination 

by MAO and methylation by COMT, DA is eventually converted to its end-product homovanillic 
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acid (HVA), while NE and Epi are converted to vanillylmandelic acid (VMA). In addition to 

exocytosis by vesicles, a small number of catecholamines passively leak from the storage vesicles 

into the cytoplasm and start to be degraded. In a resting state, more catecholamines are degraded 

after leakage than after exocytosis (Eisenhofer et al., 2004). 

It should be noted that the neurons only contain MAO, while chromaffin cells possess both MAO 

and COMT. So, the intermediates after deamination in the neurons need to be transported to the 

extracellular space for further catalysis by COMT. In contrast, catecholamines in the cytoplasm of 

chromaffin cells can be completely converted to VMA. DA is primarily produced in the 

dopaminergic neurons in the brain. Part of DA undergoes deamination in the cells, but the 

degradation of DA mainly happened in the extracellular space before getting to the liver (Anggard 

et al., 1974). In contrast, NE, Epi, and their intermediate metabolites are sent to the liver through 

the blood circulation for further degradation. Their end-products, VMA and HVA, are eventually 

excreted by the kidneys. 

 

1.2.4 Catecholamine function 

Catecholamines perform their function by binding to and activating specific receptors located on 

target effector cells' surface. Epi and NE target the adrenergic receptors, while DA mainly targets 

the DA receptor. These receptors all belong to G protein-coupled receptors (GPCR), and they can 

induce either excitation or inhibition of the target cell according to the subtypes of the receptors. 

We will fully discuss the catecholamines’ different physiological effects on the different targets. 

 

1.2.4.1 Epinephrine and norepinephrine 

Epi and NE function by binding to the G protein-coupled adrenergic receptors. The adrenergic 

receptors are composed of two main groups,  and , with several subtypes.  receptors are 

further divided into 1 and 2 subtypes, and the  receptors are further divided into 1, 2 and 

3 subtypes. Catecholamines show different affinities to different receptor subtypes. NE has a 



61 

high affinity to  receptors, but a much weaker affinity to  receptors, while Epi has a strong 

affinity to both  and  receptors, but is more effective at  receptors. 

 

1.2.4.1.1 1 receptor 

1 adrenergic receptors, coupled with the Gq protein, are mainly located on all vascular smooth 

muscles, including those of the kidney, skin, gastrointestinal (GI) system, urethral sphincters, and 

bronchioles. The binding of agonists to 1 receptors initiates the Phospholipase C 

(PLC) - Diacylglycerol- PKC pathway and raises the cytosolic Ca2+ concentration via Ca2+ influx from 

VGCCs and IP3-induced Ca2+ release from the endoplasmic reticulum, enhancing the myosin light 

chain kinase (MLCK) phosphorylation to promote the VSMCs contraction (Graham et al., 1996). 

Thus, 1 receptors activation causes the constriction of blood vessels, which raises the blood 

pressure, increases the tone of the GI and urethral sphincters, promotes glycogenolysis and 

gluconeogenesis from adipose tissue and liver, and causes bronchoconstriction. Furthermore, 1 

receptor activities in the renal system also cause sodium retention, which is one of the 

fundamental causes of essential hypertension (Cotecchia, 2010). 

 

1.2.4.1.2 2 receptor 

2 adrenergic receptors are more inclined to couple with the Gi/o protein. They are abundantly 

located on vascular prejunctional termini and also can be found in VSMCs of skin arterioles or 

veins. The activation of 2 adrenergic receptors decreases the production of cAMP and reverses 

the smooth muscle relaxation caused by cAMP (Traish et al., 1997). 2 adrenergic receptors 

activation also inhibits Ca2+ channel currents but activates the G protein-coupled inwardly-

rectifying K+ channels, causing the inhibition of transmitter release (North, 1989; Hille, 1992; Li 

and Bayliss, 1998). 2 receptors are characterized as presynaptic receptors, inducing negative 

feedback on NE release. So, the α2 agonists can be used to control hypertension caused by an 

overactive sympathetic nervous system (Giovannitti et al., 2015). Moreover, they can also inhibit 

insulin release but induce glucagon release from the pancreas (Hsu et al., 1991). 
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All the 3  adrenergic receptors are coupled with Gs proteins, and their activation increases the 

activity of intracellular cAMP. The 2 and 3 receptors can also be coupled to Gi proteins to 

activate other pathways. 

 

1.2.4.1.3 1 receptor 

1 adrenergic receptors are primarily located in the cardiac pacemaker and myocardium. They 

have strong effects on regulating contraction and relaxation of the cardiac muscle. Activation of 

1 receptors can elevate the cardiac output via increasing the heart conduction, beating rate, and 

myocardium contractility (Najafi et al., 2016). These effects may depend on the proteins that are 

phosphorylated by PKA, whose activity is triggered by the increase of cAMP after agonist binding 

to  receptors. These proteins include L-type calcium channels, the sarcolemma p27 protein, 

troponin I, phospholamban, and phosphorylase kinases (Walsh and Van Patten, 1994). The 

stimulation of 1 receptors can also increase renin secretion from the kidney (Osborn et al., 1981) 

and ghrelin secretion from the stomach (Zhao et al., 2010). 

 

1.2.4.1.4 2 receptor 

2 adrenergic receptors are located on smooth muscles vasculature, especially the skeletal 

muscle arteries and some coronary vessels, and in the GI tract, urinary bladder, bronchial tree, 

liver, and heart. Upon 2 adrenergic receptor activation, although the cardiac myocyte 

contraction is enhanced resulting in the increase of cAMP, the smooth muscle is relaxed because 

of the inhibition of MLCK by the increased cAMP (Kotlikoff and Kamm, 1996). Thus, the 2 

receptors activation results in vasodilation of blood vessels, relaxation of the smooth muscle in 

bronchi, urinary bladder, and GI tract, increased insulin (Santulli et al., 2012) and renin (Kim et al., 

2007) secretion, and some enhanced metabolic processes such as lipolysis in the adipose tissue 

(Schiffelers et al., 2001) and glycogenolysis and gluconeogenesis in the liver (Erraji-Benchekroun 

et al., 2005). 
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1.2.4.1.5 3 receptor 

3 adrenergic receptors are primarily distributed in the adipose tissue but are also identified in 

the smooth muscle of the GI tract and urinary bladder. Their specific roles in increasing the 

lipolysis and thermogenesis in the adipose tissue have been well-studied (Ferrer-Lorente et al., 

2005; Mund and Frishman, 2013). Their activation also results in the relaxation of the GI tract and 

urinary bladder (Fletcher et al., 1998; Hristov et al., 2008). 

Taken together, the activation of 1 and 1 receptors often leads to stimulatory responses, while 

inhibitory responses are caused by the activation of 2, 2, and 3 receptors. 

 

1.2.4.2 Dopamine 

DA mainly functions as a neurotransmitter that delivers stimuli in the brain. DA receptors are all 

G-protein-coupled receptors and have five subtypes: D1, D2, D3, D4, and D5. Based on the 

structure homology, these five subtypes of DA receptors can be subdivided into two categories, 

D1-like family receptors (D1 and D5) and D2-like family receptors (D2, D3, and D4). D1 receptors 

are the most abundant DA receptors in CNS, while D2 receptors are the second most abundant 

ones. In contrast, the expression of the other three receptors is very low. The affinity of DA to D2-

like family receptors is 10-100 fold greater than to D1-like family receptors. So, the D1-like family 

receptors are more likely to be activated by high-dose DA, while the D2-like family receptors can 

respond more sensitively to low-dose of DA stimulation (Grace et al., 2007).  

 

1.2.4.2.1 D1-like family receptor 

D1-like family receptors prefer to couple with Gs or Golf proteins. The activity of D1-like family 

receptors leads to the cAMP production and the activation of PKA. PKA, in turn, phosphorylates 

DA- and cAMP-regulated phosphoprotein of 32kD, which can enhance the PKA signal conversely 

and lead to downstream effects, such as the increase of intracellular Ca2+ concentration via L-type 

calcium channel currents and inhibition of voltage potassium channels (Savica and Benarroch, 

2014). This pathway leads to the target neuron excitation. However, D1-like receptors can also 
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result in the stimulation of phospholipid hydrolysis and the opening of the potassium channel to 

increase K+ efflux, which leads to the inhibition of the neuron (Beaulieu and Gainetdinov, 2011). 

The functions of the D1-like receptors involve growth and development regulation, sleep, reward, 

attention, reproductive behavior, learning, working memory, self-regulated movements, pain, 

feeding, and movement control (Klein et al., 2019). 

 

1.2.4.2.2 D2-like family receptor 

The D2-like family receptors mainly couple with Gi proteins. Such an interaction results in the 

inhibition of the adenylate cyclase activity and reduced intracellular cAMP levels. Subsequently, 

PKA activity and its downstream effects are inhibited. Moreover, D2-like family receptors can 

induce the inhibition of the calcium channel and activation of voltage-sensitive potassium 

channels by interacting with G subunits. The D2-like activation usually leads to the inhibition of 

the target neuron. The functions of D2-like receptors involve reward-motivation functions, 

emotions, motor function regulation, cognitive functions regulation, and endocrine function 

regulation (Klein et al., 2019). 

Based on the various physiological functions exhibited by different dopamine receptors, DA has 

a dual role in stimulating or inhibiting neurons. This mainly depends on the type of dopamine 

receptors or other GPCRs, ion channel activation, and second messenger responses in the target 

cells (Beaulieu and Gainetdinov, 2011). 

 

1.2.4.3 The role of catecholamines in blood pressure regulation  

It is well-known that catecholamines play different roles by binding to different receptors 

distributed throughout the body. Both Epi and NE can exert a positive chronotropic effect, 

positive dromotropic effect, and positive inotropic effect on the heart. However, they exert 

different effects on the regulation of vascular tone.  receptors are responsible for 

vasoconstriction caused by catecholamine stimulation, whereas vasodilation depends on 2 

receptors. NE has a high affinity with  receptors but a weak affinity with 2 receptors; in contrast, 
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Epi has a much stronger affinity with 2 receptors. Thus, NE can induce strong vasoconstriction 

on all vascular beds by activating the  receptors. When circulating Epi is at a low level, it can 

produce a vasodilatory effect via the activation of 2 receptors. However, this effect will reverse 

to vasoconstriction when the concentration of circulating Epi is at a higher level. The effects on  

receptors in most vascular beds will overwhelm the effects on 2 receptors. Hence, under the 

stimulation of Epi, the cardiac output will increase due to the increased stroke volume and heart 

rate, and systolic pressure will rise, but diastolic pressure will be constant or fall slightly. However, 

NE has a much stronger effect on  receptors than on  receptors. The direct cardiac stimulation 

by NE is too weak, so NE stimulation will cause a rise of diastolic pressure due to vasoconstriction 

of the vascular beds and a reflex decrease in heart rate because of the increased diastolic pressure 

(Tank and Lee Wong, 2015). In addition, Epi and NE can activate the 1 receptors in the proximal 

tubule and loop of Henle to increase Na+ reabsorption. Their effect activates the 1 receptors in 

the kidney to turn on the Renin-angiotensin-aldosterone system (RAAS), which causes strong 

vasoconstriction and elevates the blood pressure (Haase et al., 2017).  

The effect of DA on the cardiovascular system depends on its concentration. D1-like receptors are 

present on the vascular smooth muscles of the most important vascular beds. When DA is at a 

low level, it will directly bind to the D1-like receptors and cause vasodilation in the kidney, 

mesentery, and coronary blood vessels. When the DA concentration is slightly increased more, 

DA will activate the 1 receptors in the heart, leading to the increased cardiac output. However, 

NE release will be reduced because of the feedback inhibition by the activated D2-like receptors 

on the sympathetic nerve terminals (Missale et al., 1998). Thus, the positive effect of DA on the 

heart will decline due to the reduced NE level. When the DA reaches a high level, the  receptors 

in the vascular smooth muscles will be activated, causing increased blood pressure due to general 

vasoconstriction. When the kidney is under high salt conditions, DA can decrease the 

reabsorption of Na+ in tubules and inhibit the RAAS system. This will increase natriuresis in the 

kidney, resulting in blood pressure regulation (Carey, 2013). 

In our EPHB6 KO mice model, impaired catecholamine levels in KO male mice played a 

compensatory feedback effect on the increased VSMCs contraction induced by EPHB6 KO. Such a 
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compensatory effect was eliminated after castration and led to higher blood pressure. It is crystal 

clear that the sex hormones were involved in the blood pressure regulation in EPHB6 KO mice. In 

the next section, we will review the effects of the sex hormones, especially their association with 

hypertension. 

 

1.3 Sex hormones and blood pressure regulation 

According to the 2020 “Heart Disease and Stroke Statistic” report of the American Heart 

Association, the incidence and severity of hypertension are typically lower in premenopausal 

women than in age-matched men, but this situation is quickly reversed after menopause when 

the incidence of hypertension or the incidence of cardiovascular disease rises sharply in women 

(Reckelhoff and Roman, 2011; Virani et al., 2020). The sex differences in the incidence of 

hypertension risk factors, blood pressure regulation, and the response to antihypertensive drugs 

have been reported in many studies (Gerdts et al., 2008; Rabi et al., 2008; Reckelhoff, 2019; 

Medina et al., 2020). The roles of sex, especially sex hormones in blood pressure regulation, are 

worthy of additional in-depth studies. 

 

1.3.1 Sex hormones and sex chromosomes  

The role of sex in blood pressure regulation involves two possible aspects: sex hormones or sex 

chromosomes. The Four Core Genotype (FCG) mouse model creates the SRY transgene expression 

on an autosome instead of the Y chromosome. When these transgenic mice mate with a female 

XX, they will produce XX females, XY females, XY males, and XX males. This is a good model to 

study the role of the sex chromosomes in these sex-dependent phenotypes independent of sex 

hormones (De Vries et al., 2002). When studying the contribution of sex hormones to sex-

dependent phenotypes, castration or ovariectomy is a good choice to verify the hypothesis.  

Although a large number of studies have shown that sex hormones are majorly responsible for 

sex-dependent phenotypes, some research also demonstrates the independent role of sex 

chromosomes on blood pressure regulation and hypertension risk factors. Hong et al. used the 
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FCG mouse model to explore the effect of sex chromosomes on blood pressure and reported the 

mean arterial pressure in the XX group is higher than in the XY group in the gonadectomized state 

after the treatment with angiotensin II, which hints a possible effect of the XX sex chromosome 

on hypertension in women with ovarian hormone deficiency (Ji et al., 2010). Another study also 

reported that as a hypertension risk factor, increased adiposity has a closer relationship with the 

copy number of the X chromosome than the Y chromosome, independently of the gonadal sex 

(Chen et al., 2012). In addition to the X chromosome, the Y chromosome also has a direct genetic 

influence on hypertension in spontaneously hypertensive rats (Ely and Turner, 1990). 

Overexpression of the SRY3 gene in normotensive male rats leads to increased RAAS activity and 

enhanced sodium reabsorption and raises systolic blood pressure by 10-20 mmHg compared with 

controls (Ely et al., 2011). This evidence suggests the contribution of sex chromosomes to 

hypertension. These effects may depend on the activation of some blood pressure-regulating 

genes in the sex chromosomes.  

 

1.3.2 Androgens 

Androgens are the male sex hormones promoting the formation of male reproductive organs and 

the development of secondary sexual characteristics. Testosterone is the major androgen in 

males, and it can be further converted to dihydrotestosterone (DHT), whose activity is greater 

than testosterone. Androgens can be found in both males and females since they are produced 

in many organs, including testes, ovaries, and adrenal glands. They exert their functions by 

binding to the androgen receptors, which are the ligand-dependent nuclear transcription factors 

(Chang et al., 1995).  

 

1.3.2.1 Androgen receptor 

The androgen receptor (AR) is a member of the steroid hormone nuclear receptor family, which 

includes estrogen receptor (ER), mineralocorticoid receptor, progesterone receptor, and 

glucocorticoid receptor (Mangelsdorf et al., 1995). The structure of AR mainly comprises three 
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parts: the N-terminal transcriptional regulation domain (NTD), the DNA binding domain (DBD), 

and the C-terminal ligand-binding domain (LBD) (Davey and Grossmann, 2016). ARs are widely 

distributed in multiple tissues throughout the body, including bone, adipose tissue, cardiovascular 

system, muscle, brain, and prostate, so AR signaling is deeply involved in the regulation of various 

physiological functions (Rana et al., 2014). AR is activated by binding to androgens and regulates 

cell activity mainly through two different mechanisms: the genomic effect (DNA binding-

dependent) or the non-genomic effect (non-DNA binding-dependent) (Fig.8). 

 

1.3.2.1.1 Genomic effect of androgen receptor  

The genomic effect is the primary mechanism of AR action, which regulates the cell function by 

directly binding to the target DNA to regulate gene transcription. Before binding with androgens, 

AR is in an inactive conformation in the cytoplasm in association with molecular chaperones, 

including heat shock proteins and other co-chaperones. Upon androgens binding, AR dissociates 

from chaperones and undergoes a conformational change. With the help of cytoskeletal protein 

filamin A, this androgen/AR complex is translocated to the nucleus and dimerizes. The dimers 

then bind to androgen response elements (AREs) within the genomic DNA, resulting in target gene 

transcription (Davey and Grossmann, 2016). For example, the level of transmembrane serine 

protease 2 (TMPRSS2) is increased in prostate cancer cells upon the treatment with androgens. It 

is induced by the interaction of androgen and the putative ARE site in the TMPRSS2 promoter 

region (Lin et al., 1999). Many studies also show that AR can regulate the expression of prostate-

specific antigen (PSA) in the prostate cancer cells by binding to three ARE sites located in the 

proximal 6kb of the PSA promoter (Cleutjens et al., 1996; Cleutjens et al., 1997). There are many 

other such examples, e.g., c-FLIP (Gao et al., 2005), caspase‐2 (Rokhlin et al., 2005), insulin-like 

growth factor 1 receptor (Pandini et al., 2005), and kallikrein 2 (Dehm and Tindall, 2006). The 

activation of these genes by androgens contributes to the progression of prostate cancer. 
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1.3.2.1.2 Non-genomic effect of androgen receptor 

In addition to the genomic effect, AR has the second manner of action by the non-genomic effect. 

In this case, AR transmits signals through second messenger pathways instead of direct DNA 

binding to regulate cell function. Although by this pathway, AR cannot mediate gene transcription 

directly, the non-genomic AR signaling can influence the target gene expression indirectly by 

activating the downstream transcription factors, such as AP-1 (Kallio et al., 1995) and CREB (Unni 

et al., 2004). Many downstream second messenger pathways after the activation of AR have been 

revealed in various target cells. For instance, the cell membrane-impermeable BSA-conjugated 

testosterone can only bind to AR on the cell membrane rather than enter into the cytoplasm. 

Such binding induces the IP3-mediated intracellular Ca2+ release and Ras/MEK/ERK pathway 

activation in skeletal muscle cells (Estrada et al., 2003). A similar Ras/Raf/MAPK/ERK cascade is 

also reported in the non-genomic AR signaling-mediated prostate cancer cell proliferation (Liao 

et al., 2013). Furthermore, the activated AR can also interact with other signal molecules, such as 

SRC and AKT, to trigger the MAPK/ERK cascade to achieve the same effect. In prostate cancer 

cells, the non-genomic AR signaling induces actin polymerization through Rho/ROCK/actin 

signaling pathway.  

AR can also have a ligand-independent effect. The activity of AR can be induced by the interaction 

with cytokines, growth factors, and osteoblast-derived factors independent of androgen. For 

example, interleukin-6 (IL-6) can activate AR NTD via the Ras/Raf/MAPK and STAT3 signaling 

pathway in human prostate cancer cells, leading to the upregulation of PSA expression upon the 

binding of activated AR to its ARE site (Ueda et al., 2002). During the progression of prostate 

cancer, AR activity also can be promoted by epidermal growth factor (EGF) and Insulin-like growth 

factor (IGF) via GEF VAV3/Rac1 signaling (Lyons et al., 2008).   
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Figure 8. –  Genomic and Non-Genomic effect of androgen. Image modified from Lorin et al. 2015  

(Lorin et al., 2015). 

 

1.3.2.2 Androgen and hypertension 

Ever-increasing evidence confirms that androgens play an important role in hypertension and 

cardiovascular disease, but the specific mechanism is not fully clear. Interestingly, androgens have 

both protective and promoting effects on hypertension, which suggests androgens may function 

on both vasoconstriction and vasodilation pathways. 

The promoting effect of androgens on hypertension and cardiovascular disease has been 

reported in many animal studies. In Dahl salt-sensitive rats model, treatment with testosterone 

enhanced the severity of hypertension, whereas castration on neonatal males postponed the 

onset of salt-induced hypertension (Rowland and Fregly, 1992). In the spontaneously 

hypertensive rats model, the systolic blood pressure in males was 20-30 mmHg higher than in 
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females or in castrated males, and the testosterone treatment on ovariectomized females raised 

the blood pressure by 11% compared to untreated ones (Reckelhoff et al., 1998). The pro-

hypertensive effect of androgens is also found in humans. Premenopausal women with high 

androgen levels tend to have a higher risk of hypertension (Moretti et al., 2017). 

Hyperandrogenemia caused by polycystic ovary syndrome (PCOS) in reproductive-age women 

leads to a high prevalence of obesity, metabolic syndrome, and hypertension (Azziz et al., 2006). 

This effect of androgens is further proved in a PCOS female rats model induced by long-term 

treatment of DHT. DHT treatment causes a sustained extra increase in food intake, body weight, 

and fat in the female rats, and the rats eventually develop hypertension, hypercholesterolemia, 

hyperinsulinemia, and hyperleptinemia (Yanes et al., 2011). 

The mechanism of the pro-hypertensive effect of androgens is widely studied. Many mechanisms 

have been demonstrated in animal studies. AR activation can activate the sympathetic nervous 

system by upregulating the TH expression. The treatment of testosterone on castrated 

spontaneously hypertensive rats causes increased TH mRNA levels in the adrenal medulla and the 

subsequent elevation of catecholamine levels and blood pressure (Kumai et al., 1995). The 

increase of TH expression is induced by the binding of activated AR to the ARE site in the TH 

promoter region (Jeong et al., 2006). The stimulation of androgens on ovariectomized 

spontaneously hypertensive rats enhances the renal sodium reabsorption and increases 

glomerulosclerosis, resulting in hypertension (Liu and Ely, 2011). The activity of RAAS, which is 

critical in blood pressure regulation, is also regulated by androgens. The renin level and 

angiotensinogen mRNA level in ovariectomized spontaneously hypertensive female rats are 

increased after administration of testosterone, which was responsible for the raised blood 

pressure (Chen et al., 1992). Furthermore, androgens also contribute to other RAAS component 

regulations. The deficiency of androgens causes decreased angiotensin-converting enzyme (ACE) 

levels (Freshour et al., 2002), while the presence of androgens promotes the expression of 

angiotensin II type 1 (AT1) receptors in abdominal aortas (Henriques et al., 2008) but inhibits the 

angiotensin II type 2 (AT2) receptors expression levels in the aorta (Mishra et al., 2016). The 

release and actions of another strong vasoconstrictor, Neuropeptide Y (NPY), is also reported to 

be up-regulated by androgens (Zukowska-Grojec, 1995). In addition, AR signaling involves in 
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vascular remodeling associated with hypertension. Androgens promoted the reactive oxygen 

species (ROS) generation in VSMCs by both genomic and non-genomic effects, which further 

mediated the VSMCs migration and VSMCs apoptosis during vascular remodeling (Chignalia et al., 

2012; Lopes et al., 2014). Many other studies also show that androgens can upregulate the 

production of endothelin-1 (ET-1), thromboxane A2, and 20-hydroxyeicosatetraenoic acid to 

induce vasoconstriction and increase of blood pressure (Maturana et al., 2008;Wong et al., 

2009;Wu and Schwartzman, 2011).  

Although androgens show pro-hypertensive effects in many studies, the deficiency in androgens 

is also thought to contribute to the development of hypertension. The odds ratios of having 

hypogonadism are much higher in hypertensive patients (Mulligan et al., 2006). A famous 

prospective cohort study, the Fourth Tromsø Study, analyzed the testosterone level, the 

incidence of myocardial infarction, and the mortality of various causes of 1568 men dwelling in 

randomly selected communities. It demonstrates that the risk of all-cause mortality due to cardiac 

vascular diseases increases 24% in men with free testosterone levels in the lowest quartile (Vikan 

et al., 2009). The androgens levels in obese men tend to be lower than normal-weight men (Buvat 

et al., 2013). The androgen deficiency has also been reported in metabolic syndrome, type II 

diabetes, and insulin resistance (Jones and Saad, 2009), and it can cause an imbalance in lipid 

composition resulting in hypertension and increased incidence of atherosclerosis (Traish et al., 

2009; Fahed et al., 2012). In these studies, it is not clear whether androgen deficiency is a cause 

or consequence of these chronic diseases, but many investigators believe its contribution to 

disease progression (Moretti et al., 2017). 

The mechanism of androgen deficiency-induced hypertension is still unclear. Since androgen 

deficiency aggravates adiposity and insulin resistance induced by a high-fat diet (Dubois et al., 

2016), a low androgen level should be closely associated with fat accumulation. Excessive lipid 

accumulation may lead to cellular apoptosis, which activates macrophages and many 

inflammatory factors. The increased inflammatory cytokine levels, together with adipocyte 

dysfunction, promote endothelial dysfunction, increasing the prevalence of hypertension. The 

adipocyte and endothelial dysfunction may be regulated by the nuclear factor κB (NF-kB) signaling, 

whose activity is significantly increased when androgen level is insufficient (Moretti et al., 2017). 
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In addition, in obese men, the reduced androgen level may associate with increased inflammation 

because androgen supplements treatment can reduce the inflammatory cytokine levels in 

hypogonadal men (Malkin et al., 2004). Some studies also found that androgens supported the 

growth and proliferation of endothelial cells (via vascular endothelial growth factor) and 

endothelial progenitor cells (via PI3K/Akt signaling), which help to repair the endothelial 

dysfunction (Cai et al., 2011; Liu et al., 2014b). Many androgen replacement therapies in obese 

men or hypogonadal men can effectively reduce blood pressure, further supporting the close 

relationship between androgen deficiency and hypertension (Marin et al., 1993; Zitzmann, 2007).  

Noteworthy, androgens may directly relax the blood vessels to reduce blood pressure. The 

androgen-induced vasodilation mainly relies on the non-genomic effect on the blood vessels. 

Lower concentration of testosterone (100pM–10μM) prefers to trigger vasodilation via an 

endothelium-dependent mechanism, which involves the release and activation of nitric oxide (NO) 

(Chou et al., 1996; Molinari et al., 2002), while a higher concentration of testosterone (>10 μM) 

facilitates blood vessels relaxation through an endothelium-independent mechanism (Perusquia 

and Stallone, 2010). For example, the vasodilation effect of androgens on blood vessels depends 

on potassium efflux through large-conductance, calcium-activated potassium channel 

independent of the endothelium (Deenadayalu et al., 2001), or decreased external Ca2+ influx by 

inactivating VGCCs (Perusquia et al., 2007). A similar endothelium-independent vasodilation 

effect of androgens is also reported on rabbit coronary arteries and aorta (Yue et al., 1995) and 

isolated human radial arteries (Seyrek et al., 2007). According to the above researches, androgen 

deficiency may lose the beneficial effects of androgen on cardiovascular function, resulting in 

hypertension.  

 

1.3.3 Estrogens 

Estrogens are a group of sex hormones responsible for developing female secondary sexual 

characteristics and regulating the female reproductive system. There are four members of the 

endogenous estrogens: estrone, estradiol, estriol, and estetrol. Among them, estradiol is the most 

effective and prevalent circulating estrogen in humans. Estrogens are present in both males and 
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females, and they are predominantly produced in the ovary in females or Sertoli cells in males. 

However, some extragonadal tissues, including the adrenal cortex, adipose tissue, and liver, also 

contribute to estrogen production, vital for maintaining estrogen levels after menopause in 

women (Miller, 2017).  

 

1.3.3.1 Estrogen receptors  

Like androgens, estrogens function by binding to their estrogen receptors (ERs), which have three 

members: two nuclear estrogen receptors (ERα and ERβ) and a G protein-coupled membrane 

estrogen receptor (GPER-1). They are widely distributed throughout the body, and their location 

in the kidneys, brain, vasculature, or heart is particularly critical for blood pressure regulation 

(Maranon and Reckelhoff, 2013). ERα and ERβ share a similar structure, including three functional 

domains (NTD, DBD, and LBD), while the GPER-1 has a classic structure of G protein-coupled 

receptor (seven-transmembrane α-helical regions, four extracellular segments, and four cytosolic 

segments) (Barton et al., 2018). The binding affinity to estrogens is higher for ERα and ERβ than 

for GPER-1 (Prossnitz and Barton, 2014). Estrogens regulate the target cell function primarily 

through the genomic effect and non-genomic effect, whereas the ligand-independent effect and 

ER-independent effect also contribute to estrogen-mediated signaling mechanisms.  

 

1.3.3.1.1 Genomic effect of estrogen receptor  

The genomic effect of ERs is the classical mechanism to regulate the target cell function by 

estrogens. ERα and ERβ play the role of ligand-activated transcription factors in this process. ERs 

are activated by estrogen binding in the cytosol. This is followed by a series of subsequent 

processes, including their translocation to the nucleus, dimerization, interaction with EREs or 

binding to other elements by transcriptional cross-talk in the target gene promoter region, and 

regulating the transcription of the downstream DNA (Fuentes and Silveyra, 2019). The EREs sites 

are widely distributed in many promoter regions. In the mouse and human genomes, about 

70,000 high-affinity EREs have been identified by a genome-wide screening study, and a quarter 

of them are located near the transcriptional start sites (Bourdeau et al., 2004). Besides directly 
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binding to EREs, ERs can also interact with other transcription factors, such as Ap-1, NF-κB, and 

Sp-1, or other transcriptional modulators to either activate or block the corresponding 

components in the regulatory region of the target gene, eventually up-regulating or down-

regulating gene expression (Fuentes and Silveyra, 2019).   

 

1.3.3.1.2 Non-genomic effect of estrogen receptor 

The non-genomic effect is the main way for the cell surface receptor GPER-1 to perform its 

function. The activation of GPER-1 by the binding of estrogens rapidly transmits the signals into 

the cell via different intracellular signaling cascades triggered by second messengers, indirectly 

regulating the production or function of the downstream proteins. The nuclear receptors ERα and 

ERβ can also exert the non-genomic effect by interacting with scaffold proteins (e.g., caveolin-1), 

membrane receptors (e.g., tyrosine kinase receptors), G proteins, and some submembrane 

signaling molecules (e.g., Src family kinase, Ras GTPase, and PI3Ks ) (Chambliss et al., 2000; Li et 

al., 2007; Zabransky and Park, 2014; Hong and Choi, 2018; du Rusquec et al., 2020). So far, many 

ER signaling transduction cascades have been identified. GPER activation triggers the PLC/IP3/PKC 

signaling cascade in breast cancer cells (Boyan et al., 2003). Inhibiting ERs activity by tamoxifen 

suppresses the Ras/Raf-1/MAPK pathway-mediated development and progression of breast 

cancer (McGlynn et al., 2009). Betulinic acid-induced endothelial NO synthase activity is regulated 

by the ERs via the PI3K/Akt pathway (Hohmann et al., 2016). The vasodilation of porcine coronary 

arteries induced by GPER is controlled by the activity of myosin light chain phosphatase (MLCP) 

via the cAMP/PKA signaling pathway (Yu et al., 2014).  

In addition to the above-described two primary estrogen-mediated signaling mechanisms, ER 

activity can also be triggered in a ligand-independent way. The ligand-independent activity of ERs 

depends on the signaling cross-talk. Many factors, such as EGF, IGF, dopamine, and cytokines, 

bind to their respective receptors on the cell membrane and trigger the cAMP, PKA, PKC, or MAPK 

cascades to induce the phosphorylation of ERs, leading to the activity of ligand-independent ERs 

signaling (Bennesch and Picard, 2015). In addition, estrogens exert their antioxidant and 
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neuroprotective effect in an ER-independent manner. These findings have enriched our 

understanding of the mechanisms of estrogen signal transduction (Moosmann and Behl, 1999).   

 

1.3.3.2 Estrogen and hypertension 

The benefits of estrogens in preventing hypertension have been demonstrated extensively. The 

systolic blood pressure in postmenopausal women raises by 3-5 mmHg compared to that in 

perimenopausal women, and this difference is still significant after adjustment for age, body mass 

index (BMI), and other mixed factors (Zanchetti et al., 2005;Li et al., 2012). Many animal studies 

also gave strong support to the beneficial effect of estrogen on hypertension. The baseline blood 

pressure of rats increased about 10 mmHg after ovariectomy, but chronic estrogen replacement 

treatment reversed the raised blood pressure (Hernandez et al., 2000). A similar protection role 

of estrogens is also reported in the Dahl hypertension rat model, in which hypertension is induced 

by sodium intake (Hinojosa-Laborde et al., 2000) and in the angiotensin II-induced hypertension 

mouse model (Xue et al., 2008).  However, the effect of hormone replacement treatment on 

hypertension in postmenopausal females remains controversial. The blood pressure after 

exogenous estrogen treatment might decrease, increase, or have no change. This different 

outcome might be due to the dose of estrogen, the type of exogenous estrogen, and the initiation 

time of the therapy (Rosano et al., 2006; Colafella and Denton, 2018). Here, we will explore the 

possible mechanisms of estrogen in blood pressure regulation. 

Estrogens have always been considered as a vasodilator since their vasorelaxant effects on blood 

vessels have been well established. Estrogen-induced vasodilation is closely associated with NO. 

The stimulation of estrogens increases the NO production by up-regulating the expression of 

endothelial nitric oxide synthase (eNOS) in endothelial cells via an ER-mediated genomic effect or 

by increasing eNOS activity via the non-genomic effect on the PI3K/cAMP signaling cascades or 

PI3K/Akt pathway (Han et al., 2012; Fardoun et al., 2020). Furthermore, NO production in VSMCs 

can be triggered by a long-term administration of estrogens (Salhab et al., 2000). Many studies 

also report that ERs activity inhibits the Ca2+ influx and enhances Ca2+ efflux in the VSMCs, leading 

to a reduced intracellular Ca2+ concentration and subsequent vasodilation (Ruehlmann et al., 1998; 
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Prakash et al., 1999; Cairrao et al., 2012). ERs activity in the VSMCs also triggers the current 

through large-conductance Ca2+ and voltage-activated K+ channels, further enhancing the 

intracellular Ca2+ deficiency and the vascular relaxation (White et al., 2002).  

Noteworthy, estrogens wildly act on various blood pressure-regulating systems, including the 

RAAS system, sympathetic nervous system, and kidney. In an ovariectomized rat model, the aorta 

ACE activity is significantly increased, and the treatment with estrogens reverses the elevated ACE 

activity (Tanaka et al., 1997). In contrast, estrogen treatment upregulates the renal ACE2 activity, 

speeding up the conversion of angiotensin II to angiotensin (1-7) (Ji et al., 2008), which reduces 

the vasoconstriction effect of angiotensin II and enhances the latter’s vasodilation effect. 

Furthermore, estrogens are able to downregulate the AT1 receptor (Nickenig et al., 1998) and 

upregulate the AT2 receptor (Armando et al., 2002), both of which bring benefits of lowering 

blood pressure. Estrogens also play an essential role in sodium and water balance. A recent study 

found that estrogens downregulated the expression of the epithelial sodium channel in the distal 

kidney nephron, which is responsible for sodium reabsorption by promoting Derlin-1 expression 

and AMP-activated protein kinase activation (Zhang et al., 2019a). The role of estrogens on the 

sympathetic nervous system is worth noting when studying the anti-hypertensive effect of 

estrogens. They can restrict the sympathetic nervous activity in the brain by upregulating the AT2 

receptor expression and NO levels and by suppressing the AT1 receptor expression and ROS levels 

(Fardoun et al., 2020). Estrogen treatment in ovariectomized female Wistar rats improves the 

redox status by decreasing the ROS production and enhancing NO bioavailability, eventually 

significantly reducing the arterial pressure and sympathetic vascular drive (Campos et al., 2014).  

Although the antihypertensive effect of estrogens has been generally acknowledged, the benefit 

of estrogen on the protection against primary or secondary cardiovascular events is still 

controversial (Grady et al., 2002). More and more studies focusing on the vasoconstriction effect 

of estrogens question the benefits of estrogen. There is still a long way to clarify the role of 

estrogen in blood pressure regulation completely.  
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So far, the roles of sex hormones in chromaffin cell biological function and hypertension have not 

been fully clarified yet. In this study, we will try to investigate the joint effect of sex hormones 

and EPH/EFN molecules in chromaffin cell biology and its potential impact on blood pressure 

regulation.  
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Chapitre 2 – HYPOTHESIS AND OBJECTIVES  

We have reported that EPHB6 KO mice with hypogonadism (caused by castration) become 

hypertensive. EPHB6 has at least two target tissues: vascular smooth muscle cells and adrenal 

gland chromaffin cells. The roles of EPHs/EFN signaling in VSMCs have been elucidated in our 

previous studies, but AGCCs have not been investigated. We have found that EphB6 in concert 

with testosterone regulated ambient catecholamine levels in mice. In this study, we will further 

explore whether the EPHB6 receptor and EFNB ligands, together with sex hormones, are involved 

in regulating catecholamine synthesis and secretion in AGCCs, and what underlying molecular 

mechanisms are involved. We believe that this regulation may contribute to hypertension 

observed in EPHB6 KO castrated male mice. 

Hypothesis 

1. EPHB6 has an effect on AGCCs catecholamine synthesis and secretion via reverse signaling 

through EFNBs;  

2. EPHB6/EFNBs interact with cholinergic receptors and/or cell surface ion channels, impacting 

their function in a testosterone-dependent fashion;  

3. EPHB6/EFNBs reverse signaling regulates catecholamine secretion in AGCCs by controlling F-

actin disassembly in a testosterone-dependent way; 

4. Testosterone, in concert with EPHB6/EFNB reverse signaling, influences the transcription of 

molecules that regulate catecholamine synthesis in AGCCs. 

Objectives 

1. To investigate the mechanisms by which EPHB6 and testosterone, in concert, control 

catecholamine biosynthesis and secretion in AGCCs. 

2. To dissect the genetic association between compromised EphB6 signaling and hypertension in 

ageing male hypogonadic patients based on human genetic studies. 
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Abstract  

Erythropoietin-producing human hepatocellular receptor (EPH) B6 (EPHB6) is a member of the 

receptor tyrosine kinase family. We previously demonstrated that EPHB6 knockout reduces 

catecholamine secretion in male but not female mice, and castration reverses this phenotype. 

We showed here that male EPHB6 knockout adrenal gland chromaffin cells presented reduced 

acetylcholine-triggered Ca2+ influx. Such reduction depended on the non-genomic effect of 

testosterone. Increased large conductance calcium-activated potassium channel current 

densities were recorded in adrenal gland chromaffin cells from male EPHB6 knockout mice but 

not from castrated knockout or female knockout mice. Blocking of the large conductance calcium-

activated potassium channel in adrenal gland chromaffin cells from male knockout mice corrected 

their reduced Ca2+ influx. We conclude that the absence of EPHB6 and the presence of 

testosterone would lead to augmented large conductance calcium-activated potassium channel 

currents, which limit voltage-gated calcium channel opening in adrenal gland chromaffin cells. 

Consequently, acetylcholine-triggered Ca2+ influx is reduced, leading to lower catecholamine 

release in adrenal gland chromaffin cells from male knockout mice. This explains the reduced 

resting-state blood catecholamine levels, and hence the blood pressure, in male but not female 

EPHB6 knock mice. These findings have certain clinical implications. 

 

Introduction 

Erythropoietin-producing hepatocellular receptors (EPHs), the largest family of receptor tyrosine 

kinases, comprise about 25 percent of known receptor tyrosine kinases (Committee, 1997). They 

are divided into A and B subfamilies (EPHAs and EPHBs), based on sequence homology. The EPHA 

subfamily has nine members, and EPHB has five members. Their ligand ephrins (EFNs) are also 

cell surface molecules (Committee, 1997;Pasquale, 2008), which are also classified into A and B 

subfamilies (EFNAs and EFNBs) based on the way they anchor on the cell surface. EFNAs bind to 

the cell surface via glycosylphosphatidylinositol, while EFNBs are transmembrane proteins. The 

signaling from their ligand EFNs to EPHs is called forward signaling. EFNs, although ligands, can 

also transduce signals into cells (Pasquale, 2008), and signaling from EPHs to EFNs is called reverse 
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signaling. Interactions among EPHs and EFNs are promiscuous: a given EPH can interact with 

multiple EFNs and vice versa. In general, EPHA members bind preferentially to EFNA members, as 

EPHB members do to EFNB members (Pasquale, 2008).  

EPHs/EFNs function in many organs and systems (Pasquale, 2008). Our laboratory was the first to 

report the critical roles of EPHs and EFNs in the immune system (Luo et al., 2001;Luo et al., 

2002;Yu et al., 2003a;b;Luo et al., 2004;Yu et al., 2004;Wu and Luo, 2005;Yu et al., 2006;Luo et al., 

2011a;Luo et al., 2011b;Jin et al., 2014;Hu et al., 2015;Luo et al., 2016). In the past five years, we 

have discovered novel functions of EPHs/EFNs in regulating blood pressure (Luo et al., 2012;Wu 

et al., 2012;Wang et al., 2015;Wang et al., 2016a;Wang et al., 2016b;Wang et al., 2016c). We 

reported that while EPHB6, EFNB1 and EFNB3 deletion results in blood pressure elevation, EPHB4 

and EFNB2 deletion reduces it. Thus, EPHBs and EFNBs are a novel yin and yang system that finely 

tunes blood pressure homeostasis. In all such cases, sex hormones act in concert with these 

EPHs/EFNs for blood pressure regulation. We have established that vascular smooth muscle cells 

are target tissues for the blood pressure-regulating effect of these molecules. EPHB6, however, 

also targets cells responsible for catecholamine secretion. Male EPHB6 knockout (KO) mice have 

reduced blood catecholamine levels in a resting state (Luo et al., 2012), which counteracts the 

outcome of increased vascular smooth muscle cell contractility, resulting in normal blood 

pressure. Castration of male KO mice leads to blood catecholamines returning to the normal level 

(Luo et al., 2012). This, concomitantly with enhanced vascular smooth muscle cell contractility, 

results in blood pressure elevation in these castrated KO mice. This body of evidence indicates 

that EPHB6 and male sex hormones are acting in concert to regulate catecholamine secretion and 

blood pressure. 

In the present study, we investigated the mechanism by which EPHB6 regulates adrenal gland 

chromaffin cell catecholamine secretion. We found that adrenal gland chromaffin cells from male 

KO mice were characterized by a reduced acetylcholine-dependent Ca2+ influx, involving non-

genomic effects of testosterone. We further demonstrated that Ca2+ influx decrease was the 

consequence of enhanced large conductance calcium-activated potassium (BK) currents in these 

cells. 
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Materials and methods 

 

EPHB6 gene KO mice 

EPHB6 KO mice were generated in our laboratory, as described previously(Luo et al., 2004). They 

were backcrossed to the C57BL/6 background for more than 15 generations. Age- and sex-

matched wild type (WT) littermates were used as controls. All experiments involving castrated 

mice were conducted at least three weeks post-operation. 

 

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) 

mRNA levels of EPHBS, EFNBS and BK channel subunits were measured by RT-qPCR. Total RNA 

from the adrenal glands, adrenal gland medullae and spleen was extracted with TRIzol® 

(Invitrogen, Burlington, Ontario, Canada) and reverse-transcribed with iScriptTMcDNA Synthesis 

Kit (Bio-Rad Laboratories (Canada) Ltd., Mississauga, Ontario, Canada). The primers used for PCR 

are listed in Supplementary Table 1. Conditions for the qPCR reactions were as follows: two 

minutes at 50°C, two minutes at 95°C, followed by 40 cycles of 10 seconds at 94°C, 20 seconds at 

58°C, and 20 seconds at 72°C. β-actin mRNA levels were considered as internal controls. qPCR 

signals between 22 and 30 cycles were analyzed. Samples were tested in triplicate, and the data 

were expressed as signal ratios of target RNA/ β-actin mRNA. 

 

Primary adrenal gland chromaffin cell culture 

Mouse adrenal gland chromaffin cells were isolated, as described by Kolski-Andreaco et al., 

(Kolski-Andreaco et al., 2007) with modifications. Briefly, we obtained adrenal glands from 8- to 

10-week-old mice, and fat and cortex were removed from these glands. Papain (P4762, Sigma-

Aldrich, Oakville, Ontario, Canada) was activated with 5 mmol/L L-cysteine. Adrenal gland 

medullae were digested by activated papain in Hank’s buffer (2 medullae/100 µl Hank’s buffer 

containing four units of activated papain) at 37°C for 25 min. They were washed twice with Hank’s 
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buffer and then triturated by pipetting in 300 µl Hank’s buffer until they became feather-like. 

Cells were pelleted at 3,700 g for three minutes and re-suspended in Dulbecco’s modified Eagle’s 

medium (DMEM) containing 15 % (v/v) fetal calf serum (FCS) for culture.  

 

Epinephrine measurements 

Adrenal glands were resected from EPHB6 KO and WT mice, and cut in half to expose the medulla. 

They were then stimulated with 5 mmol/L acetylcholine chloride (A2661, Sigma-Aldrich) in 300 µl 

Hank’s buffer at room temperature for one minute. Epinephrine levels in the supernatants were 

measured with Epinephrine Research ELISA kit (BAE-5100, Rocky Mountain Diagnostics, Colorado 

Springs, CO, USA), according to the manufacturer's instructions. Samples were tested in duplicate 

by ELISA. 

 

Immunofluorescence microscopy 

Adrenal gland chromaffin cells were cultured in 6-well plates with cover glass placed at the 

bottom of the wells. After one day, the cells were washed once with phosphate-buffered saline 

(PBS) and fixed with 4% (w/v) paraformaldehyde for 20 minutes. They were then blocked with 10% 

(v/v) FCS in PBS for 20 minutes and incubated overnight at 4°C with goat anti-mouse EPHB6 

antibody (Ab; 2 µg/ml, R&D Systems, Minneapolis, MN, USA). They were then reacted with Alexa-

488-conjugated donkey anti-goat Ab (2 µg/ml, Molecular Probes, Eugene, OR, USA) for two hours 

at room temperature, and imbedded with ProLong® Gold anti-fade reagent (Molecular Probes). 

Cell staining was examined with a Zeiss microscope. 

 

Ca2+ influx measurements 

Acetylcholine-stimulated Ca2+ influx in adrenal gland chromaffin cells was measured by 

microfluorescence technique (Grynkiewicz et al., 1985;Luo et al., 2012). Briefly, isolated adrenal 

gland chromaffin cells were incubated for 24 hours in DMEM containing 15% (v/v) FCS. The cells 
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were loaded with Fura-2-AM (5 μmol/L) for 60 minutes at 37℃. They were rinsed once in warm 

DMEM containing 15% (v/v) FCS without dye and placed in Hank’s balanced salt solution 

containing 1.26 mmol/L Ca2+ at 37℃. They were stimulated with acetylcholine (5 mmol/L) at 37℃ 

and imaged for 120 seconds at a rate of approximately one measurement per two seconds for 

the two excitation wave lengths (the exposure time of a particular experiment varied slightly) 

with a Zeiss fluorescence microscope. Excitation wavelengths were recorded alternatively at 340 

nm and 380 nm, and emission was registered at 510 nm. Signals from more than 15 randomly 

selected cells were recorded, and the results expressed as ratios of fluorescence intensity at 510 

nm excited by 340 nm versus 380 nm. 

 

Whole-cell patch clamping 

Adrenal gland chromaffin cells were isolated and cultured for 24-48 hours. They were voltage-

clamped to measure calcium and potassium current densities at 20-22℃, with the perforated 

whole-cell (amphotericin B; 200g/mL) configuration of the patch clamp technique as described 

in detail elsewhere.(Ledoux et al., 2003;Ledoux et al., 2008) For calcium current density 

monitoring, adrenal gland chromaffin cells were voltage-clamped at -70 mV, and 200-ms 

depolarizing pulses were applied at 5-mV steps from -50 to +45 mV, to construct I-V curves. For 

potassium current density measurement, adrenal gland chromaffin cells were voltage-clamped 

at -70 mV, and 750-ms depolarizing pulses were applied at 10-mV steps from -70 to +100 mV, in 

the absence or presence of paxilline, a BK channel blocker. Membrane currents were recorded 

and normalized to cell capacitance (I(pA/pF)) and current density-voltage curves were generated. 

 

Ethics statement 

All animal studies were approved by the Animal Protection Committee (Comité institutionnel 

d'intégration de la protection des animaux) of the CRCHUM. All experiments were conducted in 

accordance with relevant guidelines and regulations of the local government. 
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Statistical analysis 

All results are presented as means ± S.E. The data were analyzed statistically by 2-tailed Student’s 

t-test, or a linear mixed-effect model (with genotype, individual cell, sex, sex hormone and time 

as qualitative factors). P-values of <0.05 are considered to be statistically significant. 

 

Results 

 

Reduced epinephrine secretion by adrenal glands from male but not female EPHB6 KO mice 

We previously reported that male EPHB6 KO mice present decreased 24-hour urine 

catecholamine levels (Luo et al., 2012). To establish causality of this phenotype to the adrenal 

glands, we measured the KO adrenal gland catecholamine secretion by RT-PCR. As anticipated, 

RT-qPCR showed that the adrenal gland from KO mice did not express EPHB6 at the mRNA level 

(Fig. 1A). No compensatory mRNA up-regulation of other EPHB members, such as EPHB1, EPHB2, 

EPHB3 or EPHB4, was evident in adrenal glands (Supplementary Figure 1 (S. Fig.1) from male, 

female or castrated KO mice. Nor was there abnormal expression of mRNA levels of EPHB6 ligands 

(EFNB1, EFNB2 and EFNB3) in these KO adrenal gland chromaffin cells (S. Fig. 2). EPHB6 protein 

expression was undetectable by immunofluorescence in KO adrenal gland chromaffin cells (Fig. 

1B). KO adrenal glands were of similar size as WT counterparts and showed no histological 

abnormalities (Fig. 1C). No significant difference in the size of adrenal gland chromaffin cells 

isolated from KO versus WT adrenal glands was observed (Fig. 1D). Acetylcholine-stimulated 

catecholamine secretion by KO adrenal glands was then assessed with epinephrine as a 

representative catecholamine. Adrenal glands from male but not female KO mice presented 

reduced epinephrine secretion, but castration reversed this KO phenotype by augmenting 

epinephrine secretion to normal levels (Fig. 1E). This observation is consistent with catecholamine 

levels in the in vivo KO mice, and supports the hypothesis that EPHB6 and male sex hormones 

jointly regulate catecholamine secretion from adrenal gland chromaffin cells. 
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Figure 1. Characterization of adrenal glands and adrenal gland chromaffin cells of EPHB6 KO mice 

For A, B and C, experiments were conducted three times and representative data are presented. 

AGCCs: adrenal gland chromaffin cells. 

A. EPHB6 mRNA deletion in the adrenal glands and spleen of EPHB6 KO mice 
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Total RNA was extracted from the adrenal glands and spleen of male WT and EPHB6 KO mice and 

analyzed by RT-qPCR for EPHB6 mRNA levels. β-actin levels were used as internal controls. 

Samples in RT-qPCR were in triplicate, and EPHB6/ β-actin signal ratios are shown as means ± S.E. 

B. EPHB6 deletion in adrenal gland chromaffin cells from EPHB6 KO mice according to 

immunofluorescence 

Adrenal gland chromaffin cells isolated from adrenal glands of male WT and EPHB6 KO mice were 

cultured for one day, and then stained with goat anti-mouse EPHB6 Ab followed by Alexa-488-

conjugated donkey anti-goat Ab (green). Nuclei were stained with DAPI (blue). 

C. Normal histology of EPHB6 KO adrenal glands 

Sections of adrenal glands from 8- to 10-week-old male WT and EPHB6 KO mice were stained with 

hematoxylin/eosin. 

D. Adrenal gland chromaffin cells from male WT and EPHB6 KO and WT mice are similar in size 

Left panel: phase-contrast micrographs of adrenal gland chromaffin cells from WT and KO mice 

after 24-hour culture. Right panel: diameters of adrenal gland chromaffin cells from WT and KO 

mice after 24-hour culture. Means + S.E. of the diameters of more than 30 adrenal gland 

chromaffin cells (more than 10 cells/mouse and three mice/group) from male WT and KO mice 

are shown. No significant difference is observed (2-way Student’s t test).  

E. Epinephrine release from the adrenal glands of WT and KO mice 

Adrenal glands, isolated from male, female and castrated male KO and WT mice, were cut in half, 

and were stimulated with acetylcholine (5 mmol/L) in 300 µl Hank’s buffer for one minute at room 

temperature. The supernatants were analyzed for epinephrine levels by ELISA. Data from three 

independent experiments (each using one KO mouse and one WT control) were pooled, analyzed 

by two-way Student’s t test, and reported as means ± S.E. *: p<0.05. 

 

EPHB6 and testosterone jointly regulate adrenal gland chromaffin cell Ca2+ influx 
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Ca2+ influx is the main trigger for catecholamine release in adrenal gland chromaffin cells. 

Defective catecholamine release in adrenal gland chromaffin cells from male KO mice prompted 

the examination of Ca2+ influx in these cells. Acetylcholine-stimulated Ca2+ influx was significantly 

reduced in adrenal gland chromaffin cells from male but not female KO mice (Fig. 2A), 

corroborating the catecholamine phenotype in vivo. Castration rescued Ca2+ influx in KO adrenal 

gland chromaffin cells to a level similar to that of their WT counterparts, while it had no impact 

on that of adrenal gland chromaffin cells from WT males (Fig. 2B). To disentangle the effects 

between sex hormones and sex, we treated adrenal gland chromaffin cells from castrated males 

with testosterone. While Ca2+ influx in adrenal gland chromaffin cells from castrated WT mice was 

not affected by 15-minute testosterone treatment, it was augmented in adrenal gland chromaffin 

cells from castrated KO mice to the level of their WT counterparts (Fig. 3A), indicating that 

testosterone rather than sex influenced Ca2+ influx. The rapid response of adrenal gland 

chromaffin cells to testosterone treatment (15 minutes) also suggests that the effect is non-

genomic. To confirm this finding, adrenal gland chromaffin cells were treated with bovine serum 

albumin (BSA)-conjugated testosterone, which cannot penetrate the cell membrane and can only 

exert non-genomic effects. Again, similarly to regular testosterone, 15-minute treatment with this 

membrane-impermeable testosterone augmented Ca2+ influx in adrenal gland chromaffin cells 

from castrated KO mice, but not in adrenal gland chromaffin cells from castrated WT mice (Fig. 

3B), indicating that the effect is indeed non-genomic.  

Based on these findings, testosterone-induced Ca2+ influx suppression in the absence of EPHB6 is 

expected in adrenal gland chromaffin cells from female KO mice. Indeed, 15-minute testosterone 

treatment reduced Ca2+ influx in adrenal gland chromaffin cells from female KO but not in WT 

mice (Fig. 3C). Moreover, BSA-conjugated cell membrane-impermeable testosterone was equally 

effective in these adrenal gland chromaffin cells from female KO mice (Fig. 3D), supporting non-

genomic effects of the testosterone on adrenal gland chromaffin cells Ca2+ influx.  

The lack of estrogen as a potential cause for the observed reduced Ca2+ influx in adrenal gland 

chromaffin cells from male KO mice was then explored. Adrenal gland chromaffin cells from male 

KO mice were exposed to estrogen for 15 minutes (Fig. 3E) or 24 hours (Fig. 3F). Regardless of the 

exposure time, estrogen had no effect on adrenal gland chromaffin cells from male KO or WT 



91 

mice in terms of acetylcholine-stimulated Ca2+ influx. This strongly suggests that testosterone 

alone, but not estrogen, in concert with EPHB6, regulates adrenal gland chromaffin cell Ca2+ influx. 

 

Figure 2. Ca2+ influx in adrenal gland chromaffin cells from EPHB6 KO and WT mice 

Adrenal gland chromaffin cells were loaded with Fura2-AM, and stimulated with acetylcholine (5 

mmol/L) at 37℃. The cells were imaged for 120 seconds at a rate of one measurement per two 

seconds. Arrows indicate the time points where acetylcholine was added. Signals from more than 

15 randomly selected cells per group were recorded, and the results expressed as means + S.E. of 

ratios of fluorescence intensity at 510 nm excited by 340 nm versus 380 nm. The data were 

analyzed in a linear mixed-effect model, with genotype, individual cells, sex and time as 

qualitative factors. P-values are indicated. The experiments were repeated at least three times. 

Data from representative experiments are shown. 
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A. Male but not female KO adrenal gland chromaffin cells present reduced Ca2+ influx compared 

to their WT counterparts 

B. Castration reverses low Ca2+ influx in KO adrenal gland chromaffin cells to normal but has no 

effect on WT adrenal gland chromaffin cells 

The S.E. of the solid line curve representing male WT adrenal gland chromaffin cell Ca2+-influx in 

the left panel is omitted for better visualization. 
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Figure 3. Effects of sex hormones on Ca2+ flux in adrenal gland chromaffin cells from EPHB6 KO 

and WT mice 

The experiment procedures and data presentation are the same as described in Figure 2. The data 

were analyzed in a linear mixed-effect model, with genotype, individual cells, sex, sex hormone 

and time as qualitative factors. 

A. Fifteen-minute testosterone treatment rapidly lowers Ca2+ influx in castrated KO but not in WT 

adrenal gland chromaffin cells  

B. Cell membrane-impermeable, BSA-conjugated testosterone rapidly (within 15 minutes) lowers 

Ca2+ influx in castrated KO but not WT adrenal gland chromaffin cells  

C. Fifteen-minute testosterone treatment rapidly lowers Ca2+ influx in female KO but not WT 

adrenal gland chromaffin cells  
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D. Cell membrane-impermeable, BSA-conjugated testosterone rapidly (within 15 minutes) lowers  

Ca2+ influx in female KO but not WT adrenal gland chromaffin cells 

E. Short-term (15-minute) estrogen treatment does not affect male KO and WT adrenal gland 

chromaffin cell Ca2+ influx 

F. Long-term (24-hour) estrogen treatment does not affect male KO and WT adrenal gland 

chromaffin cell Ca2+ influx 

 

Effects of EPHB6 and male sex hormone on adrenal gland chromaffin cell electrophysiological 

properties 

Voltage-gated calcium channel function in adrenal gland chromaffin cells from KO mice was 

electrophysiologically assessed using the perforated patch clamp technique (Fig. 4). According to 

the calcium influx data, smaller calcium current densities were expected. Unexpectedly, calcium 

current densities were significantly higher in male KO adrenal gland chromaffin cells (Fig. 4A). 

Whilst castration increased Ca2+ current densities in WT adrenal gland chromaffin cells (Fig. 4B), 

no significant changes were observed in male KO adrenal gland chromaffin cells (Fig. 4C). As a 

consequence, castration abolished the difference in calcium current-voltage relationships 

between WT and KO adrenal gland chromaffin cells (Fig. 4D). It should be noted that although the 

deletion of EPHB6 and the presence of testosterone could potentially increase voltage-gated 

calcium channels current densities during patch clamping, such increase might not happen in an 

intact cell under a physiological condition (otherwise, the Ca2+ influx would have increased in male 

KO adrenal gland chromaffin cells), and hence the alternation of voltage-gated calcium channel 

function is not the direct cause for the EPHB6-associated decrease in Ca2+ influx of male KO 

adrenal gland chromaffin cells. 

Indirect modulation of voltage-gated calcium channels activity, and subsequent calcium influx, 

can occur through the regulation of membrane potential. Opening of BK channels strongly 

hyperpolarizes cell membrane and thus leads to the closure of voltage-gated calcium channels in 

adrenal gland chromaffin cells. The impact of EPHB6 and testosterone on BK channel function 
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was investigated. Outward K+ currents were significantly larger in adrenal gland chromaffin cells 

from male KO mice compared to their WT counterparts (Fig. 5A). Paxilline, a BK channel blocker, 

almost completely abolished the currents in both groups (Fig. 5B). This indicates that the outward 

K+ currents in WT and KO adrenal gland chromaffin cells occur mainly via BK channels. The 

paxilline-sensitive BK channel currents were significantly higher in male KO adrenal gland 

chromaffin cells than that in WT adrenal gland chromaffin cells (Fig. 5C), and castration 

significantly decreased BK currents in KO but not WT adrenal gland chromaffin cells (Figs. 5D and 

5E). Therefore, BK currents became similar in WT and KO adrenal gland chromaffin cells after 

castration (Fig. 5F).  

We identified BK function as a critical link in response to testosterone with regard to Ca2+ influx 

in the EPHB6 KO adrenal gland chromaffin cells. In vitro (or rather, ex vivo), the Ca2+ current 

density of adrenal gland chromaffin cells of the KO mice was rapidly augmented within 15 minutes 

by testosterone, suggesting non-genomic effect of the androgen. However, this cannot exclude 

the possibility that in vivo, testosterone and EPHB6 also affect BK channel expression through 

genomic effects via classical nuclear androgen receptors (Lubahn et al., 1988), which would 

increase BK current densities in vivo or ex vivo. Besides, in vivo, the longer time frame will allow 

the rapid non-genomic signaling of testosterone via Src kinases (Yu et al., 2012) or cell surface 

androgen receptors (Thomas et al., 2017) to travel to the nuclei, converting non-genomic effects 

to genomic effects. Therefore, it is necessary to evaluate the BK expression ex vivo from WT and 

KO chromaffin cells. BK channels are composed of four pore-forming alpha subunits and a 

regulatory beta-subunit isoform (Yuan et al., 2010). We probed for their expression in mouse 

adrenal gland chromaffin cells, and found that the beta 2 subunit (KCNMB2) was the dominant 

beta subunit isoform in these cells (S. Fig. 3). However, no difference in the expression of either 

the alpha or beta subunit mRNA was detected in adrenal gland chromaffin cells from KO males 

WT in males or from castrated KO and WT males. This suggests that the regulation of BK channels 

by EPHB6 and testosterone do not occur at the expression level.   
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Figure 4. Voltage-dependent calcium current densities in adrenal gland chromaffin cells from WT 

and EPHB6 KO mice, with or without castration 

Total calcium current densities recorded in adrenal gland chromaffin cells with the perforated 

patch technique. Current-voltage curves are presented as means + S.E. of I(pA/pF). Curves are 

generated from pooled data from 8-10 cells from 2-3 mice: WT (n=11 cells from 3 mice), KO (n=8 

cells from 2 mice), castrated WT (n=10 cells from 3 mice), castrated KO (n=8 cells from 3 mice). *: 

p < 0.05 (2-tailed Student’s t test). 

A. Male KO adrenal gland chromaffin cells showed higher Ca2+current densities compared to their 

WT counterparts 
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B. Castration significantly increased voltage-gated Ca2+ current densities in WT adrenal gland 

chromaffin cells 

C. Castration did not significantly increase voltage-gated Ca2+ current densities in KO adrenal 

gland chromaffin cells  

D. Voltage-gated Ca2+ current densities became similar in adrenal gland chromaffin cells from 

castrated WT and KO adrenal gland chromaffin cells 
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Figure 5. BK channel current densities in adrenal gland chromaffin cells from WT and KO mice, 

with or without castration 

Outward potassium current densities were recorded with the perforated patch clamp technique 

in the absence or presence of paxilline (Pax; 10 µM), a BK channel blocker. Current-voltage curves 

are presented as means + S.E. of I(pA/pF). Curves are generated from pooled data from 4-12 cells 

from 2-5 different mice: WT (n=7 cells from 4 mice), KO (n=12 cells from 3 mice), castrated WT 

(n=8 cells from 5 mice), castrated KO (n=4 cells from 2 mice). *: p < 0.05 (2-tailed Student’s t test). 

A. KO adrenal gland chromaffin cells showed higher voltage-gated K+ current densities 

B. Voltage-gated K+ current densities were almost abolished by the BK channel blocker paxilline 

C. KO adrenal gland chromaffin cells showed higher voltage-gated, paxilline-sensitive K+ current 

densities 

D. Castration significantly decrease voltage-gated paxilline-sensitive K+ current densities in KO 

adrenal gland chromaffin cells 

E. Castration did not significantly change voltage-gated, paxilline-sensitive K+ current densities in 

WT adrenal gland chromaffin cells 

F. Paxilline-sensitive BK current densities from WT and KO adrenal gland chromaffin cells become 

similar after castration 

 

Our data indicate that enhanced BK currents in male KO adrenal gland chromaffin cells might lead 

to decreased open probability of voltage-gated calcium channels, reducing Ca2+ influx in these 

cells. If so, blocking BK channels would prevent voltage-gated calcium channel inhibition and 

increase Ca2+ influx in male KO adrenal gland chromaffin cells. To test this hypothesis, adrenal 

gland chromaffin cells were treated with a BK channel inhibitor, penitrem A. Ca2+ influx was 

unaltered by penitrem A in male WT adrenal gland chromaffin cells (Fig. 6A), but it was 

significantly increased in KO adrenal gland chromaffin cells, reverting to WT control levels (Fig. 

6B). 
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Figure 6. The BK channel blocker penitrem A augments acetylcholine-triggered Ca2+influx in KO 

adrenal gland chromaffin cells to a normal level 

WT (A) and KO (B) adrenal gland chromaffin cells from male mice were loaded with Fura2-AM for 

one hour, and then treated with a BK channel blocker penitrem A (10 µmol/L) for 15 minutes. The 

cells were then washed and stimulated with acetylcholine at 37℃. Their Ca2+ flux was recorded 

for 120 seconds at a rate of measurement per two seconds. Arrows indicate time points where 

acetylcholine was added. Signals from more than 15 or more randomly-selected cells per group 

were recorded, and the results expressed as means + S.E. of ratios of fluorescence intensity at 

510 nm excited by 340 nm versus 380 nm. In B, the means of WT adrenal gland chromaffin cell 

signals were presented as a thin line without S.E. for better viewing. The data were analyzed by 

linear mixed-effect model, with genotype, individual cells, penitrem A and time as qualitative 

factors. P-values are indicated. Experiments were conducted at least three times. Data from 

representative ones are shown.  



101 

 

Figure 7. A model illustrating the concerted effect of EPHB6 and testosterone in regulating Ca2+ 

influx in adrenal gland chromaffin cells  

In adrenal gland chromaffin cells, acetylcholine (ACh) stimulation of acetylcholine receptors 

(AChR) causes initial depolarization by allowing a small amount of Ca2+ influx plus a large amount 

of Na+ influx. The combined effect of both inward cation fluxes opens voltage-gated calcium 

channels for larger Ca2+ influx. BK channels are then activated by depolarization as well as by 

increased Ca2+ concentration, allowing K+ ions efflux, therein repolarizing the cells. As a 

consequence, voltage-gated calcium channels (VGCC) are shut down, terminating Ca2+ influx. 

Testosterone promotes the BK currents by direct binding with the BK channel, or by non-genomic 

signaling via its cell surface androgen receptors (AR) or via intracellular Src kinases. EPHB6 might 

interfere with the testosterone-BK association, or block the interaction between testosterone and 

AR, or suppress Src signaling. These 3 possible mechanisms are to be tested, and hence marked 

with question marks. As a consequence, the presence of EPHB6 suppresses the positive effect of 

testosterone on the BK currents. EPHB6 KO liberates this positive impact, leading to a larger K+ 

outflow. This results in earlier and faster repolarization, an earlier closure of voltage-gated 

calcium channels, and the subsequently reduced Ca2+ influx. 
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Discussion 

The present study revealed that EPHB6 deletion decreased male but not female adrenal gland 

chromaffin cell Ca2+ influx and catecholamine secretion. Testosterone was required for this 

phenotype, as the absence of both EPHB6 and testosterone reversed the KO adrenal gland 

chromaffin cell phenotype to that of their WT controls. The functional mechanism involves BK 

channels.  

Ca2+ influx is an essential signal triggering catecholamine release from adrenal gland chromaffin 

cells. Our data shows that this Ca2+ influx is compromised in male EPHB6 KO adrenal gland 

chromaffin cells. The electrophysiology of adrenal gland chromaffin cells related to Ca2+ influx is 

depicted in Figure 7. In adrenal gland chromaffin cells, acetylcholine stimulation of acetylcholine 

receptors evokes a small Ca2+ influx plus a large Na+ influx. The combined effect of these inward 

cations causes depolarization, which increases voltage-gated calcium channels open probability 

and leads to a larger Ca2+ influx (Fenwick et al., 1982). Ensuing BK channel activation re-

hyperpolarizes adrenal gland chromaffin cell membrane(Martinez-Espinosa et al., 2014). This re-

hyperpolarization reduces voltage-gated calcium channels’ opening and thus terminates Ca2+ 

influx (Solaro et al., 1995). The decreased calcium influx and catecholamine release observed in 

male EPHB6 KO mice could have resulted from a decrease in calcium channels’ function. However, 

perforated patch recordings show voltage-gated calcium channels’ current densities were rather 

larger in adrenal gland chromaffin cells from KO compared to that of their WT littermates. These 

results strongly suggest that EPHB6 modulation of calcium influx is not due to direct suppression 

of voltage-gated calcium channel function.  

Alternatively, EPHB6’s control of Ca2+ influx could be indirect through stabilizing (or repolarizing) 

the membrane potential of adrenal gland chromaffin cells. Given the high input resistance of 

adrenal gland chromaffin cells, a small modification of membrane conductance would be 

sufficient to abolish or substantially limit membrane depolarization. K+ currents thus play a major 

role in controlling membrane potential of adrenal gland chromaffin cells and catecholamine 

release. Indeed, K+ currents appear to be modified in male KO adrenal gland chromaffin cells. BK 

channels were the main K+ conductance altered by EPHB6 expression, as their current densities 

were in accordance with the adrenal gland chromaffin cell phenotype observed. In male KO 
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adrenal gland chromaffin cells, BK current densities were substantially increased (Fig. 5C), and 

castration abolished such increase (Figs. 5D and 5F). We thus propose the model illustrated in 

Figure 7 to portray the mechanism by which EPHB6 and testosterone act in concert to modulate 

adrenal gland chromaffin cell Ca2+ influx. Testosterone enhances BK currents either through direct 

binding with the ion channel (Suárez et al., 2015), by non-genomic signaling through Src kinases 

(Yu et al., 2012) or its cell surface androgen receptors (Thomas et al., 2017). On the other hand, 

EPHB6 might interfere with the testosterone-BK channel, testosterone-androgen receptor, or 

testosterone-Src interactions (to be confirmed, and hence marked with question marks). As a 

consequence, the presence of EPHB6 suppresses the positive effect of testosterone on BK channel 

activity. Abolished expression of EPHB6 in KO mice alleviates the inhibitory influence of 

testosterone over BK channels, leading to a larger K+ efflux. This evokes an earlier and faster 

repolarization, decreases sustained voltage-gated calcium channels’ probability to open, and 

subsequently reduces Ca2+ influx. 

This proposed model (Fig. 7) is validated by our experimental data. Indeed, a BK channel blocker, 

penitrem A, effectively augmented Ca2+ influx in male KO adrenal gland chromaffin cells, 

corroborating the critical role of BK channel activity in decreasing Ca2+ influx in these cells. The 

current literature also supports our model. Testosterone has been shown to increase the BK 

current (Han et al., 2008). A recent report indicated that testosterone can interact directly with 

BK channel subunits in rat anterior pituitary tumor cells and modulate their function in patch-

clamp assays (Suárez et al., 2015). Therefore, direct testosterone binding to BK channels in 

adrenal gland chromaffin cells might enhance BK channel activity. BK channel function would not 

be altered in male WT adrenal gland chromaffin cells by testosterone, because EPHB6 blocks BK 

channel's association with the latter. BK currents are not altered in female KO adrenal gland 

chromaffin cells either, despite the absence of EPHB6, because of low testosterone levels. 

Moreover, BK channel currents are normal in female WT adrenal gland chromaffin cells, due to 

both the absence of testosterone and the presence of EPHB6. To test these hypotheses, we 

conducted immunoprecipitation and fluorescence resonance energy transfer to assess physical 

interactions between EPHB6 and KCNMB2, the major regulatory  subunit, but to no avail. 

Limitations of the approaches, such as assay sensitivity and affinity between EPHB6 and BK -
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subunit, could account for such negative results. Further investigation in this regard would thus 

be required.  

Androgens have two major forms: testosterone and 5α-dihydrotestosterone. The latter is a 

metabolite of the former, and binds with higher affinity to androgen receptors (Toth and Zakar, 

1982). Classical androgen receptors are intracellular proteins, and upon binding to testosterone 

or 5 α-dihydrotestosterone, they translocate into nuclei and serve as DNA-binding transcription 

factors that regulate genes with androgen-responsive elements (Heemers and Tindall, 2007). This 

is called genomic action. Androgen receptors can also interact directly with Src kinases and trigger 

their activation (Yu et al., 2012). Cell membrane androgen receptors exist too, and they may be 

G protein–associated but are poorly characterized (Benten et al., 1999a;Benten et al., 

1999b;Nakhla et al., 1999;Thomas et al., 2017). The latter two actions are non-genomic. 

Our study in vitro reveals that the non-genomic effect of testosterone appears to be sufficient to 

cause increased Ca2+ influx in male KO adrenal gland chromaffin cells. It is likely that this observed 

androgen effect is not unique for testosterone; other testosterone derivatives, such as the more 

potent 5 α-dihydrotestosterone, might also be effective. This will need to be confirmed. Such in 

vitro non-genomic effect does not exclude the existence of possible in vivo genomic effect of 

androgens, as they are not mutually exclusive. The possible in vivo genomic effect of androgen 

on Ca2+ influx could be confirmed or refuted by using mice with adrenal gland-specific null 

mutation of the classical intracellular androgen receptor. To the best of our knowledge, such a 

study has not been conducted and would be interesting to perform.  

It is conceivable that males with EPHB6 loss-of-function mutations might become hypertensive 

later in life because of decreased testosterone levels, which may cause them to lose the blood 

pressure-lowering beneficial effect of EPHB6 mutation by increasing their resting-state 

catecholamine levels. Consequently, their blood pressure might increase due to other genetic and 

environmental factors, as hypertension is a polygenic and multifactorial disease. For these 

patients, testosterone replacement therapy might restore the protective influence of EPHB6 

mutation in lowering catecholamine secretion and hence, blood pressure. 
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The effect of testosterone on blood pressure is often controversial. In animal studies, castration 

often results in lower blood pressure (Masubuchi et al., 1982;Chen and Meng, 1991;Reckelhoff et 

al., 1998). In humans, different studies reported mixed results, probably due to the heterogeneity 

of the human population. Male hypogonadism is known to associate with hypertension (Hughes 

et al., 1989;Phillips et al., 1993;Jaffe et al., 1996;Liu et al., 2003;Zitzmann, 2009;Garcia-Cruz et al., 

2012). There are multiple articles showing blood pressure reduction after testosterone 

replacement therapy (Bhattacharya et al., 2011;Haider et al., 2014;Traish et al., 2014;Yassin et al., 

2014). These and additional favorable results with regard to testosterone replacement therapy in 

reducing cardiovascular risks including blood pressure are discussed in two recent review papers 

(Miner et al., 2014;Anaissie et al., 2017). It is true that a couple of large retrospective studies have 

revealed that testosterone replacement therapy is associated with increased cardiovascular risks 

(Vigen et al., 2013;Finkle et al., 2014). However, the conclusions from these studies are disputed 

as “retrospective, highly statistical and only with a minor effect size” and “are unlikely 

reproducible or accurate” (Miner et al., 2014). It is safe to say that the effects of testosterone 

replacement therapy on cardiovascular risks are not conclusive.  

The results of clinical studies are rarely black and white (i.e., with 100% penetrance). Rather, the 

conclusions depend heavily on statistical analysis, which has the limitation of discounting the 

responses of a subpopulation within the case group. For example, in a drug efficacy study, if we 

assume a placebo effect occurs in 20% of a control group, and a positive therapeutic effect of 35 % 

in a drug-treated group, which represents a very moderate efficacy, we will only need 138 

individuals each in the control and treated group to achieve 80% power to arrive at a conclusion 

that the treatment is statistically effective. In this case, the fate of 65% of treated but non-

responsive patients is practically ignored. In a real example of using diuretics in treating acute 

failure, more than 50% of the treated patients are not responding to 40 mg/furosemide in terms 

of body weight reduction (Valente et al., 2014), and yet furosemide is still used to treat this 

condition. For the same reason but in a reverse way, the statistically significant side-effect of 

testosterone replacement therapy does not mean that the side-effect occurs in all the individuals. 

It is totally possible that for a subpopulation of hypogonadic patients with EPHB6 loss-of-function 

mutations, testosterone replacement therapy does not cause increased cardiovascular risks, but 
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reduces resting state catecholamine secretion, and hence their blood pressure. For these 

individuals, testosterone might be a causative rather than symptomatic treatment for their 

hypertension. After all, testosterone administered in a proper dosage and format will restore 

what they used to have in sufficient quantity in their adult life.  

The potential risk of testosterone in promoting prostate cancer is a concern. However, this is 

mitigated because patients with prostate cancer or elevated prostates-specific antigen levels are 

routinely excluded from testosterone replacement therapy. Also, multiple short- and long-term 

(five years) testosterone replacement therapy studies have found no evidence of prostate-

specific antigen level increases (English et al., 2000;Haider et al., 2014;Yassin et al., 2014), further 

alleviating the concern. 

The current anti-hypertensive drugs are highly effective with minimal side-effects. This has made 

the entry threshold of testosterone as a new therapeutic agent much higher. However, in the age 

of personalized medicine, for those whose hypertension is caused by EPHB6 mutations and 

subsequent hypogonadism, if testosterone could address the cause rather than symptoms, its 

therapeutic application should be considered.  

The present study reveals a novel mechanism by which EPHB6 and testosterone jointly regulate 

catecholamine release from adrenal gland chromaffin cells. The results might explain some 

controversial findings with regard to cardiovascular benefits or risks after testosterone 

replacement therapy. Further, this study has raised a possibility of using testosterone as a 

personalized medicine to lower resting-state catecholamine secretion and hence, blood pressure.  
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Supplementary information  

 

Supplementary Table 1. RT-qPCR primer sequences  

RT-qPCR primer sequences 

Gene sense sequences antisense sequences 

β-actin 5’-TCGTACCACAGGCATTGTGATGGA-3’ 5’-TGATGTCACGCACGATTTCCCTCT-3’ 

EPHB1 5’-ACCATGAGGAGCATCACCTTGTCA-3’ 5’-TAGCCCATCGATACGTGCTGTGTT-3’ 

EPHB2 5’-CCAGTGATGTGTGGAGCTATG-3’ 5’-GGAGGTAGTCTGTAGTCCTGTT-3’ 

EPHB3 5’-AGTTCGCCAAGGAGATCGATGTGT-3’ 5’-TCAGCGTCTTGATAGCCACGAACA-3’ 

EPHB4 5’-CTACGTCTCTAACCTCCCATCT-3’ 5’-GCTGGTCACCCTTTCTCTTT-3’ 

EPHB6 5’-CTTTGCCTTTGTTCACCGAGCACT-3’ 5’-AGCAAGGAACTTGAACCCTGAGGA-3’ 

EFNB1 5’-ACCAGGAAATCCGCTTCACCATCA-3’ 5’-ACAGCATTTGGATCTTGCCCAACC-3’ 

EFNB2 5’-TTCTGCTGGATCAGCCAGGAATCA-3’ 5’-TCCTGATGCGATCCCTGCGAATAA-3’ 

EFNB3 5’-AGTTCCGATCCCACCACGATTACT-3 5’-AGAAGCACCTTCATGCCTCTGGTT-3 

Kcnma1 5’-CAACGTGTTCTTCCTCCTCTAC-3’ 5’-CAGGAGGGACTGTGAAGAAATC-3’ 

Kcnmb1 5’-CCCTGACTTCAGTTGGTTCATA-3’ 5’-AGAGAGAGCACGTAGGGATAG-3’ 

Kenmb2 5’-CCAGGTCTCTGTTCTGAGTTTC-3’ 5’-CACTTGCTACAGGGCTCAATA-3’ 

Kcnmb3 5’-GGAGTTGTTCTGAGGAAGTCTG-3’ 5’-GCCTCCCAGCAAAGTCAATA-3’ 

Kcnmb4 5’-TCCTATATCCCGCCCTGTAA-3’ 5’-CTGGGAACCGATCTCATCTTT-3’ 

Cacna1g 5’-GGGAGCAGGAGTATTTCAGTAG-3’ 5’-GATGTTTCTGCCTGGGTATCT-3’ 

Cacna1h 5’-TCCTTCTGCTGTGCTTCTTC-3’ 5’-CAGGAAGGTCAGGTTGTTGT-3’ 

Cacna1i 5’-GCCCTACTATGCCACCTATTG-3’ 5’-AGGCAGATGATGAAGGTGATG-3’ 
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Supplementary Figure 1. Normal expression of EPHB1, EPHB2, EPHB3 and EPHB4 mRNA in adrenal 

gland medullae from male, female and castrated male WT and EPHB6 KO mice 

Total RNA was extracted from adrenal gland medullae of male and female WT and EPHB6 KO mice 

and from castrated WT and KO mice. EPHB1, EPHB2, EPHB3 and EPHB4 mRNA levels were 

analyzed by RT-qPCR. β-actin levels were used as internal controls. RT-qPCR samples were in 

triplicate. The experiments were conducted three times, and means ± SEM of EPHB/β-actin signal 

ratios of pooled data from the three experiments are shown. Student’s t tests were used for 

statistical analysis, and no significant difference was found among different test groups. 
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Supplementary Figure 2. Normal EFNB1, EFNB2 and EFNB3 mRNA expression in adrenal gland  

medullae from male, female and castrated male EPHB6 KO mice 

Total RNA was extracted from adrenal gland medullae of male, female and castrated male WT 

and EFNB6 KO mice. EFNB1, EFNB2 and EFNB3 mRNA levels the medullae were measured by RT-

qPCR. Experiments and data analysis were conducted as described in Supplementary Figure 1.   
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Supplementary Figure 3. Normal mRNA expression of T-type Ca2+ channel a1 subunits in the 

adrenal gland medullae of male, female and castrated male EPHB6 KO mice 

Total RNA was extracted from adrenal gland medullae of male, female and castrated male WT 

and EPHB6 KO mice. T-type Ca2+ channel α1 subunit Cacna1g, Cacna1h and Cacna1imRNA levels 

in the tissues were measured by RT-qPCR. Experiments and data analysis were conducted as 

described in Supplementary Figure 1.   
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Supplementary Figure 4.  Normal mRNA expression of BK channel subunits in adrenal gland 

medullae of male, female and castrated male KO and WT mice 

Total RNA was extracted from adrenal gland medullae of WT and EPHB6 KO male, female and 

castrated male mice. mRNA levels of the BK channel α subunit Kcnma1 or the β-subunits Kcnmb1, 

Kcnmb2, Kcnmb3 and Kcnmb4 in the medullae were measured by RT-qPCR. Experiments and data 

analysis were conducted as described in Supplementary Figure1.  
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Abstract  

EPHB6 is a member of the erythropoietin-producing hepatocellular kinase (EPH) family and a 

receptor tyrosine kinase with a dead kinase domain. It is involved in blood pressure regulation 

and adrenal gland catecholamine (CAT) secretion, but several facets of EPHB6-mediated CAT 

regulation are unclear. In this study, using biochemical, RT-qPCR, immunoblotting, and gene 

microarray assays, we found that EPHB6 up-regulates CAT biosynthesis in adrenal gland 

chromaffin cells (AGCCs). We observed that epinephrine content is reduced in the AGCCs from 

male EPHB6-KO mice, caused by decreased expression of tyrosine hydroxylase (TH), the rate-

limiting enzyme in CAT biosynthesis. We demonstrate that the signaling pathway from EPHB6 to 

TH expression in AGCCs involves Rac family small GTPase 1 (RAC1), MAP kinase kinase 7 (MKK7), 

C-Jun N-terminal kinase (JNK), proto-oncogene C-Jun (c-JUN), activator protein 1 (AP1), and early 

growth response 1 (EGR1). On the other hand, signaling via extracellular signal–regulated kinase 

(ERK1/2), p38 mitogen-activated protein kinase, and ELK1, ETS transcription factor (ELK1) was not 

affected by the EPHB6 deletion. We further report that EPHB6’s effect on AGCCs was via reverse 

signaling through ephrin B1, and EPHB6 acted in concert with the non-genomic effect of 

testosterone to control CAT biosynthesis. Our findings elucidate the mechanisms by which EPHB6 

modulates CAT biosynthesis and identify potential therapeutic targets for diseases such as 

hypertension caused by dysfunctional CAT biosynthesis. 

 

Introduction 

EPHB6 is a member of erythropoietin-producing hepatocellular kinases (EPH), the largest family 

of receptor tyrosine kinases (Committee, 1997;Pasquale, 2008). The ligands of EPH are called 

ephrins (EFNs), which are also membrane proteins. EFNs can trigger EPH signaling by canonic 

forward signaling, i.e, from ligand EFNs to receptor EPHs. However, EFNs can also receive signaling 

from EPHs and transduce signals into cells, and such noncanonical action (i.e., from EPHs to EFNs) 

is called reverse (Pasquale, 2008). The interaction between EPHs and EFNs are promiscuous: one 

EPH can bind to multiple EFNs, and one EFN, to multiple EPHs. In general, the EPHA family 

members bind to EFNAs, and EPHB family members binds to EFNBs (Pasquale, 2008). 
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EPHs/EFNs function in many organs and systems (Pasquale, 2008). We first reported the critical 

involvement of EPHs and EFNs in the immune system (Luo et al., 2001;Luo et al., 2002;Yu et al., 

2003a;b;Luo et al., 2004;Yu et al., 2004;Wu and Luo, 2005;Yu et al., 2006;Luo et al., 2011a;Luo et 

al., 2011b;Jin et al., 2014;Hu et al., 2015;Luo et al., 2016). In the past 5 years, we have 

demonstrated that EPHs/EFNs are involved in regulating blood pressure (BP), which was 

previously unknown, in a series of publications (Kolski-Andreaco et al., 2007;Luo et al., 2012;Wu 

et al., 2012;Wang et al., 2015;Wang et al., 2016a;Wang et al., 2016b;Wang et al., 2016c). We 

reported, using gene knockout mouse models, that while EPHB6, EFNB1, EFNB3 and EPHA4 

deletion results in BP elevation (Luo et al., 2012;Wu et al., 2012;Wang et al., 2016c), EPHB4 and 

EFNB2 deletion lowers it (Wang et al., 2015;Luo et al., 2016;Wang et al., 2016a). Thus, members 

of EPHBs/EFNBs are a novel yin and yang system that fine-tunes BP homeostasis. In all such cases, 

sex hormones act in concert with these EPHs/EFNs for controlling BP. Some of these findings from 

the mouse model have been corroborated by human genetic studies, in which we revealed that 

some variants in the EFNB2, EFNB3 and EPHA4 genes or a related signaling molecule gene are 

significantly associated with hypertension in a sex-specific way (Kolski-Andreaco et al., 

2007;Wang et al., 2016a). 

EPHB6 is highly expressed in the medullae of adrenal glands, which are the major source of 

catecholamine (CAT) in the circulation. The ambient blood CAT level reflects this hormone’s effect 

on the homeostasis of BP (Gale et al., 2001;Ledoux et al., 2008). We showed that male EPHB6 

gene knockout (KO) mice produce reduced amounts of 24-h urinary CAT (Luo et al., 2012), but 

such phenotype disappears after castration (Luo et al., 2012). We further demonstrated that CAT 

release in male KO adrenal gland chromaffin cells (AGCCs) is decreased as a consequence of 

compromised Ca2+ influx triggered by acetylcholine (ACh) (Ledoux et al., 2003). This decrease was 

caused by EPHB6 deletion in combination with the non-genomic effect of testosterone, and hence 

after castration or in females, the CAT secretion by KO AGCCs is normal (Luo et al., 2012). We 

further demonstrated that reduced Ca2+ influx in male KO AGCCs is the result of augmented Big 

Potassium channel (BK) current, which causes an earlier closure of voltage-gated calcium 

channels, leading to decreased Ca2+ influx (Ledoux et al., 2003). 
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In the present study, we report that EPHB6 also plays a critical role in regulating CAT biosynthesis. 

The signaling pathway from EPHB6 to CAT biosynthesis was investigated. 

 

Materials and methods 

 

EPHB6 gene KO mice 

EPHB6 KO mice were generated in our laboratory, as described previously (Luo et al., 2004). They 

were backcrossed to the C57BL/6 genetic background for more than 15 generations. Age- and 

gender-matched wild type (WT) littermates served as controls. Experiments using castrated mice 

were conducted at least 3 weeks post-operation. 

  

Epinephrine and norepinephrine assays 

The adrenal glands were resected from EPHB6 KO and WT mice, or castrated KO mice, and were 

homogenized in 300 l 0.01 N HCL in the presence of 0.15 mM EDTA. Epinephrine levels in the 

cleared supernatants were determined by Epinephrine Research ELISA Kits (Rocky Mountain 

Diagnostics, Colorado Springs, CO, USA, BAE-5100) according to the manufacturer's instructions. 

For cultured primary AGCCs, they were pretreated with a cell membrane-impermeable BSA-

conjugated testosterone [1.1 g/ml, testosterone-3-(O-carboxymethyl)-oxime-BSA; 

testosterone-BSA; Aviva Systems Biology] or BSA for 15 min, and then washed and stimulated 

with Nicotine (20 mol/L) for 16 h at 37°C. The cells were washed once with Hank’s buffer and 

were lysed in 400 l 0.01 N HCL in the presence of 0.15 mM EDTA. Norepinephrine levels in the 

cleared supernatants were determined by Norepinephrine Research ELISA Kits (Rocky Mountain 

Diagnostics). For nonmalignant AGCC line tsAM5NE cells, they were lysed with repeated (3 times) 

freeze-thaw after being transfected with siRNAs. Norepinephrine levels in the cleared 

supernatants were determined by noradrenaline ELISA kits (LifeSpan BioScernces, Seattle, USA, 

LS-F10598) according to the manufacturer’s instructions. Samples were assayed in duplicate. 



124 

 

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) 

mRNA levels of TH, and Egr1 were measured by RT-qPCR. Total RNA from the adrenal glands 

medullar cells or tsAM5NE cells was extracted with TRIzol® (Invitrogen, Burlington, Ontario, 

Canada) and reverse-transcribed with iScriptTM cDNA Synthesis Kit (Bio-Rad Laboratories (Canada) 

Ltd., Mississauga, Ontario, Canada). Supporting Information Table 1 (SI-Table 1) lists the qPCR 

primers used. qPCR conditions were as follows: 2 min at 50°C, 2 min at 95°C, followed by 40 cycles 

of 10 s at 94°C, 20 s at 58°C, and 20 s at 72°C. β-actin mRNA levels were considered as internal 

controls. qPCR signals between 22 and 30 cycles were analyzed. Samples were tested in triplicate, 

and the data were expressed as signal ratios of target RNA/β-actin mRNA. 

 

Immunoblotting 

Adrenal gland medullae were isolated from 8- to 10-week old male mice, and cultured in Opti-

MEMTM Reduced Serum Media (ThermoFisher scientific, Burlington, Ontario, Canada, Cat. 

#31985070) at 37°C for 2 hours. In some experiments, nicotine (20 M) (Sigma-Aldrich, Winston, 

Ontario, N3876) was used to stimulate the medullae for 2.5 and 5 minutes post the 2-hour culture 

period. The tissues were then lysed by immunoprecipitation assay buffer (RIPA), which contained 

PhosSTOP and protease inhibitor mixtures (Roche Applied Science, MeylanCedex, France). For 

tsAM5NE cells, they were lysed with RIPA buffer 72 hours after being transfected with Egr1 siRNA 

or 4 hours after nicotine (40 M) stimulation in the coated plates. Forty µg of lysate protein per 

sample was resolved on 10% SDS-PAGE. Proteins were transferred from the gel to PVDF 

membranes (Invitrogen), which were then incubated in blocking buffer containing 5% (w/v) skim 

milk or 5% BSA for 1 hour at room temperature. The membranes were incubated overnight at 4°C 

with rabbit anti-TH Ab (2792; Cell Signaling Technology, Danvers, US), rabbit anti-EGR1 Ab 

(ab182624; Abcam), rabbit anti-MKK7 (phospho S277+T275) Ab (ab78148; Abcam), rabbit anti-

MKK7 Ab (4172; Cell Signaling Technology), rabbit anti-phospho-c-JUN (Ser63) Ab (9261; Cell 

Signaling Technology), rabbit anti-c-JUN monoclonal Ab (9165; Cell Signaling Technology), rabbit 

anti-phospho-JNK (Thr183/Tyr185) Ab (9251; Cell Signaling Technology, Danvers, US), rabbit anti-
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JNK Ab (9252; Cell Signaling Technology), mouse anti-phospho-ERK1/2 (Thr202/Tyr204) Ab (9106; 

Cell Signaling Technology), rabbit anti-ERK1/2 Ab (9102; Cell Signaling Technology),  rabbit anti-

phospho-p38MAPK (Thy180/Tyr182) Ab (9211; Cell Signaling Technology), rabbit anti-p38MAPK 

Ab (9212; Cell Signaling Technology), rabbit anti-phospho-ELK1 (S383) Ab (ab218133; Abcam), 

rabbit anti-ELK1 Ab (9182; Cell Signaling Technology), or rabbit anti--actin Ab (4967; Cell 

Signaling Technology). Blots were washed and then incubated with horseradish peroxidase- 

conjugated secondary Abs for 2 hours. All the antibodies were used at the manufacturers’ 

recommended dilutions. Signals were visualized by SuperSignal West Pico Chemiluminescent 

Substrate (ThermoFisher Scientific). 

 

Adrenal gland medulla organ culture 

Adrenal gland medullae were isolated from 8- 10-week old EPHB6 KO and WT mice, and cultured 

in DMEM medium with 15% FCS at 37°C for 0, 2.5 and 5 minutes after nicotine (20 M) stimulation. 

The medullae were harvested for the subsequent EMSA or immunoblotting. In some experiments, 

they were cultured for 4 h in the presence of RAC1 inhibitor (50 M; 53502, Sigma-Aldrich, 

Winston, Ontario), MKK7 inhibitor (50 M; 335140001, Sigma-Aldrich, Winston, Ontario), JNK 

inhibitor SP600125 (20 M; S5567, Sigma-Aldrich, Winston, Ontario) or vehicle. The medullae 

were then harvested for the measurement of Egr1 mRNA levels by RT-qPCR. 

 

DNA microarray 

Total RNA was extracted using RNeasy Mini Kit (74104, Qiagen, Toronto, Ontario, Canada) from 

adrenal glands of male, female and castrated male EPHB6 KO mice and their WT counterparts. 

Three biological replicates using different mice for each group were employed. The RNA was 

quantified using NanoDrop Spectrophotometer ND-1000 (NanoDrop Technologies, Inc.) and its 

integrity was assessed using a 2100 Bioanalyzer (Agilent Technologies). Double stranded cDNA 

was synthetized from 250 ng of total RNA, and in vitro transcription was performed to produce 

biotin-labeled cRNA using Illumina® TotalPrep RNA Amplification Kit, according to manufacturer’s 
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instructions (Life Technologies). The labeled cRNA was normalized at 1,500 ng and hybridized on 

MouseWG-6_V2 array according to Illumina’s Whole-Genome Gene Expression Direct 

Hybridization Assay Guide. The BeadChips were incubated in an Illumina Hybridization oven at 

58°C for 16 hours at a standard rocking speed of 5 according to the oven speedometer. Beadchips 

were washed according to Illumina’s protocol mentioned previously and scanned on an Illumina 

iScan Reader. 

Mean expression signal levels of all the genes of 3 replicates in each group were first obtained. 

Using the mean expression signal level of each gene of the male WT group for comparison, genes 

with more than 2-fold changes in their expression in the male KO groups were selected. The fold 

changes of these selected genes in the female KO group with respect to the female WT group, 

and the fold changes of these genes in the castrated male KO group with respect to the castrated 

WT group were calculated and presented. 

 

GTPase activation assay for RAC1  

Activated RAC1 G-protein within samples (25µg/sample) was determined by the G-LISA assay 

(Cytoskeleton, Inc.), performed according to the manufacturer’s instructions. Briefly, adrenal 

gland medullae were isolated from 8-10-week old EPHB6 KO and WT mice, and cultured in Opti-

MEMTM Reduced Serum Media at 37°C for 2 hours. Nicotine (20 µM) was used to stimulate the 

adrenal medulla for 2.5 minutes, which in pilot studies we determined was the peak activation 

time. Proteins were extracted from the tissues on ice for 5 minutes in G-LISA cell lysis buffers 

containing protease inhibitor cocktails (Cytoskeleton, Inc, Denver, Colorado; BK128). The cleared 

supernatants were snap frozen in liquid nitrogen and stored at -80°C until the assay. Samples 

were assayed in duplicate. Three independent experiments were conducted and the results were 

normalized according to the values of WT samples at time 0. The relative RAC1 activity was 

calculated as follows: 

The relative RAC1 activity = RAC1 activity of a given sample/RAC1 activity of WT cells at time 0. 
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Chromaffin cell line culture 

AGCC line tsAM5NE cells were cultured in collagen IV-coated 24-well flat bottom plates (Corning, 

New York, USA, 354430) in DMEM medium with 15% FCS and G5 supplement (ThermoFisher 

scientific, Burlington, Ontario, Canada, 17503012) in an environment of 5% CO2 at 33°C. In some 

experiments, these cells were cultured in wells coated with goat anti-EPHB6 Ab (AF611, R&D 

systems, Oakville, Ontario, Canada), normal goat IgG (sc-2028, Santa Cruz Biotechnology, 

Mississauga, Ontario, Canada), recombinant EPHB6-Fc (E9777, Sigma-Aldrich, Oakville, Ontario, 

Canada), normal human IgG (0150-01, Southern Biotech, Birmingham, USA), rabbit anti-EFNB1 Ab 

(sc-1011, Santa Cruz Biotechnology), normal rabbit IgG (sc-2027, Santa Cruz Biotechnology), or 

goat anti-EFNB2 Ab (AF496, R&D systems) (2 g/ml during overnight coating at 4°C) for 24 hours. 

Nicotine (40 M) was used to stimulate these cells for 4 hours.  

 

Small interfering RNA (siRNA) transfection 

SMARTpool Egr1 siRNA (M-040286-01-0005), which contained 4 pairs of siRNA targeting different 

regions of Egr1 mRNA, as well as negative control siRNA (D-001206-13-05) were synthesized by 

Dharmacon (Lafayette, Colorado, USA). The siRNA sequences are listed in SI-Table 2. tsAM5NE 

cells at a density of 2 x 105 cells/well in 24-well plates were transfected with siRNAs (30 nM) with 

DharmaFECT 1 Transfection Reagent (Dharmacon; T-2001-02) immediately after passage. The 

transfected cells were cultured for additional 24 to 72 hours before further manipulation.  

 

EMSA and EMSA-immunoblotting 

The EPHB6 KO and WT male mice were subcutaneously injected with nicotine in PBS (2 mg/kg 

body weight) or an equal volume of PBS as a control. The mice were placed in an incubator to 

prevent hypothermia. After 2 hours, their adrenal medullae were isolated and nuclear proteins 

were extracted with NE-PERTM Nuclear and Cytoplasmic Extraction Reagents (ThermoFisher 

scientific, Burlington, Ontario, Canada, 78833). EMSA were performed according to the 

manufacturer’s protocols (Odyssey infrared EMSA kit; LI-COR Biosciences, Lincoln, Nebraska, 
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USA). Duplexed oligonucleotides (5′-GGACTTAGGACTGACCTAGAACAATCA-3′) containing the 

AP-1-binding sequence (positions +383 to +393)  in the 5’ untranslated region of mouse Egr1 gene  

were labeled at 5′-end with IRDye 800 infrared dye (Integrated DNA Technologies, Skokie, 

Illinois, USA), and used as probes. The extracted nuclear protein (10 g) was incubated with 5 nM 

of the IRdye800-labeled probes for 30 minutes. For background control, 200-fold molar excess of 

unlabeled probes was added to a sample containing WT nuclear extracts to determine the 

background association of the probes with the nuclear proteins. DNA-protein mixtures were 

separated by 5% non-denaturing polyacrylamide gel electrophoresis in 0.5  TBE buffer. Gels were 

imaged by a LI-COR Odyssey imaging system. The specific AP-1 binding activity was calculated as 

follows. 

The AP-1 binding activity = AP-1 signal of testing samples – signal of the background control 

For each experiment, the AP-1 binding activity of WT cells without nicotine stimulation (i.e., 

treated with PBS) was used to normalize the values of all other samples to calculate their 

respective normalized relative AP-1 binding activity, using the formula below. 

The normalized relative AP-1 binding activity = the specific AP-1 binding activity of a given sample 

/ the specific AP-1 binding activity of WT samples treated with PBS. 

To identify c-JUN and c-FOS proteins in the shifted bands, proteins in non-denaturing 

polyacrylamide gels of EMSA were transferred to PVDF membranes. The membranes were 

blocked with PBS containing 5% (w/v) skim milk for 1 hour at room temperature. They were then 

reacted overnight at 4°C with rabbit anti-c-JUN mAb (9165; Cell Signaling Technology), or rabbit 

anti-c-FOS Ab (ab190289, Abcam). The membranes were washed and then incubated with 

horseradish peroxidase- conjugated secondary Ab for 2 hours. All the Abs were used at the 

manufacturers’ recommended dilutions. Signals were visualized by SuperSignal West Pico 

Chemiluminescent Substrate (ThermoFisher Scientific). 

 

Primary AGCC culture 
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Primary mouse AGCCs were isolated as previously described (Wang et al., 2018). Briefly, adrenal 

gland medullae were obtained from 8- to 10-week-old mice. Papain (P4762, Sigma-Aldrich, 

Oakville, Ontario, Canada) was activated with 5 mM L-cysteine. The medullae were digested by 

the activated papain in Hank’s buffer at 37°C for 25 min. They were washed twice with Hank’s 

buffer and then triturated by pipetting in 300 l Hank’s buffer until they became feather-like. 

Cells were pelleted at 3,700 g for 3 min and re-suspended in DMEM containing 15 % (v/v) FCS for 

culture. BSA-conjugated testosterone (1.1 g/ml, testosterone-3-(O-carboxymethyl)-oxime-BSA; 

Aviva Systems Biology, San Diego, USA) or BSA was added to the culture 15 min prior to the 

addition of nicotine (20 M), and the cells were cultured for 16 h at 37°C before being harvested 

for their norepinephrine content measurement. 

 

Ethics statement 

All animal studies were approved by the Animal Protection Committee (Comité institutionnel 

d'intégration de la protection des animaux) of the CRCHUM. 

 

Results 

 

Adrenal glands from male EPHB6 KO mice showed reduced epinephrine content 

Our previous study demonstrated that male but not female EPHB6 KO mice have reduced CAT 

secretion (Luo et al., 2012). Secretion and biosynthesis of CAT are distinct but yet interrelated 

events. To assess whether the KO adrenal glands were also compromised in CAT biosynthesis, we 

measured their CAT content, using epinephrine as a representative CAT, as our previous study 

showed that the levels of three major types of CAT (epinephrine, norepinephrine and dopamine) 

in the 24-h urine were similarly reduced in the male KO mice. As shown in Figure 1A, the 

epinephrine content in male KO but not female KO adrenal glands was significantly reduced, but 

castration brought the level of male KO AGCCs to that seen in uncastrated WT counterparts. This 
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pattern is consistent with that of 24-hour urine CAT levels in the KO mice before and after 

castration (Luo et al., 2012). The size of adrenal gland medullae from male, female and castrated 

male KO mice was similar to their WT counterparts (Fig. 1B), suggesting that the change in the 

epinephrine content in the male KO mouse adrenal glands is not due to altered size of the gland 

medullae.   

We then investigated whether the reduced epinephrine content in the male KO adrenal glands 

was due to the decreased levels of TH, the rate-limiting enzyme in CAT biosynthesis. As shown in 

Figure 1C, the TH mRNA levels were decreased in the male but not female KO glands, compared 

to their WT counterparts. Such a decrease was abolished after castration.  

This pattern of TH expression was also confirmed at the protein level (Fig. 1D). Therefore, EPHB6 

deletion correlated to reduced TH expression in a male sex hormone-dependent fashion, TH being 

the rate-limiting enzyme of CAT biosynthesis.   
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Figure 1. Epinephrine content and TH expression in the adrenal glands of WT and KO mice 

A. Total epinephrine content in the adrenal glands of WT and KO mice 

The results from three independent experiments using different mice were pooled, and the 

results are shown as means ± SD with data points. The data were analyzed by 2-way paired 

Student’s t test, and the significant p-value is indicated. 

B. Similar sizes of KO and WT adrenal glands 
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Adrenal glands were serially sectioned at an interval of 50 µm at 5 µm thickness. Representative 

micrographs of the largest HE-stained transection of the gland from each group is presented. 

The total volume of the adrenal gland medullae was determined by following formula: 

Size of the medulla= mean area of all the sections that contains the medulla  length of the 

medulla  

The results from three individual medullae from different mice of each group were pooled, and 

the results are shown as means ± SD with data points.  No significant difference between KO and 

their WT counterparts is found (2-way paired Student’s t test).  

C. TH mRNA expression in adrenal gland medullae of KO and WT mice 

Total RNA was extracted from adrenal medullae. TH mRNA level was analyzed by RT-qPCR. β-actin 

levels were used as internal controls. Samples were measured in triplicate, and the data from 

three independent experiments using different mice were pooled and expressed as graphs of TH 

signal/ β-actin signal ratios (means ± SD with data points). The significant p-value (2-way paired 

Student’s t tests) is indicated.  

D. TH protein expression in the adrenal medullae of KO and WT mice  

TH protein levels in the adrenal gland medullae were analyzed by immunoblotting. The 

representative immunoblotting images are illustrated. The signal ratios of TH versus β-actin were 

quantified by densitometry. Densitometry data from three or more (as indicated) independent 

experiments using different mice were pooled and are presented as graphs (means ± SD with data 

points). The significant p-value (2-way paired Student’s t tests) is indicated. 

 

EPHB6 KO decreased the transcription factor Egr1 expression in adrenal gland medullae 

To elucidate molecular mechanisms underlying the defective TH expression in the adrenal gland 

medullae, we subjected the WT and KO medullae to transcriptome microarray analysis.  
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The array data were deposited to the Gene Expression Omnibus with accession number 

GSE120400. 

Since the TH expression was decreased in male but not female KO medullae, and such a change 

disappeared after castration, we sought out for genes whose expression pattern fitted to this 

pattern, i.e., they were altered in male but not female KO medullae, and such alteration in males 

would disappear after castration. We first compared the gene expression profile of the male WT 

versus KO adrenal gland medullae. Twenty genes had more than 2-fold higher expression in the 

WT medullae than in the KO medullae, but none had more than 2-fold lower expression in such 

comparison, as shown in the heat map of Figure 2A (left column). The expression of these 20 

genes in female WT versus KO medullae and in castrated WT versus castrated KO medullae was 

then compared (Fig. 2, middle and right column). Only 2 genes (LOC666403 and CFD) still showed 

more than 2-fold higher expression in the female WT and castrated WT medullae, compared to 

their KO counterparts. The remaining 18 genes resembled the expression pattern which we were 

looking, and could potentially be involved in regulating TH expression.   

We selected the top 4 hits from the 18 genes for further investigation. The selection criterion was 

that they had more than 3-fold higher expression in the male WT medullae compared to KO ones 

(i.e., Egr1, 11.1 fold; JunB, 5.8 fold; Fos, 3.8 fold; and Dusp1, 3.2 fold). The first 3 are transcription 

factors and the last one is a phosphatase. Although Hspa1a had a similar high level change (3.5 

fold), due to the ubiquitous presence of this heat shock protein and its being neither a 

transcription factor nor an enzyme, it was excluded from further study. 

Even though we could confirm by RT-qPCR that the mRNA expression of JUNB, FOS and DUSP1 

was significantly reduced in the male KO medullae, their protein levels showed no change 

(Supporting Information Fig. 2). Therefore, no further investigation was carried out on these 3 

genes.  

We confirmed by RT-qPCR that Egr1 mRNA expression was significantly lower in male but not in 

female KO medullae, compared to their WT counterparts (Fig. 2B). This decrease was ameliorated 

after castration. This was verified at the protein level by immunoblotting (Fig. 2C), i.e., the male 
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but not female KO medullae had lower EGR1 protein level, and this was reversed to normal levels 

after castration.  
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Figure 2. Identification of reduced Egr1 expression in the adrenal glands of male KO mice 

A. Significantly altered expression of genes in the cRNA microarray analysis of adrenal gland 

medullae from KO mice and WT  

Total RNA was extracted from adrenal glands and subjected to cRNA microarray analysis. Three 

biological replicates using difference mice for each group were employed and mean signal levels 

of each gene in each group were calculated. The genes with their mean signal levels differed 

above 2-folds between male WT and KO male groups were selected, and the ratios of their mean 

signal levels were presented in the left column of a log10-scaled heat map. The ratios of the mean 

signal levels of these selected genes for the female WT versus female KO groups are presented in 

the middle column, while those between the castrated WT males versus castrated KO males are 

presented in the right column.  

B. Reduced expression of Egr1 mRNA in adrenal medullae from male KO mice 

Egr1 mRNA levels in the adrenal gland medullae were analyzed by RT-qPCR. β-actin levels were 

used as internal controls. Samples in RT-qPCR were in triplicate, and Egr1/ β-actin signal ratios 

from three independent experiments using different mice were pooled and expressed as means 

± SD with data points. The significant p-value (2-way paired Student’s t tests) is indicated. 

C. Reduced Egr1 protein expression in the adrenal medullae of male EPHB6 KO mice  

EGR1 protein levels of adrenal gland medullae were analyzed by immunoblotting, and 

representative images are shown. The intensity of the EGR1 and β-actin bands was measured by 

densitometry. The results of three independent experiments using different mice were pooled 

and the signal ratios of EGR1 versus β-actin are presented as graphs (means ± SD with data 

points). The significant p-value (2-way paired Student’s t tests) is indicated. 

 

Reduced EGR1 expression in KO chromaffin cells was correlated to decreased TH expression 

EGR1 is a transcription factor. To prove that reduced EGR1 level was responsible for the decreased 

TH expression and hence reduced CAT biosynthesis, we knocked down EGR1 expression by siRNA 
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in a non-malignant mouse AGCC cell line (tsAM5NE cells) (Kohno et al., 2011). The efficiency of 

Egr1/EGR1 knockdown at the mRNA and protein levels was confirmed by RT-qPCR and 

immunoblotting (Fig. 3A). As a consequence of EGR1 knockdown, TH expression at the mRNA and 

protein level was reduced (Fig. 3B), indicating the EGR1 transcription factor is indeed responsible 

for enhancing TH mRNA transcription. It is to be noted that tsAM5NE cells, although being normal 

AGCCs, only produce norepinephrine but not epinephrine (Kohno et al., 2011), and therefore, the 

former was used as a surrogate representative of CAT in our assay. The norepinephrine content 

in the tsAM5NE cells was decreased, as expected (Fig. 3C), after EGR1 knockdown, as a 

consequence of reduced TH level. Thus, these results showed that reduced EGR1 expression is 

correlated to reduced CAT synthesis in AGCCs from EPHB6 KO-mice.  
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Figure 3.  Egr1 knockdown by siRNA reduces TH expression and epinephrine content of chromaffin 

cell line tsAM5NE 
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Egr1 siRNA and negative control siRNA were transfected into adrenal gland chromaffin cell line 

tsAM5NE cells.  

A. Reduced expression of Egr1 in tsAM5NE cells after Egr1 knockdown 

The cells were harvested 24 hours after the Egr1 and control siRNA transfection, and the Egr1 

mRNA (left panel) and protein (right panel) levels were determined by RT-qPCR and 

immunblotting, respectively. Data from five or more (as indicated) independent experiments 

were pooled and presented as means ± SD with data points of the ratios of Egr1 mRNA signal 

versus β-actin mRNA signal, and ratios of EGR1 protein signal versus β-actin protein signal.  P-

values are indicated (2-way paired Student’s t tests). 

B.  TH expression was reduced in tsAM5NE cells after Egr1 knockdown 

tsAM5NE cells were harvested 72 hours after Egr1 siRNA transfection, the TH mRNA (left panel) 

and protein (right panel) levels were determined by RT-qPCR and immunblotting, respectively. 

Data from five or more (as indicated) independent experiments were pooled and are presented 

as means ± SD with data points of the ratios of TH mRNA signal versus β-actin mRNA signal, and 

ratios of TH protein signal versus β-actin protein signal. P-values are indicated (2-way paired 

Student’s t tests). 

C. Reduced noradrenaline content in tsAM5NE chromaffin cells after Egr1 knockdown 

tsAM5NE cells were harvested and then lysed 72 hours after Egr1 siRNA transfection. 

Noradrenaline levels in the cleared supernatants were determined by noradrenaline ELISA, in 

which samples were measured in duplicate. Results from four independent experiments were 

pooled and presented as means ± SD with data points p-value is indicated (2-way paired Student’s 

t tests). 

 

EPHB6 KO leads to reduced AP-1 association with its binding site in the Egr1 gene enhancer 

One possible mechanism by which EPHB6 may control Egr1 expression is that it acts through 

transcription factors, which associate with Egr1 gene enhancers. There is an AP-1 binding site 
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between positions +383 and +393 in the 5’ untranslated region of the Egr1 gene. AP-1 promotes 

gene transcription when bound to enhancers, i.e., AP-1 binding sites, of many genes (Hess et al., 

2004). ACh and nicotine are known to increase TH expression and consequently CAT synthesis in 

AGCCs. These two molecules similarly bind to nicotinic and muscarinic acetylcholine receptors 

(nAChR and mAChR, respectively). We used nicotine in lieu of ACh in this and the rest of the 

experiments to stimulate AGCCs as nicotine is more stable for storage and in the culture medium. 

According to electrophoretic mobility shift assays (EMSA), AP-1 binding to the AP-1-binding 

sequence in the 5’ upstream region of the Egr1 gene was reduced with the nuclear extracts of 

AGCCs from male EPHB6 KO mice, compared to those from WT counterparts (Fig. 4A). We 

confirmed that the shifted AP-1 bands in EMSA contained both c-JUN and c-FOS (Supporting 

Information Figs. 1A and 1B). AP-1 is a dimer of JUN and FOS family members, and c-JUN is the 

major subtype of JUN proteins. Nicotine-triggered c-JUN phosphorylation was compromised in 

male EPHB6 KO AGCCs, compared to that in the WT counterparts (Fig. 4B).  
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Figure 4.  AP-1 level and c-JUN activation in KO and WT adrenal gland medullae 
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A. Decreased AP-1 association with its binding site in the Egr1 gene in AGCCs of male Ephb6 KO 

mice  

The binding of AP-1 of AGCCs with the AP-1-binding site in the Egr-1 gene enhancer was analyzed 

by EMSA. A representative image is shown at left. The shifted AP-1 bands in the assay are 

indicated by the bracket. Lane 1: no nuclear protein was added. All other lanes: 10-µg nuclear 

protein from WT or KO adrenal gland medullae was added to the reaction. Last lane: 200-fold 

molar excess of unlabeled probe as competitor was added to the reaction to determine the 

background of the AP-1 binding.  

The signals of the shifted AP-1 bands were quantified by densitometry. Specific AP-1 binding 

signal of each sample was determined by the intensity of the shifted AP-1 band minus the 

background signal of that region in lane 6. The results were normalized to determine normalized 

relative AP-1 binding activity (specific AP-1 binding signal of a test sample / specific AP-1 binding 

signal of WT AGCCs stimulated with PBS). Results of five independent experiments using different 

mice were pooled, and the normalized relative AP-1 binding signals (means ± SD with data points) 

are presented in a graph at right. The significant p-value is shown (2-way paired Student’s t test). 

B. Decreased c-JUN phosphorylation in adrenal medullae from male EPHB6 KO mice  

Adrenal medullae from male KO and WT mice were isolated and cultured for 2 hours. They were 

then lysed at 0, 2.5 and 5 minutes after nicotine (20 M) stimulation. Nuclear proteins from the 

medullae were extracted. Total and phosphorylated c-JUN levels in the nuclear proteins were 

determined by immunoblotting. Four independent experiments were conducted. Representative 

immunoblotting images are shown at left. The signals were quantified by densitometry. The signal 

ratios of phosphorylated versus total c-JUN, and total c-JUN versus β-actin of four independent 

experiments using different mice were pooled and are presented as graphs (means ± SD with data 

points) in the right panels. Significant p-values are indicated (2-way paired Student’s t tests). 

 

Compromised signaling pathways upstream of c-JUN in male EPHB6 KO AGCCs   
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We assessed the activation status of signaling molecules upstream of c-JUN. Results indicated 

reduced JNK phosphorylation at T173/Y185 (Fig. 5A) and also MKK7 phosphorylation at 

S227/T275 (Fig. 5B) in male KO AGCCs stimulated by nicotine. In these cells, G-LISA assay revealed 

reduced activation of the further upstream signaling molecule, RAC1 (Fig. 5C). 

Using inhibitors for JNK, MKK7 and RAC1, and employing Egr1 mRNA expression as a readout, we 

revealed that the suppression of these signaling molecules could indeed repress Egr1 expression 

in AGCCs from WT male mice (Fig. 5D-F, left panels), demonstrating the relevance of the reduced 

activity of these molecules in male KO AGCCs to decreased Egr1 expression. On the other hand, 

these inhibitors had no effect on mRNA expression of an unrelated molecule Cbl (Fig. 5D-F, right 

panels), indicating that the effect of these inhibitors on Egr1 expression was not due general 

toxicity.   

On the other hand, the activation of ELK1, ERK1/2 and p38MAPK, which could theoretically 

promote Egr1 expression, was not changed in male KO AGCCs, compared to their WT 

counterparts (Fig. 6A-C). 
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Figure 5. EPHB6 signaling pathway upstream of c-JUN  

A. Decreased MKK7 phosphorylation in adrenal medullae from male EPHB6 KO mice after nicotine 

stimulation 

B. Decreased JNK phosphorylation in adrenal medullae from male EPHB6 KO mice after nicotine 

stimulation 

For A and B, adrenal medullae from male KO and WT mice were prepared as described in Figure 

4B. They were then lysed at 0, 2.5 and 5 minutes after nicotine (20 M) stimulation. Total and 

phosphorylated MKK7 and JNK in the lysates were analyzed by immunoblotting. Representative 

immunoblotting images are shown at left. The signals were quantified by densitometry and the 

signal ratios of phospho-MKK7 versus total MKK7, total MKK7 versus β-actin, phospho-JNK versus 

total JNK, and total JNK versus β-actin from four independent experiments using difference mice 

were pooled and are presented as graphs (means ± SD with data points) in the right panels. 

Significant p-values are indicated (2-way paired Student’s t tests). 

C. Male KO adrenal gland medullae presented reduced RAC1 activity  

The adrenal gland medullae were stimulated by nicotine (20 M) at 37°C for 0 and 2.5 minutes. 

Activated RAC1 in the tissue was extracted and quantified by a RAC1 G-LISA kit. Samples were 

assayed in duplicate. Three independent experiments using different mice were performed and 

the results were normalized according to the formula below. 

Normalized RAC1 activity = RAC1 activity of a sample / RAC1 activity of WT medulla at 0 minute 

Means ± SD with data points of the normalized RAC1 activity of the three independent 

experiments are shown. The significant p-value is indicated (2-way paired Student’s t test). 

D-F. JNK, MKK7 and RAC1 inhibitors repressed Egr1 mRNA expression in WT adrenal gland 

medullae 

The adrenal gland medullae were isolated from WT male mice. They were cultured in the 

presence of JNK inhibitor (25 M), MKK7 inhibitor (50 M), or RAC1 inhibitor (50 M) for 4 hours 

at 37°C. Total RNA from the adrenal gland medullae were isolated and Egr1, -actin, and Cbl 
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mRNA transcripts were amplified by RT-PCR. Three or more (as indicated) independent 

experiments using different mice were conducted. The pooled data from these experiments were 

expressed as means ± SD with data points of signal ratios of target RNA/ -actin mRNA. The 

significant p-values are indicated (2-way paired Student’s t test). 
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Figure 6. ERK1/2, p38MAPK and ELK1 were not in the EPHB6 signaling pathway leading to CAT 

synthesis 

Nicotine-stimulated ERK1/2 (A), p38MAPK (B) and ELK1 (C) phosphorylation in adrenal medullae 

from male KO and WT mice were determined as described in Figure 4B. Representative 

immunoblotting images are shown at left of each panel. The intensity of the bands was measured 

by densitometry. The results of three or more (as indicated) independent experiments using 

different mice were pooled and the signal ratios of phospho-ERK1/2 versus total ERK1/2, total 

ERK1/2 versus β-actin, phospho-p38MAPK versus total p38MAPK, total p38MAPK versus β-actin, 

phospho-ELK1 versus total ELK1, and total ELK1 versus β-actin of the KO and WT medullae are 

presented as graphs (means ± SD with data points). No significant differences between the KO 

and WT medullae were found (2-way paired Student’s t tests).  

 

EPH/EFN signaling direction and the role of testosterone  

We assessed the signaling direction between EPHB6 and EFNBs, by using solid phase anti-EPHB6-

Ab (for forward signaling) and EPHB6-Fc (for reverse signaling). As shown in Fig. 7A, when 

tsAM5NE chromaffin cells were cultured on EPHB6-Fc- but not anti-EPHB6 Ab-coated wells, their 

nicotine-stimulated TH level was augmented, suggesting that reverse signaling from EPHB6 to 

EFNBs enhances TH synthesis.  

EPHB6 can interact with EFNB1, EFNB2 and EFNB3. We investigated which one(s) was essential 

for the reverse signaling. Since EFNB3 KO in mice manifested no CAT secretion phenotype (Wang 

et al., 2016c), we focused on EFNB1 and EFNB2. As shown in Fig. 7B, solid phase anti-EFNB1 Ab 

but not anti-EFNB2 Ab augmented nicotine-stimulated TH expression in tsAM5NE chromaffin cells 

(Fig. 7B), suggesting EPHB6’s effect on CAT synthesis is mainly via EFNB1 reverse signaling.  

To clarify the role of testosterone in reducing CAT synthesis in AGCCs from male KO mice, we 

cultured AGCCs from female KO mice in the presence or absence of testosterone. As shown in Fig. 

7C, cell membrane impenetrable BSA-conjugated testosterone caused lower CAT content in 

AGCCs from KO but not WT female mice. This indicates that the non-genomic effect of 
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testosterone, but not the simple presence of testicles in the adult life or during fetal development 

is responsible for the observed diminished AGCC CAT biosynthesis in male KO mice. 
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Figure 7 EPH/EFN signaling direction and the role of testosterone  

A. Reverse but not forward signaling between EPHB6 and EFNBs promotes TH protein expression 

upon nicotine stimulation 

tsAM5NE chromaffin cells were cultured in the 24-well plates coated with anti-EPHB6 Ab, normal 

goat IgG, recombinant EPHB6-Fc or normal human IgG (2 g/ml for coating) for 24 hours. They 

were lysed 4 hours after nicotine (40 M) stimulation at 33°C. TH protein levels of the cells were 

determined by immunoblotting. β-actin was used as loading control. Five independent 

experiments were performed and a representative immunoblot is shown in the upper panel. The 

signals of the immunoblots were determined by densitometry. The results were normalized by 

the formula below. 
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Normalized TH protein expression = ratio of TH/ β-actin of cells cultured in different coated wells 

/ ratio of TH/ β-actin of cells cultured in wells without any coating 

Normalized TH protein expression levels of the five experiments were pooled and their means ± 

SD with data points are presented as a graph in the lower panel. Significant p-values are indicated 

(2-way paired Student’s t tests), 

B. EFNB1 but not EFNB2 promotes TH protein expression in tsAM5NE chromaffin cells upon 

nicotine stimulation. 

The experiments were carried out and the results are presented as described in (A), except that 

the wells were coated with anti-EFNB1 Ab, normal rabbit IgG, goat anti-EFNB2 Ab or normal goat 

IgG (2 g/ml for coating) for 24 hours. Normalized TH protein expression levels of five 

experiments were pooled and their means ± SD with data points are presented as a graph in the 

lower panel. Significant p-values are indicated (1-way paired Student’s t tests). 

C. Non-genomic effect of testosterone on norepinephrine synthesis in AGCCs from female EPHB6 

KO and WT mice 

Mouse AGCCs were isolated from female EPHB6 KO and WT mice and were cultured in DMEM 

containing 15 % (v/v) FCS (10,000 cells per well). The cells were pretreated with a cell membrane-

impermeable BSA-conjugated testosterone (1.1 g/ml; Testo-BSA) or BSA for 15 min. Nicotine (20 

M) was then added to the culture. The cells were cultured for 16 h at 37°C, and harvested. They 

were lysed and norepinephrine levels in the cleared lysates were measured by ELISA. Samples 

were assayed in duplicate. Norepinephrine content per cell were calculated based on the cell 

number per well and amount of norepinephrine detected in the lysate of all the cells in a well. 

The means ± SD with data points of norepinephrine levels per cells of three independent 

experiments are pooled and are presented. Significant p-values are indicated (2-way Student’s t 

test). 
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Figure 8. A model of the signaling pathway from EPHB6 to catecholamine biosynthesis in AGCC 

This diagram illustrates a hypothetic pathway from cell surface EPHB6 to CAT biosynthesis in 

AGCCs. EPHB6 exerts reverse signaling through EFNB1, which transduces signals into AGCCs and  

activates RAC1. RAC1 in turn activates MKK7. MKK7 phosphorylates and activates JNK, which 

further phosphorylates c-JUN. c-JUN phosphorylation leads to increased nuclear AP-1 association 
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with the AP-1 site in the 5’ untranslated region (+ 383/+393) of the Egr1 gene. This augments Egr1 

expression at both the mRNA and protein levels. EGR1 binds to 3 EGR1-binding sites in the 5’ 

upstream sequence of the TH gene at -121/-112, -103/-96 and -50/-41, and augments 

transcription and translation of TH, the rate-limiting enzyme in CAT biosynthesis. This pathway 

merges with the signaling pathway of AChR > Ca2+ > RAC1 > MKK7 > JNK > JUN/AP1 > EGR1 > TH 

> CAT starting from RAC1, and is necessary for the optimal function of the latter. Deletion of 

EPHB6 (hence diminished reverse signaling via EFNB1) compromises this signaling pathway, 

resulting decreased CAT biosynthesis. The default non-genomic effect of testosterone is to 

augment K+ outflow via the BK channel, leading to a faster closure of VGCC, hence lower total Ca2+ 

influx triggered by ACh. EFNB1 reverse signaling negatively regulates such testosterone effect. In 

the absence of EPHB6 (hence reduced EFNB1 reverse signaling), the suppressive effect of 

testosterone on K+ efflux is abolished, leading to faster VGCC closure and resulting a negative 

impact on the Ca2+ > RAC1 > MKK7 > JNK > JUN/AP1 > EGR1 > TH > CAT pathway. 

On the other hand, although in the 5’ untranslated region of Egr1 gene, there are 5 SREs, they are 

not involved in the EPHB6 signaling pathway to TH biosynthesis, because the activation of ELK1, 

which forms a complex with SRF to become a transcription factor binding to SRE, and the 

activation of ELK1 upstream kinases ERK2 and p38MAPK, are not affected by EPHB6 deletion. Dark 

lines with arrows: signaling proven in this study. Blocked grey lines with arrows: theoretically 

possible signaling based on other studies, but not functional in AGCCs according to our study. TF: 

transcription factor 

Solid dark lines with arrows: signaling proven in this study. Dashed grey lines with arrows: 

theoretically possible signaling based on other studies or hypothetical signaling pathways 

suggested by this study. Dashed grey lines with blockage signs: theoretically possible signaling 

based on other studies, but not functional according to our study. TF: transcription factor; nAChR: 

nicotinic acetylcholine receptor; VGCC: voltage-gated calcium channel; AR: androgen receptor; 

small solid circle: Na+; small solid circle: Ca2+; large empty triangle: testosterone. 
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Discussion 

Our previous study shows that EPHB6 is highly expressed in the medullae of adrenal gland, and 

EPHB6 KO leads to reduced 24-urine CAT levels (Luo et al., 2012). We further demonstrated that 

EPHB6 is critical in regulating AGCC ion channel opening and consequently in controlling acute 

CAT secretion (Ledoux et al., 2003). The acute secretion of CAT from AGCCs is from stored 

immediately-releasable pool of CAT-containing vesicles docked near the cell membrane (Gasman 

et al., 2003). Long-term secretion of CAT, caused by repeated stimulation of AGCCs acetylcholine, 

involves recruitment of vesicles from the reserve pool (Wong and Tank, 2007). The 24-h urine CAT 

levels reflect the sum of both acute and long-term CAT secretion. CAT biosynthesis might affect 

both of these processes by controlling their respective pool sizes. In order to assess this, we 

examined the CAT content of adrenal glands from the KO mice. Even though the size of the glands 

and their medullae from male and female KO mice was similar to their WT and the castrated male 

KO counterparts, the epinephrine content of the adrenal gland medullae from male KO mice was 

significantly lower compared to the WT counterparts. This suggests that CAT biosynthesis and/or 

degradation in the male KO adrenal gland is abnormal.  

TH is the rate-limiting enzyme in CAT biosynthesis (Dunkley et al., 2004). The reduced TH levels in 

KO AGCCs likely led to the lowered CAT biosynthesis in these KO cells. TH activity in AGCCs is 

regulated by phosphorylation of its serine residues and by its protein level. Its S31 

phosphorylation augments its activity, while S40 and S19 phosphorylation alleviates feedback 

inhibition (Daubner et al., 2011). Examination of TH phosphorylation at S31, S40 and S19 in the 

adrenal glands from male KO mice without or with nicotine stimulation, revealed no consistent 

differences from the WT counterparts (data not elaborated). However, the TH protein and mRNA 

levels were reduced in the male KO adrenal glands, indicating reduced transcription from TH gene.  

 

To elucidate the mechanisms by which EPHB6 regulates TH gene transcription, we profiled 

transcriptome of adrenal glands from male, female and castrated KO and WT mice. We have 

confirmed by RT-qPCR and immunoblotting that the expression of the top hit Egr1/EGR1 was 

decreased in the adrenal gland medullae of male KO mice and such a change disappeared after 
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castration, agreeing well with the phenotype of TH expression and CAT content of the KO adrenal 

glands. EGR1 is a zinc-finger protein belonging to the EGR family transcription factors (Shimizu et 

al., 1992). It activates the genes containing EGR1-binding sites. We searched a 300-bp 5’ upstream 

sequence of the mouse (C57BL/6) TH gene with a transcription factor-finding program AliBaba2.1, 

and found 2 EGR1-binding sites at -41/-50, -112/-121 (the first nucleotide before the TH gene is 

designated as position -1) (Fig. 8). siRNA knockdown of EGR1 in AGCCs led to reduced TH 

expression at both mRNA and protein levels, with concurrent reduction of norepinephrine 

content in the AGCCs, proving that EGR1 indeed positively regulates TH expression. In support of 

our conclusion, Papanikolaou et al. reported that in the 5’ upstream sequence of rat TH gene from 

positions -122 to -114, there is an EGR1-binding site CACCCCCGC, which is proven to positively 

regulate TH transcription in a reporter assay (Papanikolaou and Sabban, 2000). This rat EGR1-

binding sequence is identical to another EGR1-binding site in the mouse TH gene between 

positions -103 and -95 (CACCCCCGC). Our current Egr1 expression and knockdown results 

established the correlation between Egr1 expression levels and CAT biosynthesis.  

 

The reduced Egr1 mRNA levels in KO AGCCs suggested that EPHB6 deletion decreased Egr1 

transcription. In the 5’ untranslated region of the first exon of mouse Egr1 gene, there is an AP-1 

binding site (ACTGACCTAGA) between positions +383 and +393 (the first nucleotide in exon 1 is 

designated as position +1; the start codon is at position +1667) (Fig. 8). This site has been proven 

to be functional in enhancing Egr1 transcription in a reporter gene assay in human HEK293 cells 

(Hoffmann et al., 2008). Using EMSA, we found that in the EPHB6 KO AGCCs, AP-1-binding site in 

the Egr1 gene had less association with AP-1 transcription factor, compared to WT AGCCs. Our 

data established the correlation between active AP-1 binding and Egr1 expression. Earlier 

literature showed that the reduced association of nuclear AP-1 with its binding of its target genes 

is correlated to the level of its target gene transcription (Weiss et al., 2003;Nateri et al., 2004). 

There are other AP-1 binding sites in the mouse Egr1 gene 5’ sequence (positions -153 to -144) 

and TH gene 5’ sequence (positions -285 to -276). Conceivably, enhancer activity of all these AP-

1-binding sites might be similarly affected by the reduced AP-1 association in the KO AGCCs, 

leading to diminished expression of Egr1 and TH transcription sequentially or simultaneously.  
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AP-1 is a dimeric transcription factor composed of   JUN and FOS family members. JUN proteins 

can form homodimers or form heterodimers with FOS proteins, both of which can associate with 

AP-1-binding sites, but FOS proteins can only bind to the AP-1 site via JUN proteins (Kouzarides 

and Ziff, 1988;Nakabeppu et al., 1988). Heterodimeric c-JUN and c-FOS have high affinity to the 

AP-1-binding sites in many genes (Kouzarides and Ziff, 1988). c-JUN S63 and S73 phosphorylation 

increases transcription of AP-1 target genes (Nateri et al., 2005), although is not necessary for AP-

1 nuclear import (Schreck et al., 2011). We have shown that c-JUN S63 phosphorylation was 

reduced in male KO AGCCs.  

JUN N-terminal kinase (JNK) is responsible for c-JUN S63 and S73 phosphorylation (Ip and Davis, 

1998). JNK is activated by dual phosphorylation at its T183/Y185 in the kinase domain (Ip and 

Davis, 1998). MKK7 is the specific upstream kinase for such phosphorylation (Foltz et al., 

1998;Wang et al., 2007) (Fig. 7). MKK7 itself is activated by phosphorylation at S271, T275 and 

S277 (Holtmann et al., 1999). Further upstream, GTPase RAC1 controls MKK7 activation (Holland 

et al., 1997), although molecular details of how RAC1 affects MKK7 phosphorylation remain to be 

elucidated. We have demonstrated, as illustrated in Figure 5A-C, that activation of all the key 

molecules in this signaling pathway, i.e., JNK, MKK7 and RAC1, was compromised in the male KO 

AGCCs. Further, inhibitors of these signaling molecules repressed Egr1 expression (Figure 5D-F), 

as expected, demonstrating the relevance of these molecules to Egr1 expression. As Egr1 

knockdown led to decreased TH expression, the relevance of these molecules to the final CAT 

synthesis is also suggested.   

We investigated the signaling events further upstream, where EPHB6 on the surface interacts 

with its cell surface ligands EFNs. As reviewed in the introduction, multiple EFN ligands can bind 

an EPH, and trigger forward signaling. In the case of EPHB6, it has three potential ligands: EFNB1, 

EFNB2 and EFNB3. These ligands can also function as receptors, receive stimulation from EPHB6 

and conduct reverse signaling into the cells. To mimic forward signaling from cell surface EFNBs 

to cell surface EPHB6, we coated anti-EPHB6 Ab on the wells. The use of the anti-EPHB6 Ab 

provides specific stimulation to EPHB6 but not to other EPHs, which EFNBs could also interact 

with.  Such treatment did not augment nicotine-stimulated TH expression (Fig. 7A), suggesting 

that the forward signaling is not relevant. To mimic the reverse signaling from cell surface EPHB6 
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to cell surface EFNBs, we coated recombinant human IgG Fc-conjugated EPHB6 (EPHB-Fc) on the 

wells, and such solid phase EPHB6 could enhance the elevated TH expression stimulated by 

nicotine. This indicates that the reverse signaling from EPHB6 to EFNBs is responsible for the 

observed AGCC phenotype. To further dissect the reverse signaling pathway, we coated anti-

EFNB1 and anti-EFNB2 Abs on the wells to initiate specific reverse signaling through these 

molecules, and identified EFNB1 as the essential one (Fig. 7B). As our early study has already 

determined that EFNB3 KO does not cause any AGCC phenotype, we concluded that the EPHB6 

to EFNB reverse signaling in AGCCs is via EFNB1. It is well known that EFNBs co-localize with and 

activate RHO family GTPases, including RAC1 in many different types of cells (Nakada et al., 

2006;Nakayama et al., 2013;O'Neill et al., 2016). Thus, a putative signaling pathway starting from 

EPHB6 to EFNB1/RAC1/MKK7/JNK/JUN/AP-1/EGR1/TH/CAT is suggested. 

The above postulated pathway was active when the AGCCs were stimulated with AChR agonist 

nicotine, which binds to nAChR and mAChR, similar to acetylcholine. The major consequence of 

nAChR and mAChR activation by nicotine or ACh is the change of cytosolic cation concentration. 

This leads to larger Ca2+ influx through voltage-gated calcium channels (VGCCs). The increased 

Ca2+ concentration induces a cascade of downstream signaling events. These events include the 

activation RAC1/MKK7/JNK/JUN-AP1, as demonstrated in our experiments using WT AGCCs (Figs. 

4 and 5). The details of the signaling between Ca2+ and RAC1 remain to be further elucidated. 

Obviously, the EFNB1 reverse signaling pathway overlaps with the AChR signaling pathway 

starting from RAC1 in the RAC1/MKK7/JNK/JUN-AP1 cascade (Fig 8), and is needed for the optimal 

function or the latter as the deletion of EPHB6 (the stimulator of EFNB1) caused compromised 

strength of this RAC1/MKK7/JNK/JUN-AP1 pathway, leading to decreased CAT synthesis.  

We conducted an additional experiment to show that the non-genomic effect of testosterone was 

responsible for the suppressed CAT synthesis in KO AGCCs. In this experiment, AGCCs from female 

KO mice were treated with testosterone. The use of female mice guaranteed a lack of exposure 

of AGCCs to high levels of testosterone in vivo. While AGCCs from female KO mice in the absence 

of exogenous testosterone had no phenotype with regard to Egr1 expression, the testosterone 

treatment rendered them a phenotype similar to that seen in male KO AGCCs. This suggests that 

the presence of testosterone in the adult life but not during fetal development is responsible for 
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its action in concert with EPHB6 in leading to the Egr1 phenotype, and consequently the CAT 

phenotype. 

Our previous publication (Wang et al., 2018) suggests that such the non-genomic effect of 

testosterone is responsible for promoting outward K+ efflux, hence earlier closure of VGCCs. We 

hypothesize that under a normal circumstance, EFNB1 has a suppressive impact on testosterone’s 

K+ efflux-promoting effect, as illustrated in Figure 8. In the absence of EFNB1, such suppressive 

effect is released. This results in a larger K+ efflux, and earlier termination of the Ca2+ surge, 

leading to a lower strength of the RAC1/MKK7/JNK/JUN/AP-1 signaling pathway. In such a way, 

EFNB1, nAChR, and cell surface testosterone receptor signaling pathways interact among 

themselves. The sum of their effect determines the outcome of CAT synthesis (Fig. 8). 

In the 5’ upstream region of Egr1 gene, there are two groups of serum responsive elements (SRE). 

The proximal group has 2 SREs at positions +1278/+1295 and +1300/+1313, and the distal group 

has 3 SREs at positions +974/+992, +1025/+1042, and +1045/+1059 . Depending on the cell type, 

either of the SRE groups has been shown to enhance Egr1 transcription (Hoffmann et al., 

2008;Gregg and Fraizer, 2011). ELK1 associates with serum responsive factors (SRF) and the 

complex binds to SREs of target genes to enhance their transcription (Dalton and Treisman, 1992). 

ELK1 phosphorylation at S383 and S389 leads to its de-SUMOylation and allows its nuclear 

translocation and activation (Rao et al., 1989;Yang et al., 2003). ERK2 and p38MAPK are the 

upstream kinases responsible for such phosphorylation (Cruzalegui et al., 1999). We found no 

difference in the activation of ELK1, ERK2 and p38MAPK, based on their phosphorylation, 

suggesting that the pathway ERK2 > p38MAPK > ELK1 > SRE in Egr1 transcriptional regulation is 

not involved in EPHB6-mediated phenotype in AGCCs with regard to catecholamine biosynthesis 

(Fig. 8). 

In summary, with the results of this study, we could construct a hypothetic pathway of EPHB6 > 

EFNB1 > RAC1 > MKK7 > JNK > JUN/AP1 > EGR1 > TH > CAT, delineating the regulation CAT 

biosynthesis by EPHB6, as shown in Figure 8. This pathway merges with the signaling pathway of 

AChR > Ca2+ > RAC1 > MKK7 > JNK > JUN/AP1 > EGR1 > TH > CAT starting from RAC1, and is 

necessary for the optimal function of the latter. Deletion of EPHB6 (hence diminished reverse 
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signaling via EFNB1) compromises this signaling pathway, resulting decreased CAT biosynthesis. 

The default non-genomic effect of testosterone is to augment K+ outflow via the BK channel, 

leading to a faster closure of VGCC, hence lower total Ca2+ influx triggered by ACh. EFNB1 reverse 

signaling negatively regulates such testosterone effect. In the absence of EPHB6 (hence reduced 

EFNB1 reverse signaling), the suppressive effect of testosterone on K+ efflux is abolished, leading 

to faster VGCC closure and resulting a negative impact on the Ca2+ > RAC1 > MKK7 > JNK > 

JUN/AP1 > EGR1 > TH > CAT pathway. 

In addition to enhancing our knowledge in the area of chromaffin cell biology, the elucidation of 

this signaling pathway from EPHB6 to CAT and the interactions among EPHB6, AChR and 

testosterone in the present study could provide us with potential drug targets in regulating 

catecholamine biosynthesis, which is implicated in normal and pathological conditions such as 

blood pressure regulation and Parkinson’s disease. In future studies, gaps in the signaling 

pathways between EFNB1 and RAC1, between RAC1 and MKK7, and between EFNB1 and cell 

surface androgen receptors need to be further investigated.  
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Supporting Information   

 

RT-qPCR primer sequences 

Gene sense sequences antisense sequences 

β-actin 5’-TCGTACCACAGGCATTGTGATGGA-3’ 5’-TGATGTCACGCACGATTTCCCTCT-3’ 

EPHB6 5’-CTTTGCCTTTGTTCACCGAGCACT-3’ 5’-AGCAAGGAACTTGAACCCTGAGGA-3’ 

TH 5’-AAGATCAAACCTACCAGCCG-3’ 5’-TACGGGTCAAACTTCACAGAG -3’ 

Egr1 5’-AGCGCCTTCAATCCTCAAG-3’ 5’-CCACCATCGCCTTCTCATTAT-3’ 

Cbl 5’-CTGCACGGTGGACAAGAAGA -3’ 5’-GTCTCCTTGGAAGAGTCCGC -3’ 

JunB 5’-TTAAAGAGGAACCGCAGACC -3’ 5’-CTCCTGGTCTTCCATGTTGAT-3’ 

c-Fos 5’-ATTGTCGAGGTGGTCTGAATG -3’ 5’-TCGAAAGACCTCAGGGTAGAA -3’ 

Dusp-1 5’-CATGGGAGCTGGTCCTTATTT-3’ 5’-CTTGCGGTCAAGTCATTGTTG -3’ 

Supporting Information Table 1. RT-qPCR primer sequences  

 

Gene Target sequences Antisense sequences 

SMART pool Egr1 siRNA  5’-UGACAUCGCUCUGAAUAAU-3’ 5’-AUUAUUCAGAGCGAUGUCA -3’ 

 5’-ACUCCACUAUCCACUAUUA-3’ 5’-UAAUAGUGGAUAGUGGAGU -3’ 

 5’-AUGCGUAACUUCAGUCGUA-3’ 5’-UACGACUGAAGUUACGCAU -3’ 

 5’-CGACAGCAGUCCCAUCUAC-3’ 5’-GUAGAUGGGACUGCUGUCG -3’ 

Non-Targeting siRNA pool 5’-UAGCGACUAAACACAUCAA-3’ 5’-UUGAUGUGUUUAGUCGCUA -3’ 

 5’-UAAGGCUAUGAAGAGAUAC -3’ 5’-GUAUCUCUUCAUAGCCUUA -3’ 

 5’-AUGUAUUGGCCUGUAUUAG -3’ 5’-CUAAUACAGGCCAAUACAU -3’ 

 5’-AUGAACGUGAAUUGCUCAA -3’ 5’-UUGAGCAAUUCACGUUCAU -3’ 

Supporting Information Table 2. siRNA sequences 
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Supporting Information Figure 1. Presence of c-JUN and c-FOS in the shifted bands of EMSA  

EMSA was conducted as described in Figure 4. The proteins in the 5% non-denaturing EMSA gel 

were transferred to PVDF membrane. The presence of c-JUN and c-FOS proteins in the shifted 

bands were detected by immunoblotting. The upper panels of A and B are EMSA before 

immunoblotting. The lower panels are immunoblotting for c-JUN (A) and c-FOS (B). The positions 

of the shifted AP-1 bands in EMSA and the positions of c-JUN and c-FOS are indicated.  
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Supporting Information Figure 2. JUNB, c-FOS, DUSP-1 levels in KO and WT adrenal gland medullae 

A.  Reduced expression of JUNB, c-FOS, DUSP-1 mRNA in adrenal medullae from male KO mice 

JUNB, c-FOS, DUSP-1 mRNA levels in the adrenal gland medullae were analyzed by RT-qPCR. β-

actin levels were used as internal controls. Samples in RT-qPCR were in triplicate, and JUNB, c-

FOS, DUSP-1 / β-actin signal ratios from three independent experiments using different mice were 

pooled and expressed as means ± SD with data points. *: p < 0.05 (2-tailed Student’s t test). 

B. Normal JUNB, c-FOS, DUSP-1 protein expression in the adrenal medullae of male EPHB6 KO mice  
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JUNB, c-FOS, DUSP-1 protein levels of adrenal gland medullae were analyzed by immunoblotting, 

and representative images are shown.  
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Abstract  

The erythropoietin-producing human hepatocellular receptor EPH receptor B6 (EPHB6) is a 

receptor tyrosine kinase that has been shown previously to control catecholamine synthesis in 

the adrenal gland chromaffin cells (AGCCs) in a testosterone-dependent fashion. EPHB6 also has 

a role in regulating blood pressure, but several facets of this regulation remain unclear. Using 

amperometry recordings, we now found that catecholamine secretion by AGCCs is compromised 

in the absence of EPHB6. AGCCs from male KO mice displayed reduced cortical F-actin 

disassembly, accompanied by decreased catecholamine secretion through exocytosis. This 

phenotype was not observed in AGCCs from female KO mice, suggesting that testosterone, but 

not estrogen, contributes to this phenotype. Of note, reverse signaling from EPHB6 to ephrin B1 

(EFNB1) and a seven-amino-acid–long segment in the EFNB1 intracellular tail were essential for 

the regulation of catecholamine secretion. Further downstream, the Ras homolog family member 

A (RHOA) and FYN proto-oncogene Src family tyrosine kinase (FYN)–proto-oncogene c-ABL–

microtubule-associated monooxygenase calponin and LIM domain containing 1 (MICAL-1) 

pathways mediated the signaling from EFNB1 to the defective F-actin disassembly. We discuss 

the implications of EPHB6’s effect on catecholamine exocytosis and secretion for blood pressure 

regulation.  

 

Introduction 

Erythropoietin-producing human hepatocellular receptors (EPH) are the largest family of receptor 

tyrosine kinases. Their ligands are ephrins (EFN), which are also cell membrane molecules 

(Committee, 1997). EPHs are classified into A and B subfamilies based on their sequence 

homology. EFNs are also categorized into A and B subfamilies, based on the way they anchor on 

the cell membrane. EFNAs attach to the cell membrane by a glycosylphosphatidylinositol linkage, 

and they are without intracellular tails. EFNBs are transmembrane molecules. EPH and EFN 

interact promiscuously, but generally speaking, EPHAs preferably interact with EFNAs, and EFNBs, 

with EFNBs (Pasquale, 2008). EPHB6 is an inactive receptor tyrosine kinase due to a mutation in 

its kinase domain. EPH kinases and EFNs have profound and diverse functions in physiology and 
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pathophysiology in almost all the systems in our bodies. Their functions were first reported in the 

nervous system (Flanagan and Vanderhaeghen, 1998;Pasquale, 2008). Subsequently, EPHs and 

EFNs were found to be essential in intestinal epithelial cell maturation (Holmberg et al., 2006), 

bone metabolism (Zhao et al., 2006), angiogenesis (Brantley-Sieders and Chen, 2004), immune 

responses (Wu and Luo, 2005), insulin secretion (Konstantinova et al., 2007), kidney glomerular 

filtration (Hashimoto et al., 2007), chemotaxis (Salvucci et al., 2006), homeostasis of vestibular 

endolymph fluid in the inner ear (Dravis et al., 2007), etc.   

Our recent work revealed that EPHs/EFNs are critical in controlling blood pressure, according to 

mouse models and human genetic studies (Luo et al., 2012;Wu et al., 2012;Wang et al., 

2015;Wang et al., 2016a;Wang et al., 2016b;Wang et al., 2016c;Tremblay et al., 2017;Wang et al., 

2018;Wu et al., 2018;Zhang et al., 2019b). The target tissues of such EPHs/EFN functions are 

vascular smooth muscles and adrenal gland chromaffin cells (AGCCs). In male but not female 

EPHB6 gene knockout (KO) mice, their 24-hour urine catecholamine (CAT) levels are reduced, but 

castration reverts the levels to a normal range(Zhang et al., 2019b). Using isolated AGCCs, we 

have shown that in the absence of EPHB6, the acetylcholine (ACh)-triggered Ca2+ influx of the KO 

AGCCs is compromised.  This is in part caused by an increase in big potassium channel (BK) current, 

causing premature closure of voltage-gated calcium channels, leading to decreased Ca2+ 

influx(Wang et al., 2018).  

Ca2+ flux is a secondary messenger in excitable cells and influences multiple downstream events. 

In AGCCs, it controls long-term CAT synthesis as well as CAT exocytosis(Douglas and Rubin, 

1961;Haycock et al., 1982). Accordingly, AGCCs from male EPHB6 KO mice have a lower CAT 

content, caused by a reduced level of tyrosine hydroxylase(Shi et al., 2019), the rate-limiting 

enzyme of CAT synthesis. In this study, we assessed whether EPHB6 KO affected CAT exocytosis 

and studied underlying mechanisms.  

 

Materials and methods 
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EPHB6 gene KO mice 

EPHB6 KO mice were generated in our laboratory, as described previously (Luo et al., 2004). They 

were backcrossed to the C57BL/6J genetic background for more than 15 generations. Age- and 

gender-matched WT littermates served as controls. Some male mice underwent castration, and 

they were used three weeks after the surgery. 

 

Primary AGCC culture for amperometry recording 

Mouse AGCCs were isolated, as described earlier (Ory et al., 2013), with modifications. Adrenal 

glands were obtained from 8- to 12-week old mice. Medullae were separated from fat and cortex 

in cold Locke’s solution then digested with 5U of papain activated in DMEM containing 0.2 mg/ml 

L-cysteine, 1mM CaCl2, 0.5 mM EDTA, 0.0067 µM beta-mercaptoethanol (200 µl for 2 medullae) 

at 37°C for 20 minutes. Papain digestion was stopped with 100 µl of an inactivating solution 

(DMEM, 10% deactivated FCS, 1.25 mg/ml albumin, 1.25 mg/ml trypsin-inhibitor) and incubated 

for 5 minutes at 37°C. The digested medullae were triturated by pipetting in 300 µl of complete 

culture medium (DMEM, 1/500 primocin, 1/100 ITSX). Cells were seeded in collagen-coated glass 

coverslips, then complete culture medium was added 1 hour later. Cells were maintained at 37°C, 

5% CO2 for 24-48h before amperometry recording.  

 

Amperometry 

Chromaffin cells from Ephb6 WT and KO mice were washed with Locke’s solution and processed 

for CAT release measurements by amperometry, which was conducted at room temperature. A 

carbon fiber electrode of 5-µm diameter (ALA Scientific, New York, USA) was held at a potential 

of 650 mV compared with the reference electrode (Ag/AgCl) and was approached closely to the 

cells. The secretion of CAT was induced by 10-s pressure ejection of 100 µM nicotine in Locke’s 

solution from a micropipette positioned at 10 µm from the cell and recorded over 60 s. 

Amperometric recordings were performed with an AMU130 amplifier (Radiometer Analytical, 

Loveland, Colorado, USA), sampled at 5 kHz, and digitally low-pass filtered at 1 kHz. The analysis 
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of amperometric recordings was carried out as previously described (Poea-Guyon et al., 2013) 

with a Macro software (obtained from the laboratory of Dr. R. Borges; http://webpages.ull.es/ 

users/rborges/) written for Igor Software (Wavemetrics, Portland, USA), allowing automatic spike 

detection and extraction of spike parameters. The number of amperometric spikes with an 

amplitude > 5 pA within 60 s after nicotine stimulation was registered. The spike parameter 

analysis was restricted to these spikes with amplitudes of >5 pA. The quantal size of individual 

spikes was measured by calculating the spike area above the baseline (Mosharov and Sulzer, 

2005). For PSF signals, the analysis was restricted to spikes with foot amplitudes of > 2 pA. Cells 

responding by fewer than 5 spikes during the 60 seconds were excluded from the analysis, and 

so were spikes that partially overlapped with another spike.  The number of spikes and PSFs were 

averaged per cell for 2 or 60 seconds after nicotine stimulation. All the other amperometric 

parameters were calculated according to all the events in all the cells tested during the 60-second 

recording period.  

 

Primary AGCC culture for biochemical and for confocal microscopic analyses 

Mouse AGCCs were isolated, as described by Kolski-Andreaco et al. (Kolski-Andreaco et al., 2007), 

with modifications. The adrenal glands were obtained from 8- to 10-week old mice. The fat and 

cortex were removed from the medullae, which were then digested with activated papain (P4762, 

Sigma-Aldrich, Oakville, Ontario, Canada) in Hank’s buffer (2 medullae/100 µl Hank’s buffer 

containing four units of activated papain) at 37°C for 25 minutes. The digested medullae were 

washed twice with Hank’s buffer and triturated by pipetting in 300 µl Hank’s buffer until they 

became feather-like. Cells were pelleted at 3,700g for 3 minutes and re-suspended in Dulbecco’s 

modified Eagle’s medium (DMEM) containing 15% fetal calf serum (FCS) for culture. 

 

Confocal microscopy of F-actin 

AGCCs were cultured in 6-well plates with cover glass placed at the bottom of the wells. After one 

day, the cells were washed once with pre-warmed PBS and stimulated with nicotine (50 µm) for 
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0, 20, 40, and 60 seconds. The cells were then washed once with PBS and fixed with 

paraformaldehyde (4%) in PBS for 10 minutes at room temperature. They were permeabilized 

with 0.1% Triton X-100 in PBS for 3 minutes. The cells were labeled with rhodamine-conjugated 

phalloidin (1 unit/ml; R415, ThermoFisher Scientific, Burlington, Ontario, Canada) at room 

temperature for 20 minutes and imbedded with ProLong® Gold anti-fade reagent (Invitrogen, 

Burlington, Ontario, Canada). All labeled cells were viewed under a confocal microscope (Leica 

TCS SP5 MP, Allendale, New Jersey, USA). The integrity of the cortical polymerized F-actin ring of 

each cell was assessed. At least 60 randomly selected AGCCs per treatment per mouse were 

examined. If gaps in the cortical F-actin rings were more than 5% the length of the circumference, 

the rings were considered disassembled.  

 

Chromaffin cell line culture 

AGCC line tsAM5NE cells were cultured in collagen IV-coated 24-well flat-bottom wells (Corning, 

New York, USA, 354430) in DMEM medium containing 15% FCS and G5 supplement 

(ThermoFisher Scientific, Burlington, Ontario, Canada, 17503012) in an environment of 5% CO2 at 

33°C. In some experiments, these cells were cultured in wells coated with goat anti-EPHB6 Ab 

(AF611, R&D systems, Oakville, Ontario, Canada), normal goat IgG (sc-2028, Santa Cruz 

Biotechnology, Mississauga, Ontario, Canada), recombinant EPHB6-Fc (E9777, Sigma-Aldrich, 

Oakville, Ontario, Canada) or normal human IgG (0150-01, Southern Biotech, Birmingham, USA) 

(2 g/ml during overnight coating at 4°C) for 24 hours. Nicotine (40 M) was used to stimulate 

these cells.  

 

G-LISA assays for activated RHOA  

Adrenal medullae were isolated from Ephb6 KO and WT male mice, and cultured in Opti-MEMTM 

Reduced Serum Media at 37 °C for 2 hours. Nicotine (20 M) was used to stimulate the adrenal 

medulla for 2.5 minutes, which was determined as the peak activation time according to pilot 

studies. Proteins were extracted from the tissues on ice for 5 minutes in G-LISA’s cell lysis buffers 
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containing protease inhibitor cocktails (Cytoskeleton, Inc, Denver, Colorado; BK128). The cleared 

supernatants were snap-frozen in liquid nitrogen and stored at -80°C until the assay. Activated 

RHOA G-protein within samples (25 µg/sample) was determined by the G-LISA assay 

(Cytoskeleton, Inc) according to the manufacturer’s instructions. Samples were assayed in 

duplicate. 

 

NE measurements 

tsAM5NE AGCCs were cultured for 24 hours. The cells were washed once by pre-warmed Hank’s 

buffer and placed in Hank’s buffer at 37℃ for 15 minutes. Then these cells were stimulated with 

5 mM ACh chloride (A2661, Sigma-Aldrich) in Hank’s buffer for 1 minute. NE levels in the 

supernatants were measured with the NE Research ELISA kit (BA E-5200, Rocky Mountain 

Diagnostics, Colorado Springs, CO, USA) according to the manufacturer's instructions. Each 

sample was tested in duplicate. In some experiments, 10,000 AGCCs from WT or Ephb6 KO female 

mice were cultured in collagen IV-coated 24-well plates in DMEM medium with 15% FCS for 16 h 

at 37℃. These cells were treated with BSA-conjugated testosterone (1.1 g/ml, testosterone-3-

(O-carboxymethyl)-oxime-BSA; Aviva Systems Biology, San Diego, USA) or BSA in Hank’s buffer at 

37℃ for 15 min after washed once by pre-warmed Hank’s buffer. The cells were then stimulated 

with ACh (5 mM) for 1 minute. The supernatants were harvested and tested for NE levels by ELISA. 

 

Lentivirus preparation and infection 

Polymerase chain reaction (PCR)-based deletion mutations of EFNB1 intracellular tails were 

generated and cloned into the pLentiviral CMV/TO PGK GFP Destination vector (Addgene) as 

previously described (Hu et al., 2015). The expression plasmid, control plasmid, and packaging 

constructs plp1, plp2, and plpSV were transfected into HEK 293T cells. The viruses were harvested 

by collecting the supernatant 72 hours later and concentrated by ultracentrifugation. tsAM5NE 

cells (1.2 x 105 cells/well in 24-well plates) were transfected with lentiviruses in the presence of 

10 g/ml Polybrene (sc-134220, Santa Cruz Biotechnology) immediately after passage. After 72 
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hours, the transfected cells were re-plated (1.2 x 105 cells/well) in 24-well plates coated with 

collagen IV plus goat anti-EFNB1 Ab (AF473, R&D systems), or normal goat IgG (sc-2028, Santa 

Cruz Biotechnology) for 24 hours before the measurement of ACh-stimulated NE secretion.  

 

Immunoprecipitation and immunoblotting 

Adrenal gland medullae were collected from 8- to 10-week old WT and Ephb6 KO male mice, and 

rested in DMEM at 37℃ for 2 hours. They were stimulated with nicotine (20 m) for 5 or 10 

minutes at 37℃ and then lysed by immunoprecipitation assay buffer (RIPA), which contained 

PhosSTOP and a protease inhibitor mixture (Roche Applied Science, Meylan Cedex, France). Sixty 

g of lysate protein per sample was resolved on 7.5% SDS-PAGE and transferred to PVDF 

membranes (Invitrogen). In some experiments, the lysates were pre-cleared with protein G 

magnetic beads (1614023, Bio-Rad Laboratories, Mississauga, Ontario, Canada), and then 

precipitated with anti-phosphotyrosine Ab 4G10 (05321, Sigma) plus protein G magnetic beads 

at 4℃overnight with gentle rotation. The precipitated proteins were resolved in 7.5% SDS-PAGE 

and transferred to PVDF membranes. The membranes were blotted with mouse anti-phospho-

FYN (Y420) Ab (STJ110851, St John’s laboratory, London, UK), mouse anti-FYN-59 Ab (626502, 

Biolegend, San Diego, CA, USA), rabbit anti-c-ABL Ab (2862, Cell Signaling Technology, Danvers, 

US), rabbit anti-MICAL1 Ab (ab181145, Abcam), rabbit anti-ELK1 Ab (9182; Cell Signaling 

Technology), or rabbit anti--actin Ab (4967; Cell Signaling Technology). All the Abs were used at 

the manufacturers’ recommended dilutions. Signals were visualized by SuperSignal West Pico 

Chemiluminescent Substrate (ThermoFisher Scientific). 

 

Ethics statement 

All the animal studies were approved by the Animal Protection Committee (Comité institutionnel 

d'intégration de la protection des animaux) of the CRCHUM or conducted according to the 

European Council Directive 86/609/EEC.  
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Data availability 

All the data supporting our conclusions are presented in this article. 

 

Results 

 

Reduced CAT exocytosis in male KO AGCCs 

Our previous study has shown a reduction of 24-hour urine CAT levels in EPHB6 KO male but not 

female mice. To prove that such reduction was due to decreased CAT secretion by AGCCs, we 

conducted amperometry to assess CAT release by individual AGCCs. Typical amperometry traces 

of AGCCs from male KO and wild-type (WT) mice are shown in Figure 1A. Compared to WT 

counterparts, KO AGCCs from male mice presented a significantly reduced spike number per cell 

within the first 2 seconds of nicotine stimulation (Fig. 1B) and within 60 seconds (Fig. 1C). The 

maximal spike height (Imax, Fig. 1D) and charge per peak (Q, Fig. 1E) of the KO AGCCs were also 

reduced, although the spike width at the half its height (T 1/2, Fig. 1F) and the time to reach the 

peak (Tpeak, Fig. 1G) were not significantly different from their WT counterparts. 

Analysis of the pre-spike feet (PSF) showed that the number of PSF per cell (Fig. 1H), the PSF 

amplitude (Fig. 1I), and the percentage of spikes with PSF (Fig. 1K) were all significantly reduced 

in AGCCs from male KO mice, compared to their WT counterparts. However, the PSF charge (Fig. 

1K) and duration (Fig. 1L) were comparable between KO and WT AGCCs from male mice.   

Of note, all these amperometry parameters, including the number of spikes per cell were not 

significantly different in AGCCs from female KO and WT mice (Supplementary Figure 1 (S-Fig. 1)).   
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Figure 1. Reduced CAT release from KO AGCCs from KO and WT male mice according to 

amperometry recording.  

AGCCs were isolated from three KO and three WT male mice, and their nicotine-stimulated CAT 

release was registered by amperometry. Typical traces of amperometry are shown in A.  Box bar 

graphs (B-L) show the medium (solid horizontal line in the box), mean (dashed horizontal line in 

the box), the 75th percentile (upper part of the box), 25th percentile (lower part of the box), 95th 
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percentile (upper whisker), 5th percentile (lower whisker), and outliners (dots beyond the 95th and 

5th percentile) of each parameter. The Mann-Whitney Rank Sum tests were conducted for 

statistical analysis due to failed normality tests of the data. Significant p-values are shown. The 

number of spikes per cell observed in the 2- (B) or 60-second (C) period after nicotine stimulation, 

the spike peak height (Imax) (D), the charge of the spikes (Q) (E), the half time to reach the spike 

peak (T½ ) (F), the time to reach the peak (Tpeak)(G), the number of PSF observed per cell (H), the 

PSF amplitude (I), the percentage of spikes with PSF (J), the PSF charge (fC) (K), and the PSF 

duration (L) are illustrated. For B-G, 89 WT cells and 35 KO cells were analyzed; for H and J, 60 WT 

cells and 30 KO cells; I and K, 212 PSF of WT cells, and 52 PSF of KO cells. The values in B, C, and 

H were averaged per cell for the duration indicated. The values in the rest panels were calculated 

according to all events that occurred in all the cells tested during the 60-second recording period. 

 

Compromised cortical filamentous actin (F-actin) network disassembly in KO AGCCs upon 

nicotine stimulation 

We next examined the cortical F-actin morphology in AGCCs after nicotine stimulation using 

confocal microscopy. Typical micrographs of continuous and disassembled cortical F-actin in 

resting and activated WT AGCCs (40 seconds after nicotine stimulation) are shown in Figure 2A. 

The percentages of cells with disassembled F-actin ring in the resting KO and WT AGCCs cells are 

similar (Fig. 2B). When examined between 20 and 60 seconds after nicotine stimulation, KO 

AGCCs showed a consistently lower percentage of cells with disassembled cortical F-actin (Fig. 

2B). However, after castration, the KO AGCCs reverted to the WT morphology as the percentage 

of cells with disassembled F-actin increased to a level similar to that of WT AGCCs (Fig. 2B). 

Castration did not affect the F-actin disassembly in WT AGCCs (Fig. 2C). F-actin disassembly in 

AGCCs from female KO and WT mice was also similar (Fig. 2D). Altogether these results suggest 

that EPHB6 deletion and testosterone are both indispensable for the compromised F-actin 

disassembly in AGCCs from male KO mice. 

We further elucidated how sex hormones in concert with EPHB6 regulated F-actin disassembly. 

When AGCCs from female KO mice were treated shortly for 15 min with cell-impermeable BSA-
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conjugated testosterone, their F-actin disassembly was compromised (Fig. 2E). BSA-conjugated 

testosterone had no effect on AGCCs from WT females (Fig. 2F), excluding the possibility that 

testosterone alone affected the F-actin disassembly. In contrast, when estrogen was added to the 

culture of AGCCs from male WT (Fig. 2G) or KO (Fig. 2H) mice, it manifested no significant effect 

on the F-actin disassembly.  

To prove that the reduced F-actin disassembly in KO cells due to cell-impermeable testosterone 

did have functional consequence in terms of CAT secretion, we treated female AGCCs with BSA-

conjugated testosterone. Such treatment indeed significantly reduced noradrenaline secretion by 

KO but not WT AGCCs (Fig. 2I). Altogether, these data indicate that the observed compromised F-

actin disassembly in AGCCs from male KO mice is due to EPHB6 deletion in concert with the non-

genomic effect of testosterone, while the absence of estrogen does not play a role in this matter. 

Further, such F-actin disassembly appears functionally associated with CAT secretion.   
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Figure 2. The effect of sex hormones on cortical F-actin disassembly in AGCCs from Ephb6 KO and 

WT mice.  

AGCCs isolated from KO and WT mice were cultured for 24 hours and then stimulated with 

nicotine (50 µM) for 0, 20, 40, or 60 seconds. The cells were stained with rhodamine-conjugated 

phalloidin for F-actin and then analyzed according to confocal microscopy. At least 60 AGCCs per 

adrenal gland per mouse were examined for F-actin disassembly, which was defined as the gaps 

in the cortical F-actin ring that exceeded more than 5% of the circumference. Three independent 

experiments, each using one male KO and WT mouse, were performed, and the data of the three 

experiments were analyzed by two-way paired Means + SE were presented. Significant p-values 

(Student’s t-test after arcsine transformation) between the WT and KO AGCCs at a given time 

point are shown. A. Representative micrographs of cortical F-actin rings in WT AGCCs before and 

after 40-second nicotine stimulation. The arrowheads indicate gaps in the cortical F-actin ring. 

Scale bar=2 m. B. Male KO AGCCs presented reduced cortical F-actin disassembly, and castration 

abrogated this phenotype. C. Castration did not affect cortical F-actin disassembly in male WT 

AGCCs. D. AGCCs of female KO and WT mice were similar in cortical F-actin disassembly. E and F. 

Testosterone rapidly lowered cortical F-actin disassembly in female KO (E) but not female WT (F) 
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AGCCs. AGCCs were treated with cell membrane-impermeable BSA-conjugated testosterone (1.1 

g/ml) or vehicle for 15 minutes at 37°C before nicotine stimulation. G and H. Estrogen did not 

affect cortical F-actin disassembly in AGCCs from male WT (G) or KO (H)  mice. AGCCs were treated 

with 17β-estradiol (100 pg/ml) or vehicle for 15 minutes at 37°C before nicotine stimulation. I. 

Short-term testosterone treatment lowered NE released from female KO but not from WT AGCCs. 

Cells obtained for female KO and WT AGCCs (10,000 cells per well) were cultured for 16 hours 

and then treated with BSA-conjugated testosterone (1.1 g/ml) or BSA in Hank’s buffer at 37℃ 

for 15 min, and stimulated with 5 mM ACh for 1 minute at room temperature. NE in the 

supernatants was measured and normalized to base-line NE secretion by female WT AGCCs 

without testosterone pretreatment or ACh stimulation. Normalized fold changes (means ± SD) of 

NE secretion of samples with different treatments are shown. Three independent experiments 

were conducted. Significant p-values (2-way paired Student’s t-test) are indicated. Additional 

statistical analysis for the changes between different points in time is presented in supplementary 

Table 1. 

 

EPHB6 reverse signaling through EFNB1 is essential in regulating CAT exocytosis in AGCC 

EPHB6 and its ligands (EFNBs) are capable of bidirectional signaling. To discern these two types 

of signaling related to CAT exocytosis of AGCCs, we employed solid-phase EPHB6 (EPHB6-FC-

coated wells) and solid phase anti-EPHB6 Ab (anti-EPHB6 Ab-coated wells) to stimulate tsAM5NE 

cells, which are derived from normal AGCCs (Kohno et al., 2011). In the adrenal gland medullae, 

there are two types of chromaffin cells containing either epinephrine (Epi) or norepinephrine (NE) 

(Tomlinson et al., 1987). They secret Epi or NE, respectively (Vollmer et al., 1992). tsAM5NE cells 

are NE-secreting AGCCs (Kohno et al., 2011); their NE secretion was used as a readout.  

As shown in Figure 3A, solid-phase EPHB6 significantly augmented ACh-triggered NE release by 

AGCCs, while solid phase anti-EPHB6 Ab had no such effect. Their respective control proteins 

normal human IgG (the Fc part of EPHB6-Fc was of human IgG origin) or normal mouse IgG did 

not impact on the NE release. This result indicated that the reverse signaling from EPHB6 to EFNBs 

was responsible for regulating NE exocytosis in AGCCs.  
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To identify which EFNB was mediating such reverse signaling, we placed Ab against two major 

EPHB6 ligands, i.e., EFNB1 and EFNB2, on the solid-phase and used them to stimulate tsAM5NE 

cells. Anti-EFNB1 but not anti-EFNB2 Ab drastically augmented ACh-stimulated NE secretion (Fig. 

3B), suggesting that the major reverse signaling was mediated by EFNB1. 

EFNBs have no enzymatic activity, and their reverse signaling depends on the association of other 

signaling molecules with their short intracellular sequences. In the intracellular sequence of 

EFNB1, there are five tyrosine residues and a PDZ-binding domain at its C-terminus (Fig. 3C). We 

constructed lentiviruses expressing full-length EFNB1 and various deletion mutants of the EFNB1 

intracellular sequence (Fig. 3C). tsAM5NE cells were infected with these viruses. By adjusting virus 

concentrations, the tsAM5NE cell surface overexpression of different EFNB1 mutants was titrated 

to a similar level according to flow cytometry (S.-Figure 2). tsAM5NE cells overexpressing the full-

length EFNB1 increased NE secretion significantly, compared to the empty virus-infected cells, 

(both of them were cultured in anti-EFNB1 Ab-coated wells) (Fig. 3D). The cells with full-length 

EFNB1 overexpression and cultured in anti-EFNB1 Ab-coated wells also had significantly increased 

NE secretion compared to the same kinds of cells cultured in wells coated with control IgG (i.e., 

without reverse signaling via EFNB1) (Fig. 3D). These controls validated the assay system as one 

being able to detect reverse signaling by the overexpressed EFNB1 over the endogenous EFNB1 

on the tsMA5NE cell surface. EFNB1-Δ2Y (the deletion of the last 16 aa of the C-terminus including 

the PDZ-binding domain and two tyrosine residues Y342 and Y343) was equally potent as the full-

length EFNB1. The further deletion of seven aa, including tyrosine residues Y323 and Y328 

(EFNB1-Δ4Y), significantly reduced the potency of the mutant to stimulate NE secretion. The 

additional deletion of 11 aa containing the remaining tyrosine residues Y312 and Y316 (EFNB1-

Δ6Y) did not result in a further decrease of the potency. These results suggested that the critical 

sequence mediating EFNB1 reverse signaling in mouse AGCCs in terms of controlling CAT 

secretion resided within the 7-aa intracellular sequence from aa 322 to aa 328, containing Y323 

and Y328.  

It has been established that EFNB1 reverse signaling depends on several RHO family G-

proteins(Tanaka et al., 2003;Wu et al., 2012;O'Neill et al., 2016;Cho et al., 2018) . We found that 

RHOA activity after nicotine stimulation in AGCCs from male KO was increased compared to their 
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WT counterparts (Fig. 3E). This is compatible with prior knowledge that heightened RHOA activity 

increases actin polymerization (Bader et al., 2004) and hence reduces overall F-actin disassembly 

as a result. When AGCCs from male WT mice were treated with an RHOA inhibitor Rhosin, no 

effect on F-actin disassembly was observed (Fig. 3F).  However, such inhibition reverted the 

decreased F-actin disassembly in the KO cells to a level similar to that of the WT counterparts (Fig. 

3F). This result indicated that the increased RHOA activity in the KO AGCCs contributed to the 

diminished F-actin disassembly.  
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Figure 3. EPHB6 to EFNB1 reverse signaling modulated NE secretion by AGCCs.  
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tsAM5NE chromaffin cells were cultured in wells coated with anti-EPHB6 Ab, recombinant EPHB6-

Fc, anti-EFNB1 Ab, anti-EFNB2 Ab, or their isotype control IgGs for 24 hours, as indicated. The 

culture medium was replaced with Hank’s buffer, and after 15 minutes, cells were stimulated with 

5 mM ACh. One minute later, supernatants were harvested for NE measurements. The base-line 

NE secretion by tsAM5NE cells cultured in uncoated wells without ACh stimulation was 

considered as 1 fold. The normalized fold changes (means ± SD) of the NE secretion of cells with 

different treatments are shown. Three to five independent experiments were conducted. 

Significant p-values (2-way paired Student’s t-test) are indicated. A. The ACh-stimulated NE 

release by tsAM5NE cells was promoted by solid-phase EPHB6-Fc but not by anti-EPHB6 Ab. Data 

from 5 independent experiments were normalized and presented. B. Solid-phase anti-EFNB1 Ab 

but not anti-EFNB2 Ab augmented ACh-stimulated NE release. The results from 3 independent 

experiments were normalized and presented. C. The structures EFNB1 protein and its deletion 

mutants. D. Identification of the critical intracellular sequence of EFNB1 in mediating the reverse 

signaling. tsAM5NE cells were infected with lentiviruses encoding full-length and deletion 

mutants of EFNB1, as indicated. The infected cells were seeded in wells coated with anti-EFNB1 

Ab or normal goat IgG for 24 hours and then stimulated with ACh for one minute. The ACh-

stimulated NE release was measured. Data from 4 independent experiments were normalized 

and presented. E. The activity of RHOA after nicotine stimulation was elevated in adrenal 

medullae from male KO mice. Adrenal medullae were stimulated with nicotine (20 M) for 0 and 

2.5 minutes. The activated RHOA level in the adrenal medullae was measured by G-LISA. The 

RHOA activity of WT medulla at 0 minute was considered as one fold for normalization. The results 

of four independent experiments were normalized, and the fold changes (means + SD) of different 

samples are presented. F. RHOA inhibitor reverted the low cortical F-actin disassembly in male 

KO AGCCs to a normal level. AGCCs isolated from male KO or WT mice were cultured for one day 

and then treated with Rhosin (30 M) or DMSO in Opti-MEMTM Reduced Serum Media for 4 hours 

at 37℃. Cells were stimulated with nicotine (50 µM) for 40 seconds, and their cortical F-actin 

disassembly was assessed by confocal microscopy. The percentages (mean + SD) of cells with F-

actin disassembly from three independent experiments are presented. Significant p-value (two-

way paired Student’s t-test after arcsine transformation) is indicated.  
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The FYN/c-ABL/MICAL-1 pathway conducted signaling from EPHB6 to F-actin disassembly 

FYN was previously reported to interact with EFNB1 (Palmer et al., 2002) and therefore is a 

possible downstream signaling molecule mediating EPHB6 reverse signaling in AGCCs concerning 

their function in CAT secretion. The SRC-family tyrosine kinase FYN was activated (based on its 

Y420 phosphorylation) within 5-10 minutes of nicotine stimulation in AGCCs of WT male mice (Fig. 

4A). Such phosphorylation was compromised in the KO AGCCs, while the total FYN protein 

remained unchanged (Fig. 4A). The tyrosine kinase c-ABL is a substrate of FYN kinase (Plattner et 

al., 1999). Its phosphorylation, which is needed for its activation (Plattner et al., 1999), was 

diminished, as expected, in AGCCs from male KO mice (Fig. 4B). In this experiment, total phospho-

protein was immunoprecipitated, followed by anti-c-ABL Ab blotting. We previously 

demonstrated that the phosphorylation of ELK1 was not influenced by EPHB6 KO in AGCCs (Shi et 

al., 2019). Figure 4B showed that ELK1 phosphorylation was similar in all the precipitated samples 

and was used as a loading and immunoprecipitation efficiency control. Further, the total protein 

of c-ABL in the KO and WT AGCCs was similar (Fig. 4C).  

MICAL-1 is a substrate of the c-ABL kinase (Yoon et al., 2017) and is an F-actin-monooxygenase, 

which oxidizes methionine residues of actin (Hung et al., 2011). It is essential in promoting the 

depolymerization of F-actin (Hung et al., 2011), and its phosphorylation is necessary for its activity 

(Yoon et al., 2017). Although total MICAL-1 protein levels in WT and KO AGCCs were similar in 

resting and 10-minute nicotine stimulated cells (Fig. 5A), MICAL-1 phosphorylation was 

significantly increased in stimulated male WT AGCCs (Fig. 5B). This augmentation was 

compromised in the KO AGCCs (Fig. 5B). FYN inhibitor PP2 suppressed the up-regulation of 

nicotine-stimulated MICAL-1 phosphorylation in the male WT AGCCs but did not affect the KO 

counterparts (Fig. 5B), supporting a model in which FYN acted downstream of EPHB6, and this 

activity appeared upstream of MICAL-1 phosphorylation. When the male WT AGCCs were treated 

with Imatinib, a c-ABL inhibitor, their MICAL-1 phosphorylation up-regulation upon nicotine 

stimulation was compromised (Fig. 5C). On the other hand, imatinib had no such effect on KO 

counterparts, suggesting that c-ABL activity was downstream of EPHB6 and upstream of MICAL-

1 phosphorylation in these cells. ELK1 phosphorylation was again employed as an internal control 

for the efficiency of immunoprecipitation and loading in this experiment.  
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To assess the functional consequences of FYN and c-ABL inhibition concerning F-actin disassembly, 

we treated the WT and KO AGCCs with FYN inhibitor PP2 (Fig. 6A) and c-ABL inhibitor imatinib 

(Fig. 6B). They effectively reduced F-actin disassembly in WT but not KO AGCCs. This finding 

suggested that reduced FYN and c-ABL activities occurred downstream of EPHB6, and were 

relevant to the reduced F-actin disassembly seen in the make KO AGCCs.  
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Figure 4. Decreased FYN and c-ABL phosphorylation in male KO adrenal medullae upon nicotine 

stimulation.  

Adrenal medullae from male WT and KO mice were stimulated with nicotine (20 M) for 0 or 10 

minutes at 37℃. The phosphorylated FYN, total FYN phosphorylated c-ABL, total ABL, and β-actin 

levels of the medullae lysates were determined by immunoblotting. A. Decreased FYN 

phosphorylation in medullae obtained from EPHB6 mice. Representative immunoblots of 

phosphorylated FYN (Y420) (upper panel), total FYN (middle panel), and β-actin (bottom panel) 

were shown. The densitometry signal ratios of phosphor-FYN versus FYN, and the ratio of total 

FYN versus β-actin of WT medullae at 0 minute was used to normalize the data from 3 

independent experiments. The normalized fold changes (means ± SD) were presented. The 

significant p-values are indicated (2-way paired Student’s t-test). B and C. Decreased c-ABL 

phosphorylation in the KO medullae. Lysate proteins from WT and KO medullae after 0- or 10-

minute nicotine stimulation were immunoprecipitated with anti-phospho-protein Ab. The 

precipitated proteins were immunoblotted with anti-c-ABL or anti-ELK1 Ab. Representative 

immunoblots on the left show c-ABL and ELK phosphorylation (B) and total c-ABL and β-actin (C). 

The densitometry signal ratios of phospho-c-ABL versus phospho-ELK, and total c-ABL versus β-

actin of WT medullae at 0 minute were used to normalize the data from four independent 

experiments. The normalized fold changes (means ± SD) were presented on the right. The 

significant p-values are indicated (2-way paired Student’s t-test).   
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Figure 5. Reduced MICAL-1 phosphorylation in male KO adrenal medullae upon nicotine 

stimulation.  

Adrenal medullae from male WT and KO mice were cultured in the absence or presence of FYN 

inhibitor PP2 (10 M) or c-ABL inhibitor Imatinib (20 M), as indicated, at 37°C for 2 hours, and 

then stimulated with nicotine (20 µM) for 10 minutes. Their lysates were immunoprecipitated 

with anti-phospho-protein Ab 4G10 and blotted with anti-MICAL-1 and ELK1 Abs. The 

densitometry signal ratios of total MICAL-1 versus β-actin and phospho-MICAL-1 versus phospho-

ELK in WT male medullae without nicotine stimulation were used to normalize the data from four 

independent experiments. Representative immunoblots are shown on the left, and normalized 

fold changes (means + SD) according to densitometry are shown on the right. The significant p-

values are indicated (2-way paired Student’s t-test). A. Unchanged total MICAL-1 levels in male 

KO medullae. B. Compromised MICAL-1 phosphorylation in KO medullae after nicotine 

stimulation, or in WT medullae treated with FYN inhibitor. C. Decreased MICAL-1 phosphorylation 

in WT medullae treated with c-ABL inhibitor. 

The same membranes were sequentially blotted with anti-c-ABL (Fig.4C), MICAL-1 and -actin 

Abs, with stripping process occurred between these different immunoblottings. The same -actin 

immunoblotting was used as loading controls for both Figure 4C and 5A. 
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Figure 6.  FYN and c-ABL inhibitor repressed cortical F-actin disassembly in male WT but not KO 

AGCCs. 

 AGCCs isolated from male KO or WT mice were cultured for 24 hours, and then cultured in the 

presence of PP2 (10 µM) (A) for 1 hour or imatinib (20 µM) (B) for 2 hours at 37℃. The cells were 

stimulated with nicotine (50 µM) for 40 seconds, and their cortical F-actin disassembly was 

determined according to confocal microscopy. The percentages (means ± SD) of cells with F-actin 

disassembly from three independent experiments were presented. The significant p-values are 

indicated (2-way paired Student’s t-test).  
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Figure 7. A diagram depicting signaling pathways from EPHB6 to CAT exocytosis in AGCCs.  

Solid lines represent pathways verified in this study or already established in the literature, 

whereas faint dotted lines depict speculated pathways. Circles with black fillings are CAT-

containing vesicles. ACh activation of Ach receptor/gated ion channels triggers Na+ and Ca2+ influx 

(Sala et al., 2008), subsequently amplified by voltage-gated calcium channels (VGCC). The 

depolarization and the increased Ca2+ concentration causes the opening of the big potassium 

channel (BK), which repolarizes the cells and shuts down VGCC (Solaro et al., 1995;Martinez-

Espinosa et al., 2014). The non-genomic effect of testosterone positively regulates BK opening, 

while EPHB6 to EFNB1 reverse signaling negatively impacts on such an effect of testosterone (Han 

et al., 2008;Shi et al., 2019). Increased Ca2+ levels activate CaMKII (Couchonnal and Anderson, 

2008), leading to activation of many downstream signaling events that enhance both CAT 

biogenesis (Menezes et al., 1996) and exocytosis (this study). The FYN/c-ABL/MICAL-1 pathway 

that promotes F-actin depolymerization is downstream of and positively regulated by CaMKII 

(Plattner et al., 1999;Hung et al., 2011;Ginnan et al., 2013;Yoon et al., 2017). The 

RHOA/ROCK/Ezrin pathway, which promotes F-actin stabilization, is also positively regulated by 

CaMKII (Niggli and Rossy, 2008;Okamoto et al., 2009).  Although the two pathways have opposite 

effects on F-actin disassembly after the Ca2+ influx, under normal circumstances, the balance is in 

favor of F-actin disassembly. The EPHB6 to EFNB1 reverse signaling by itself has no effect on CAT 

exocytosis. The effect of the defective reverse signaling on all the downstream events could be 

due to the initial compromised Ca2+ influx. It is also possible that such reverse signaling might 

modify signaling events directly. The reverse signaling might have a default direct positive effect 

on the FYN/c-ABL/MICAL-1/F-actin pathway. It might also have a direct default negative effect on 

RHOA activation, which promotes F-actin stabilization typically. ROCK/Ezrin (Han et al., 2015) and 

ROCK/LIMK/Cofilin (Geneste et al., 2002) pathways are known to be downstream of RHOA, 

although the latter is not activated in ACh-stimulated AGCCs. F-actin depolymerization is not only 

essential in moving the slow-release CAT-containing vesicles to the docking position (Vitale et al., 

1995) but is also critical for optimal vesicular fusion and sewage of CAT content from the vesicles 

in the IRV pool during rapid exocytosis. In the absence of EPHB6/EFNB1 reverse signaling, as is 

the case in EPHB6 KO, the signaling strength of the FYN/c-ABL/MICAL pathway is compromised, 
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while the signaling strength of RHOA/ROCK/Ezrin is relatively increased. These changes eventually 

lead to reduced F-actin disassembly and CAT exocytosis in the male KO AGCCs. 

 

 

Discussion 

In this work, we demonstrated that EPHB6 reverse signaling via a 7-aa intracellular sequence of 

EFNB1 between aa 322 and 328 was critical for regulating CAT exocytosis in AGCCs. The signaling 

from EFNB1 traversing through RHOA as well as through the FYN/c-ABL/MICAL-1/F-actin 

pathways was necessary for EPHB6’s effect on CAT secretion.  

In our amperometric experiments, CAT vesicles released within 2 and 60 seconds after ACh 

stimulation were recorded. A reduced number of spikes during the first 2 seconds in KO AGCCs 

were found (Fig. 1C). Such reduction reflects reduced immediately released CAT. This could be 

caused by the Ca2+ influx decrease in these cells, as we reported previously (Wang et al., 2018), 

or caused by a smaller pool of immediately-releasable vesicles (IRVs), or both, in the KO AGCCs. 

Additional experiments will be needed to assess the pool size of IRVs.   

Analysis of individual spike parameters is commonly used to quantify the dynamics and size of 

single vesicular fusion events. We found here that the spike charge Q, reflecting the amount of 

CAT released per vesicle, was lower in male KO AGCCs, suggesting less catecholamine content in 

the vesicles in action. This observation is in agreement with our previous report that the male KO 

AGCCs are compromised in their CAT biogenesis (Shi et al., 2019). 

The maximal amplitude (Imax) of the spike is proportional to the rate of catecholamine release 

and is thus a function of the amount of catecholamine released and the discharge kinetics. T1/2 

and Tpeak reflect the discharge kinetics. In the male KO AGCCs, the Imax but not T1/2 or Tpeak was 

significantly reduced, indicating that the discharge kinetics in the KO AGCCs was normal, and thus 

the reduced Imax is likely the consequence of a smaller amount of catecholamine released. 

The pre-spike feet reflect the fusion pore formation between vesicular and cell membranes, and 

the small amount of CAT released during this process (Gong et al., 2007). PSFs per cell, PSF 



200 

amplitude, and the percentage of PSF present in all spikes were all reduced in the male KO AGCCs, 

suggesting that EPHB6 was involved in the processes reflected by these parameters. However, 

the underlying mechanisms and significance of these PSF parameters concerning CAT exocytosis 

remained to be elucidated. 

The cortical F-actin network in resting AGCCs forms a continuous net but is disassembled within 

seconds after ACh-triggered activation. Such a morphological change does not only allow CAT-

containing vesicles in the reserve pool to pass the disrupted F-actin net to replenish the IRV pool 

but also plays an active role in the fusion of the IRVs with the cell membrane (Gutierrez and 

Villanueva, 2018). EPHB6 deletion compromised such F-actin disassembly, and this likely also 

contributes to the decreased CAT exocytosis observed in KO AGCCs. If the role of meshed F-actin 

in preventing the vesicles in the reserve pool to move to IRV pool overweights its role in the fusion 

of vesicles to the cell membrane, then the role of EPHB6 is probably more critical in the sustained 

CAT release by AGCCs.  

Our results also showed that the effect of EPHB6 KO in preventing F-actin disassembly depended 

on the presence of testosterone. This finding was corroborated by the decreased CAT release by 

female KO AGCCs in the presence of testosterone (Fig. 2I), and our previous in vivo results showing 

that male but not female KO mice presented decreased 24-hour urine CAT levels (Luo et al., 2012).  

EPHB6 can trigger signals into cells in two ways. Forward signaling from its ligand EFNs in 

neighboring cells to EPHB6 on the target cells, occurring through an intracellular sequence of 

EPHB6. Reverse signaling from EPHB6 on the neighboring cells to the EFNs on the target cells, 

occurring through the intracellular sequence of EFNBs. Through a series of solid-phase stimulation 

mimicking the cell surface EPHB6 and EFNs, we determined that reverse signaling through EFNB1 

but not forward signaling through EPHB6 was essential for EPHB6’s effect on F-actin disassembly. 

Among the two critical features of the intracellular domain of EFNB1 (i.e., C-terminal PDZ-binding 

motif and five tyrosine residues potentially associating with SH domain-containing signaling 

molecules),  our results showed that a 7-aa sequence between residues 322 and 328, which 

contains Y323 and Y328, was critical for CAT release. This region was previously shown to be 

essential to mediate T cell chemotaxis towards chemokine CXCL12 (Hu et al., 2015). For different 
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cell types and in responses to various stimuli, different regions of the EFNB1 intracellular domain 

are implicated, leading to different biological outcomes. For example, in T cells, the 11-aa 

segment between residues 311 and 321 harboring Y312 and Y316 is indispensable for T cell 

chemotaxis to chemokine CCL21 (Luo et al., 2016); the 16-aa sequence containing Y342 and Y343 

negatively regulates T cell chemotaxis to CXCL12; the 16-aa stretch from residues 331 to 345 is 

essential for RHOA activation and metalloproteinase secretion in gastric cancer cells (Tanaka et 

al., 2010). However, these regions did not have a perceptible effect on F-actin disassembly in 

AGCCs, based on our deletion study.  

We tried to decipher the signaling pathways from the EFNB1 intracellular sequence to CAT 

exocytosis. Possible pathways elucidated in this study or described in the literature from 

EPHB6/EFNB1 to F-actin disassembly and concerning both CAT exocytosis are illustrated in Figure 

7. It seems that EFNB1 has a constitutively suppressive effect on RHOA activation in AGCCs. In its 

absence in KO AGCCs, such a suppressive effect was released, and hence the level of GTP-bound 

active RHOA was elevated. Active RHOA favors the maintenance of the cortical F-actin network 

in AGCCs (Gasman et al., 1997;Gasman et al., 2003;Trifaro et al., 2008) and inhibits AGCC CAT 

secretion (Bader et al., 2004). Currently, the intermediate molecule linking the EFNB1 peptide 

sequence aa 323-328 to RHOA remains to be identified. This molecule might be a negative 

regulator of RHOA activity, such as GTPase activating protein (GAP) or a guanine nucleotide 

dissociating inhibitor (GDI) (Marjoram et al., 2014). Alternatively, it might be an adaptor protein 

binding to RHOA regulators (Tanaka et al., 2010). Several paths can lead to RHOA’s activity to 

actin polymerization (Spiering and Hodgson, 2011). We investigated one of them and found that 

the path RHOA/ROCK/LIMK/COFILIN/F-actin was not implicated. We cannot exclude the 

possibility that the effect of EPHB6/EFNB1 reverse signaling on regulating RHOA activity is via the 

initially reduced Ca2+ influx (Wang et al., 2018). However, this possibility is incompatible with 

some literature and our findings. For example, the RHOA/ROCK/Ezrin pathway, which promotes 

F-actin stabilization, is positively regulated by Ca2+ influx and CaMKII (Niggli and Rossy, 

2008;Okamoto et al., 2009), as illustrated in Figure 7. This implies that the reduced Ca2+ influx 

caused by EPHB6 KO would reduce RHOA activity, and consequently decreased F-actin 

stabilization, which favors CAT secretion but not reduced CAT secretion. Additional investigation 
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is needed to firmly establish if there is Ca2+-independent regulation of RHOA activity by the 

EPHB6/EFNB1 reverse signaling.  

The other pathway from EPHB6/EFNB1 to F-actin involves FYN/c-ABL/MICAL/F-actin. Using FYN 

inhibitor PP2 and c-ABL inhibitor Imatinib, we showed that these inhibitors affected F-actin 

disassembly in WT but not in KO AGCCs, indicating that this pathway leading to F-actin is relevant 

to the EPHB6/EFNB1 reverse signaling and that it is not functional when EPHB6 is absent. FYN is 

likely immediately downstream of EFNB1, as the SRC family kinases are recruited to the lipid 

domain where EFNB1 is localized after the reverse signaling is triggered, and FYN is activated 

(Spiering and Hodgson, 2011), although direct evidence of EFNB1 and FYN co-localization or 

interaction is still lacking. MICAL-1 is likely to be at the other end of this pathway, and its redox 

enzymatic activity may specifically destabilize F-actin (Hung et al., 2010). Again, it is possible that 

the observed effects of EPHB6/EFNB1 reverse signaling on the FYN/c-ABL/MICAL/F-actin pathway 

are due to its initial impact on the Ca2+ influx (Wang et al., 2018). The end results remain the same. 

In the absence of EPHB6 reverse signaling via EFNB1, MICAL-1 activity was reduced, leading to an 

increase in F-actin stability.  

Although the above-mentioned two pathways have opposite effects on F-actin disassembly after 

the Ca2+ influx, under normal circumstances, the balance is in favor of F-actin disassembly. The 

EPHB6 to EFNB1 reverse signaling by itself has no effect on CAT exocytosis. The effect of the 

defective reverse signaling on all the downstream events could be due to the initial compromised 

Ca2+ influx, as mentioned above. It is also possible that such reverse signaling might modify 

signaling events directly in addition to its effect on Ca2+ influx. The reverse signaling might have a 

default direct positive effect on the FYN/c-ABL/MICAL-1/F-actin pathway. It, on the other hand, 

might have a direct default negative effect on RHOA activation, which promotes F-actin 

stabilization typically. ROCK/Ezrin (Han et al., 2015) and ROCK/LIMK/Cofilin (Geneste et al., 2002) 

pathways are known to be downstream of RHOA, although the latter is not activated in ACh-

stimulated AGCCs. F-actin depolymerization is not only essential in moving the slow-release CAT-

containing vesicles to the docking position (Vitale et al., 1995) but is also critical for optimal 

vesicular fusion and sewage of CAT content from the vesicles in the IRV pool during rapid 

exocytosis. In the absence of EPHB6/EFNB1 reverse signaling, as is the case in EPHB6 KO, the 
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signaling strength of the FYN/c-ABL/MICAL pathway is compromised, while the signaling strength 

of RHOA/ROCK/Ezrin is relatively increased. These changes eventually lead to reduced F-actin 

disassembly and CAT exocytosis in the male KO AGCCs. 

We previously demonstrated that the male but not female EPHB6 KO AGCCs presented a lower 

Ca2+ influx after ACh stimulation (Wang et al., 2018). The difference in the Ca2+ influx between 

male and female KO AGCCs was due to the absence of testosterone but not the presence of 

estrogen in females (Wang et al., 2018). The ACh-triggered Ca2+ influx is the first and most 

important event leading to the activation of many downstream events. It is possible that some 

abnormal manifestations of these events in the KO cells are the consequence of the initially 

reduced Ca2+ influx. However, it is also possible that EPHB6/EFNB1 has Ca2+-independent 

regulation of FYN and RHOA activation, as illustrated in Figure 7 by faint dotted lines between 

EFNB1 and FYN, and between EFNB1 and RHOA. We could induce a maximal Ca2+ influx in AGCCs 

by ionomycin. If under such a circumstance, the activation of the FYN and/or RHOA pathways is 

still different in the WT and KO AGCCs, then we could conclude that indeed Ca2+ influx-

independent regulation of FYN and RHOA activation by EPHB6/EFNB1 reverse signaling does exist. 

Such experiments will be performed shortly. 

Although F-actin disassembly became obvious only 20 seconds after nicotine stimulation, it is 

conceivable that some more subtle actin disassembly, not measurable with our experimental 

approach, had already occurred in the first several seconds after stimulation. This rapid kinetics 

is compatible with that of acute CAT secretion, which happens at a similar time scale and is 

consistent with the more recently described positive role of F-actin disassembly in vesicle fusion 

(Gasman et al., 2004). Of course, the disassembly is also essential in mobilizing the vesicles from 

the reserve pool for chronic CAT secretion (Vitale et al., 1995), which is probably more relevant 

to hypertension caused by chronic stress and chronic sterile inflammation (Sparrenberger et al., 

2009;De Miguel et al., 2015;Liu et al., 2017). In our study, the FYN/c-ABL/MICAL-1 pathway 

activation was demonstrated to occur 5-10 minutes after nicotine stimulation. Such slow kinetics 

is probably pertinent to the chronic CAT secretion, which requires F-actin disassembly and slow-

releasing vesicle mobilization at such a time scale. However, FYN and c-ABL inhibitors effectively 

suppressed F-actin disassembly in 20 seconds after nicotine stimulation (Figs. 6A and 6B), proving 
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that this pathway is also essential in acute CAT secretion. Likely, immunoblotting of FYN, c-ABl, 

and MICAL-1 phosphorylation is not sensitive to detect earlier activation of this pathway within 

seconds of nicotine stimulation.  

The major sources of blood Epi and NE are AGCCs and the nervous system, respectively, while 

blood dopamine level is very low. Blood pressure increase during acute stress is associated with 

Epi released from AGCCs. There are different opinions regarding whether the blood Epi level is 

associated with blood pressure under non-stress conditions.  Early publications showed that 

ambient Epi levels are associated with blood pressure in humans and animals (Axelrod, 

1976;Buhler et al., 1982;Dominiak and Grobecker, 1982;Goldstein, 1983;Borkowski and Quinn, 

1984;Jablonskis and Howe, 1994). In recent years, chronic stress (Sparrenberger et al., 2009;Liu 

et al., 2017) and systemic sterile low-level chronic inflammation are found to be significant 

contributing factors of primary hypertension (De Miguel et al., 2015). These conditions are 

associated with elevated blood NE levels derived from the nervous system, but increased Epi 

levels from AGCCs are also often observed (Rivier et al., 1989;Pende et al., 1990;Corssmit et al., 

1996;Kannan et al., 1996;Esler et al., 2008;Byrne et al., 2018). In a mouse model, augmented 

catecholamine release from AGCCs caused by TRPM4 deletion has been shown to cause 

hypertension (Mathar et al., 2010). These data suggest that the excessive CAT release from the 

adrenal glands is a contributing factor to hypertension. In the case of EPHB6 mutation, 

hypogonadism causes an increase of CAT secretion from a depressed to a normal level. 

Based on our previous and current findings along with existing literature, it is postulated that 

EPHB6 acts in concert with testosterone to regulate blood pressure. EPHB6/EFNB1 reverse 

signaling has a positive constitutive effect on CAT biosynthesis (Shi et al., 2019) and exocytosis, 

but such effects depend on the presence of testosterone. In the absence of the said reverse 

signaling due to EPHB6 deletion in individuals with a normal level of testosterone, the ambient 

CAT biosynthesis and secretion are reduced. Such reduction tends to lower blood pressure, but 

EPHB6 KO loss-of-function mutations also cause increased resistant artery constriction due to its 

other function on vascular smooth muscle cells (Luo et al., 2012), inclined toward an increase in 

blood pressure. These two opposite effects on blood pressure cancel out each other, and the final 

outcome is that in EPHB6 KO/mutations males with sufficient testosterone, their blood pressure 
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remains normal. However, if patients with EPHB6 loss-of-function mutations or defective EPHB6-

EFNB1 reverse signaling become hypogonadic (castration in the case of mice), their CAT 

biosynthesis and exocytosis return to the normal level. At the same time, due to the 

vasoconstrictive effect of EPHB6 KO/mutation, the resistance of blood flow is increased, and 

hence their blood pressure is augmented. For these patients, testosterone could be a 

personalized medication for hypertension. 
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Supplementary information   

 

Supplementary Methods 

Flow cytometry 

tsAM5NE AGCCs were harvested after lentivirus infection and washed with PBS once. Cells were 

blocked with 5% donkey serum in PBS and then reacted with goat anti-EFNB1 Ab (AF473, R&D 

systems), or normal goat IgG (sc-2028, Santa Cruz Biotechnology) for 1 hour on ice. Cells were 

then stained with R-phycoerythrin-conjugated donkey anti-goat IgG (705116147, Jackson 

ImmunoResearch Laboratories, West Grove, PA, USA) for another 1 hour on ice. After wash, 

samples were analyzed by flow cytometry.  
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S-Figure 1. No difference in CAT release between KO and WT AGCCs from female mice according 

to amperometry recording. AGCCs were isolated from 3 KO and 3 WT female mice, and their 

nicotine-stimulated CAT release was registered by amperometry. Box bar graphs show the 

medium (solid horizontal line in the box), mean (dashed horizontal line in the box), the 75th 

percentile (up part of the box), 25th percentile (lower part of the box), 95th percentile (upper 

whisker), 5th percentile (lower whisker), and outliners (dots beyond the 95th and 5th percentile) of 

each parameter. The number of total AGCCs tested or total pre-spike feet (PSF) analyzed are 

indicated. The Mann-Whitney Rank Sum tests were conducted for statistical analysis due to failed 

normality tests of the data. None of the comparisons of the parameters between the female KO 

and WT AGCCs was significantly different. The number of spikes observed in the 60 second period 

after nicotine stimulation (A), spike peak height (Imax) (B), charge of the spikes (Q) (C), half time 

to reach the spikes peak (T½ ) (D), time to reach the peak (Tpeak) (E), number of PSF observed per 

cell (F), PSF amplitude (G), percentage of spikes with PSF (H), PSF charge (fC) (I), and PSF duration 

(J) are illustrated.  For A-F and H, 33 WT cells and 48 KO cells were analyzed; for G and I, 129 PSF 

of WT cells and 129 PSF of KO cells.  
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S-Figure 2. Similar levels of cell surface EFNB1 expression in tsAM5NE AGCCs infected with 

lentiviruses expressing different EFNB1 intracellular domain deletion mutants. tsAM5NE cells 

were transfected with lentiviruses expressing different intracellular domain deletion mutants. 

After 72 hours, their expression was assessed by flow cytometry. A. The similar cell surface 

overexpression of EFNB1Δ2Y, EFNB1Δ4Y, and EFNB1Δ6Y. The expression of the endogenous 

EFNB1 (light blue) in empty virus-transfected cells is shown in the left histogram. The similar levels 

of Efnb1Δ2Y (green), EFNB1Δ4Y (dark blue) and EFNB1Δ6Y (red) overexpression above the 
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endogenous EFNB1 level are shown in the right histogram.  B. The similar cell surface 

overexpression of the full-length exogenous EFNB1 and EFNB1Δ6Y in the lentivirus-transfected 

cells. The expression of the endogenous EFNB1 (light blue) in empty virus-transfected cells is 

shown in the left histogram. The similar levels of the full-length exogenous EFNB1 (orange) and 

EFNB1Δ6Y (red) above the endogenous EFNB1 level are shown in the right histogram. 

 

Supplementary Table 

  

   

0 s vs. 20 s 

 

0 s vs. 40 s 

 

0 s vs. 60 s 

 

No stimulation 

vs. stimulation  

 

Figure 2B 

Male WT 0.0155 0.004 0.012 <0.001 

Male KO 0.0137 0.001 0.001 0.003 

Castrated male KO 0.001 <0.001 <0.001 <0.001 

Figure 2C Male WT 0.016 0.004 0.012 <0.001 

Castrated male WT 0.002 0.001 0.001 <0.001 

Figure 2D Female WT 0.003 <0.001 <0.001 <0.001 

Female KO <0.001 <0.001 <0.001 <0.001 

 

Figure 2E 

Female KO + vehicle <0.001 <0.001 <0.001 <0.001 

Female KO + 

testosterone-BSA 

0.071 0.001 0.229 0.0041 

 

Figure 2F 

Female WT + vehicle <0.001 <0.001 <0.001 <0.001 

Female WT + 

testosterone-BSA 

0.001 <0.001 <0.001 <0.001 

Figure 2G Male WT + vehicle <0.001 <0.001 <0.001 <0.001 

Male WT + estrogen <0.001 <0.001 <0.001 <0.001 

Figure 2H Male KO + vehicle 0.092 0.005 0.008 0.001 
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Male KO + estrogen 0.065 0.004 0.006 0.003 

 

S-Table 1. The detailed statistical analysis of percentages of KO and WT AGCCs with 

cortical F-actin disassembly for Figure 2 

The changes of cortical F-actin disassembly of a given type of AGCCs or a given treatment between 

two points in time during stimulation, or between being unstimulated (0 s) versus all those being 

stimulated (20 s + 40 s+ 60 s) were analyzed by two-way paired Student’s t-test. P-values are 

presented. 
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Chapitre 6 – General Discussion 

The adrenal gland chromaffin cells are the main source of circulating catecholamines during 

physiological stress conditions. They are activated by stimulating with acetylcholine released from 

preganglionic splanchnic fibers. Due to the important roles of the catecholamines in the 

maintenance of homeostasis, the study on chromaffin cell biology has been going on for decades 

(Borges et al., 2018). In this study, we report for the first time to our knowledge on the biological 

functions of the EPH/EFN family in AGCCs. EPHB6 knockout in the AGCCs leads to the increased 

outwards BK channel currents, which causes the VGCC early closure reducing the ACh-triggered 

calcium influx. While the absence of EPHB6 impairs the reverse signaling from EPHB6 to EFNB1, 

and further compromises the strength of RAC1/MKK7/JNK/JUN/AP1/EGR1/TH pathway, leading 

to decreased catecholamine synthesis. In addition, the defective EPHB6/EFNB1 reverse signaling 

also compromises the signaling pathway FYN/C-ABL/MICAL1, thereby restricting the F-actin 

disassembly and resulting in the defective catecholamine secretion. These signaling pathways 

overlay with the Ca2+-dependent signaling induced by ACh receptor activation in AGCCs and are 

essential for the optimal function of catecholamine synthesis and secretion. 

It is noteworthy that the role of EPHB6/EFNB1 in chromaffin cell biology requires the presence of 

testosterone. As a new player in the modulation of chromaffin cell function, EPH/EFN family may 

play a role in some catecholamine-related cardiovascular and neurodegenerative diseases and 

become a potential therapeutic target in the future. 

One of the intriguing findings in this study is the reverse signaling from EPHB6 to EFNB1, but not 

the forward signaling, is responsible for the chromaffin cell function regulation. As a 

pseudokinase, EPHB6 has no kinase activity to directly catalyze the downstream molecules. 

However, it can be phosphorylated by cross-linking with other EPHs or SRFs and exert regulatory 

properties via scaffolding or recruiting downstream molecules upon the EFNs ligation (Liang et 

al., 2019). In addition, the interaction between EPHB6 and EFNBs will form a tetrameric complex 

exerting bidirectional signaling to regulate cell function, which is a unique feature of the EPH/EFN 

signaling (Kullander and Klein, 2002). In our case, EPHB6 acts as a “ligand”, while EFNB1 acts as a 

“receptor”. Their ligation induces reverse signaling through EFNB1. Such reverse signaling 
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triggered by EPHB6 was also reported to contribute to VSMC contraction regulation (Luo et al., 

2012). In the adrenal medulla, both EPHB6 and EFNB1 are highly expressed on the surface of 

chromaffin cells. The direct interaction of the adjacent cells provides the basis for the formation 

of the EPHB6/EFNB1 tetrameric complex to transduce the reverse signaling to the interior of the 

cell. Our research provides another piece of evidence for the mode of kinase-null EPHB6 

receptor’s action in regulating cell function.     

In the research of catecholamine secretion regulation, we found the EPHB6 was involved in Ca2+ 

influx regulation in AGCCs upon ACh stimulation. The presence of EPHB6 might interfere with the 

positive effect of testosterone on BK channel activity and prevent excessive outward K+ currents. 

The relationship between testosterone and BK channel, testosterone and EPHB6, both require 

further clarification. Then we revealed the EPHB6/EFNB1 reverse signaling regulates the F-actin 

disassembly via MICAL-1 activation, which further controls the catecholamine secretion in AGCCs. 

Mical-1 is an oxidoreductase enzyme, which specifically mediates oxidation of Met44 and Met77 

of F-actin, resulting to F-actin depolymerization (Grintsevich et al., 2017). The phosphorylation of 

Mical is essential for its optimal activity on F-actin disassembly (Yoon et al., 2017). It has been 

reported that the MICAL-1-induced oxidation of actin could be regulated by the 

Semaphorin/Plexin signaling (Schmidt et al., 2008; Hung et al., 2010), growth factor signaling 

(Yoon et al., 2017), and Rab GTPases (Fremont et al., 2017). It’s a novel finding that the EPH/EFN 

signaling is involved in regulating MICAL-1 activity for F-actin disassembly through the FYN/c-

ABL/MICAL-1 pathway. The application of either FYN inhibitor or c-ABL inhibitor significantly 

reduces the phosphorylation of MICAL-1 in AGCCs, which indicates the activities of FYN and c-ABL 

are critical for MICAL-1 activity. However, it’s still not clear how the EPHB6/EFNB1 reverse 

signaling transduces to the activity of FYN. Many studies have demonstrated that the reverse 

signaling can recruit SFKs to the EFNB1-containing membrane cluster and phosphorylate the 

tyrosine residues at the cytoplasmic domain of EFNB1, which then serves as a docking site for 

SH2-containing proteins to transduce the signal into the cell (Palmer et al., 2002; Vermeer et al., 

2012). Thus, FYN could be immediately downstream of EFNB1. Further research is needed to 

confirm whether FYN is indeed physically associated with EFNB1. We can overexpress the EFNB1 

and FYN in our tsAM5NE cells and perform affinity purifications after EPHB6-FC stimulation. The 



221 

lysates can also be used in an in vitro kinase assay to identify the activity of FYN. In our study, a 

7-aa sequence between residues 322 and 328 (containing Y323 and Y328) at the intracellular 

domain of EFNB1 is critical for catecholamine secretion regulation. It can be inferred that this 

sequence may be the binding site of FYN on EFNB1. These deletion mutations of EFNB1 

intracellular tails can be introduced into the above system to prove this hypothesis. What’s more, 

GST-purified EFNB1 cytoplasmic domain with different deletion mutants can be used as a 

substrate in the in vitro kinase assay to further identify whether the tyrosine residue at the 

binding site is phosphorylated by the FYN activation. These experiments will help us understand 

the link between EFNB1 and FYN more clearly. 

While in the research of catecholamine synthesis regulation, we found the transcription of TH 

enzyme in AGCCs was mediated by EPHB6/EFNB1 reverse signaling via EGR1, which is an 

important transcription factor for TH transcription (Nakashima et al., 2003). Molecules in the 

signaling pathway RAC1/MKK7/JNK/JUN/AP1 were proved essential for EGR1 transcription in the 

study. It’s an interesting finding that the strength of this pathway can be regulated by EPH/EFN 

signaling. Same as in the catecholamine secretion study, the detailed signaling between EFNB1 

and RAC1 is still not clear. Some studies have provided evidence for the interaction between 

EFNBs and RAC1. For instance, the stimulation of EPHB2-Fc on the primary cortical neurons 

triggered the reverse signaling through EFNB1, resulting in the colocalization of EFNB1 and Tiam1, 

a Rac1-specific guanine nucleotide-exchanging factor, and further activated the Rac1 (Tanaka et 

al., 2004).  The colocalization of EFNB3 with RAC1 was also observed in human glioma cells 

(Nakada et al., 2006). Some SH2/SH3 adaptors, such as Grb4, could bind to the tyrosine-

phosphorylated sites of EFNBs and recruit RAC exchange factors to activate RAC (Noren and 

Pasquale, 2004). Thus, the interaction of EFNB1 and RAC1 during catecholamine synthesis in 

AGCCs should also require the participation of some SH2/SH3 adaptors and RAC GEFs. Some high-

throughput approaches, such as affinity purification coupled to mass spectrometry and proximity 

labeling approach combined to mass spectrometry, can help us to identify the transient or stable 

protein-protein interactions in the AGCCs, which provide reliable clues for us to further study the 

precise signaling between EFNB1 and RAC1 in our system. 
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Based on the results found in this study, we revealed the previously unknown function of EPH/EFN 

family on catecholamine synthesis and secretion in AGCCs. Since the circulated catecholamines 

are critical for blood pressure regulation, we will further discuss the contribution of this work to 

the role of the EPH/EFN family on blood pressure regulation. 

Hypertension is one of the most critical risks for morbidity and mortality worldwide. With the 

increasing aging of the population, the incidence of hypertension and its related cardiovascular 

adverse events has risen sharply. Our research on the role of the EPH/EFN family on blood 

pressure regulation has enriched the understanding of hypertension pathogenesis. Our lab has 

previously found that EPHB6, EFNB1, and EFNB3 deletion results in blood pressure elevation, 

while EPHB4 and EFNB2 deletion reduces it. These effects depend on the joint action of these 

molecules and sex hormones. In this study, we revealed that EPHB6 positively regulates 

catecholamine synthesis and secretion in mouse AGCCs in the presence of sufficient testosterone 

via reverse signaling through EFNB1. Therefore, when EPHB6 was deleted, catecholamine 

secretion was reduced. In the castrated KO mice, due to insufficient testosterone, the 

catecholamine secretion by the KO AGCC returned to a normal level. Since EPHB6 deletion also 

caused increased VSMC contractility when testosterone was insufficient, the net result of EPHB6 

deletion and insufficient testosterone was augmented blood pressure. This implies that the 

hypogonadal men with deleterious variants in EPHB6 or molecules in the EPHB6 signaling 

pathway (such as EFNBs, BK channel, and ACh receptor) will lose the protective effect of the 

reduced catecholamine level and lead to hypertension (Fig.1). 
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Figure 1. A diagram depicting the regulation of blood pressure by EPHB6 signaling and 

testosterone 

 

This model is very meaningful for the study of the mechanism of hypertension in a subpopulation 

of aging males with hypogonadism. Hypogonadism in men is characterized by diminished 

production of androgens due to the decreased functional activity of the testes. This leads to a 

series of symptoms, including sexual dysfunction, cardiovascular disease, weakness, decreased 

bone density, and so on. According to statistics, the age-related decline of testosterone in men 

begins in their mid-30s and continues at an average annual rate of 1.6% (Qaseem et al., 2020). 

The prevalence rate of hypogonadism in men in the US aged ≥45 years is about 38.7%. Sixty-five 

percent of hypogonadal patients have hypertension, while the proportion in eugonadal patients 

is 51%. Conversely, the odds ratios of hypogonadism are significantly higher in men with 

hypertension compared to men with normal blood pressure (Mulligan et al., 2006). In the 

European Male Aging Study, hypogonadism's prevalence rate in men aged 40-80 is 23% (Wu et 

al., 2010a). The level of systolic blood pressure is revealed to be inversely associated with the 

total testosterone level in older men (Laughlin et al., 2008). Based on novel findings in our studies 

on the role of EPH/EFN family and sex hormones in blood pressure regulation, we can reasonably 
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speculate on one of the mechanisms of hypertension in hypogonadal men. A subpopulation of 

this group might have some deleterious variants in EPHB6 or molecules in its signaling pathway 

(such as EFNBs, BK channel, ACh receptor). Such mutations augment the VSMCs contraction and 

the vascular tone due to the loss of the negative effects of EPHB6/EFNBs reverse signaling on 

vasoconstriction. When they are young with sufficient testosterone, the protective effect of the 

reduced catecholamine level caused by impaired catecholamine synthesis and secretion of AGCCs 

neutralizes the above-described effect of increased vascular tone. Thus, their blood pressure is 

kept in a normal range. As they grow older, their testosterone levels progressively decrease. The 

reduced testosterone levels in combination with the impaired EPHB6/EFNBs reverse signaling 

cascades restore catecholamine levels, and hence these older men lose the protective effect of 

the mutated EPHB6 against hypertension. As a consequence, for these patients, there is an 

relatively increased hypertension risk, compared to those their counterpart without EPHB6 

mutations, in the presence of other genetic and environmental factors.      

To demonstrate this possible hypertension pathogenesis in men with hypogonadism, we need to 

get more evidence of the variants of EPHB6 or its signaling molecules in this subpopulation.  We 

also need to test the catecholamines levels in 24-hour urine or in the blood of the adult male 

humans containing these variants with normal testosterone levels. If their catecholamines levels 

are significantly reduced compared to other males without such kind of variants, it will give us 

strong support for our speculation. 

To evaluate our hypothesis about the role of the EPH/EFN family in human hypertension, our lab 

has conducted some human genetic studies on the molecules involved in the EPH/EFN signaling 

pathway.  We analyzed single nucleotide polymorphisms (SNP) in the EPHB6 gene and its main 

relevant ligands, EFNB1 and EFNB3, genes in 4,480 Han Chinese males with hypogonadism (Wu 

et al., 2018). Three SNPs in the 5` upstream of the EFNB3 gene were detected to be significantly 

associated with hypertension in this cohort, whereas no meaningful discovery in the EFNB1 and 

EPHB6 SNPs. We assumed these three EFNB3 SNPs found in hypogonadal males were lose-of-

function mutations so that in aged men with low testosterone levels, the occurrence of 

hypertension would associate with the lose-of-EFNB3-function caused by these SNPs. This finding 

was consistent with the evidence in our animal experiment that castrated EFNB3 KO mice had 
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higher blood pressure than their WT counterparts and also supported our explanation about the 

association of the EFNB3 mutant to hypertension in the population of the ADVANCE study (Wang 

et al., 2016c;Tremblay et al., 2017).  

The catecholamine synthesis and release in AGCCs are majorly triggered by the activation of the 

nicotinic ACh receptor (nAChR). nAChR is a ligand-gated ion channel made up of five subunits, 

who have five different types (α, β, δ, ε, and γ), and the composition varies according to the 

species and cell type. The α3 (CHRNA3) and β4 (CHRNB4) subunits are most abundant in the 

mouse AGCCs, while they are also expressed and function in human AGCCs (Mousavi et al., 

2001;Wu et al., 2010b). The function of nAChR can be modulated by many proteins interacting 

with it, including SFKs, Abl kinases, Calnexin, and others. (Jones et al., 2010). EPHB6 may also 

interact with nAChR and incorporate it into the EPHB6 reverse signaling on catecholamine 

production regulation in AGCCs. Indeed, the physical interaction between EPHB6 and nAChR 

subunit CHRNA3 in mouse AGCCs was revealed by three different methods (co-

immunoprecipitation, colocalization, and FRET) (Wu et al., 2020). We further tried to explore 

whether such interaction regulated nAChR activity. We hypothesized that the compromised 

EPHB6 signaling might suppress the initial currents through nAChR upon neurotransmitter 

stimulation, leading to the reduced catecholamine synthesis and secretion in male EPHB6 KO 

AGCCs. Due to technical difficulties, we failed to detect a clear nAChR current when patching 

primary AGCCs. However, if our hypothesis was valid, the nAChR should be one of the molecules 

involved in the EPHB6 signaling pathway on blood pressure regulation. Thus, we analyzed SNPs 

in the major nAChR subunit CHRNA3 in 4,480 Han Chinese males with hypogonadism and found 

one SNP (rs3743706) within CHRNA3 was significantly related to hypertension risks in this cohort 

(Wu et al., 2020). This SNP was in the fourth intron of CHRNA3. It could be part of a cis-regulatory 

sequence. Enhancers could exist in introns. For example, the expression of the human growth 

hormone gene is directly regulated by a functional SNP buried deep within intron 4 (Millar et al., 

2010). An SNP rs1635852 in JAZF1 intron 1 forms a cis-regulatory complex with other functional 

elements to regulate the transcription of JAZF1 in insulinoma cells (Fogarty et al., 2013). 

Alternatively, this SNP might be in linkage disequilibrium (LD) with other functional SNPs. The 

exact action mechanism is worth further studying. If this SNP indeed has a loss-of-function role 
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for CHRNA3, the mutation will impair the function of EPHB6 signaling in AGCCs, and reduce the 

catecholamine secretion from AGCCs when sufficient androgen is present. The reduced 

catecholamine level is considered a protective factor against hypertension. Once the androgen 

level is significantly reduced in the hypogonadal males, catecholamines will return to a normal 

level and thus lose the protective effect. In this case, the enhanced vasoconstriction due to 

compromised EPHB6 signaling in VSMCs by any defect of EPHB6 signaling molecules will raise the 

blood pressure and subsequently leads to hypertension in the hypogonadal male patients.  

Although no EPHB6 SNP was significantly associated with hypertension in our genetic study of the 

hypogonadal patients, we did find significant hypertension association of SNPs of several 

molecules (e.g., SNPs in EFNB3, GRIP1, and CHRNA3) in the EPHB6 signaling pathway.  There could 

be several reasons that no significant EPHB6 SNPs were detected in our patient genetic study. 

First, it could be due to insufficient sample size. Secondly, it could be due to the test group's 

genetic background, as we only examined Han Chinese patients. Thirdly, it is entirely possible that 

in humans, the responsible genetic defect lies with other EPHB6 signaling molecules, some of 

which we discovered and reported (Wang et al., 2016b; Tremblay et al., 2017), but not with EPHB6 

per se.  

With the increase of population aging, hypertension and its related cardiovascular adverse events 

have increasingly become a major challenge endangering the quality of human life. The extensive 

global research on the pathogenesis of hypertension allows us to understand it more deeply and 

comprehensively. Our research suggests that low testosterone levels may lead to hypertension in 

males with the variants of EPHB6 signaling molecules.   

Although there are many powerful anti-hypertensive drugs in the market currently, including 

diuretics, beta-blockers, alpha-blockers, ACE inhibitors, angiotensin II receptor blockers, calcium 

channel blockers, et al., they mostly regulate the symptoms of elevated blood pressure rather 

than treat specific causes. Our research indicates that testosterone replacement therapy (TRT) 

may be a good personalized treatment for the root cause of hypertension for patients whose 

hypertension is caused by compromised EPHB6 signaling and hypogonadism. In addition, TRT in 
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hypogonadal men can also bring other benefits to improve other symptoms besides lowering 

blood pressure.  

There are still some controversies about the benefits and adverse effects of TRT. The biggest 

concern about TRT is testosterone treatment may promote prostate cancer growth. This concept 

stems from the research of two Nobel Prize winners, Huggins and Hodges, in the 1940s. They 

found the incidence of prostate cancer is related to androgen activity since androgen elimination 

could restrain the progression of metastatic prostate cancer, while injection of androgen 

promotes the progression of prostate cancer (Huggins and Hodges, 2002;Morgentaler and Traish, 

2009). In the following years, surgical castration or androgen deprivation therapy has shown 

significant effects on the reduction of PSA, which is a very sensitive indicator of prostate cancer, 

and on the treatment of prostate cancer.  

However, since the late 1990s, more and more retrospective or prospective studies have shown 

that there was no clear relationship between the serum testosterone levels and PSA level, 

prostate size, or risk of developing prostate cancer in normal men (Monath et al., 1995; Bhasin et 

al., 1996; Cooper et al., 1998). These two seemingly opposite views are well explained by a 

saturation model, which states that the growth of prostate cancer has a testosterone-dependent 

phase at low testosterone levels but becomes insensitive to variation of testosterone 

concentration at higher levels. This is because the maximal androgen-AR binding has been 

achieved in the prostate at a very low testosterone concentration, much lower than its 

physiological concentration (Morgentaler and Traish, 2009). Wright et al. revealed that the serum 

testosterone concentration of the half-maximal androgen-AR binding in rat prostate is about 36 

ng/dl, which is near the range of that in the castrated animals (Wright et al., 1999). This 

testosterone level corresponds to about 50 ng/dl in humans, while the physiological 

concentration range of human serum testosterone is 300–1000 ng/dl. This saturation model 

negates the previous cognition of the absolute adverse effect of testosterone on prostate cancer 

and has been further continuously proved by mountains of human studies. The TRT for 

hypogonadal patients induces a very short increase or no increase of PSA levels, but has no 

association with any increase in prostate cancer risks compared to the patients without TRT (Guay 

et al., 2000;Endogenous et al., 2008;McLaren et al., 2008;Coward et al., 2009;Debruyne et al., 
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2017). The safety of TRT in hypogonadal patients is proved in the patients with untreated prostate 

cancer or with definitive prostate cancer treatment (Agarwal and Oefelein, 2005;Pastuszak et al., 

2013;San Francisco et al., 2014;Kacker et al., 2016). Thus, the risk of TRT on prostate cancer 

growth in the subpopulation of hypogonadal males with hypertension is manageable by  

monitoring the testosterone level, PSA level, and prostate cancer grade before or during the 

application. 

In addition to the risk of promoting prostate cancer growth, the cardiovascular risk of TRT is also 

controversial. Many cohort studies reveal increased risks of cardiovascular diseases in the older 

men with low plasma testosterone levels (Yeap et al., 2009; Haring et al., 2010;Soisson et al., 

2013), and the treatment of testosterone in these cohorts showed a beneficial effect on reducing 

the cardiovascular risks and adverse consequences (Shores et al., 2012;Muraleedharan et al., 

2013; Traish et al., 2017). However, an increased number of cardiovascular events, such as 

myocardial infarction and stroke after the TRT, was also reported in some retrospective studies, 

which prompted FDA to issue a safety warning to the TRT in 2014 (Vigen et al., 2013; Finkle et al., 

2014). Nevertheless, more subsequent retrospective studies and randomized controlled trials 

support the benefit and safety of the TPT in men with hypogonadism (Basaria et al., 2015; Maggi 

et al., 2016; Snyder et al., 2016; Budoff et al., 2017). Lately, Farid Saad reported long-term 

testosterone therapy in hypogonadal men significantly reduces elevated blood pressure and 

improves mortality due to major adverse cardiovascular events compared to the hypogonadal 

men without testosterone treatment (5.4% vs. 19.5%), according to an 11-year controlled registry 

study of hypogonadal men (Saad et al., 2020). The American College of Physicians provided the 

newest clinical guideline for testosterone treatment in aged men with hypogonadism in 2020. 

They reported that testosterone treatment in this subpopulation did not increase the risk of death, 

cardiovascular events, prostate cancer, or pulmonary embolism, according to 20 randomized 

controlled trials with an average follow-up time of  0.73 to 10.3 years (Qaseem et al., 2020). A 

large randomized controlled trial to evaluate the impact of TRT on the incidence of major adverse 

cardiovascular events in men with hypogonadism and the measurement of its efficacy (TRAVERSE) 

has been ongoing since 2018 in the US, which will provide much stronger and clearer evidence 

for the safety of TPT in cardiovascular risk (Gagliano-Juca and Basaria, 2019). Before reaching a 
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certain result, the clinicians are suggested to have a full discussion of the potential benefits and 

harms of TPT with their patients before the treatment. 

 

Academic contribution and future research directions 

This research reveals the previously unknown function of the EPH/EFN family on blood pressure 

regulation, especially on the regulation and mechanisms of CAT secretion by AGCCs. The blood 

pressure-related phenotype found in EPHB6 KO mice and the human genetic studies about the 

EPHB6 signaling molecules provides a novel explanation for the pathogenesis of hypertension in 

some men with hypogonadism. We propose that testosterone replacement therapy could be a 

causal treatment for hypertension in this particular subpopulation in the era of personalized 

medicine. In the future, we need to verify the effect of the EPHB6 signaling on the nAChR, BK 

channel, and androgen receptor. We have detected several SNPs in the molecules involved in the 

EPHB6 signaling pathway in human genetic studies. The function validation of these SNPs is a 

crucial task to establish whether the variants are simply non-functional polymorphisms or truly 

functional mutations.  
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