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The erythropoietin-producing human hepatocellular recep-
tor 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 cate-
cholamine secretion by AGCCs is compromised in the absence
of EPHB6. AGCCs from male knockout (KO) mice displayed
reduced cortical F-actin disassembly, accompanied by de-
creased catecholamine secretion through exocytosis. This phe-
notype was not observed in AGCCs from female KO mice, sug-
gesting that testosterone, but not estrogen, contributes to this
phenotype. Of note, reverse signaling from EPHB6 to ephrin B1
(EFNB1) and a 7-amino acid-long segment in the EFNB1 intra-
cellular tail were essential for the regulation of catecholamine
secretion. Further downstream, the Ras homolog family mem-
ber 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.

Erythropoietin-producing human hepatocellular receptors
(EPH) are the largest family of receptor tyrosine kinases. Their
ligands are ephrins (EFN), which are also cell membrane mole-
cules (1). 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 mem-
brane. EFNAs attach to the cell membrane by a glycosylphos-
phatidylinositol 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 EFPBs with EFNBs (2). 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 pathophysiology in almost all the
systems in our bodies. Their functions were first reported in
the nervous system (2, 3). Subsequently, EPHs and EFNs were
found to be essential in intestinal epithelial cell maturation (4),
bone metabolism (5), angiogenesis (6), immune responses (7),
insulin secretion (8), kidney glomerular filtration (9), che-
motaxis (10), and homeostasis of vestibular endolymph fluid in
the inner ear (11), etc.

Our recent work revealed that EPHs/EFNs are critical in con-
trolling blood pressure, according to mouse models and human
genetic studies (12–21). The target tissues of such EPHs/EFN
functions are vascular smooth muscles and adrenal gland chro-
maffin cells (AGCCs). In male but not female EPHB6 gene
knockout (KO) mice, their 24-h urine catecholamine (CAT)
levels are reduced, but castration reverts the levels to a normal
range (12). 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 (19).

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 (22, 23).
Accordingly, AGCCs from male EPHB6 KO mice have a lower
CAT content, caused by a reduced level of tyrosine hydroxylase
(24), the rate-limiting enzyme of CAT synthesis. In this study,
we assessed whether EPHB6 KO affected CAT exocytosis and
studied underlying mechanisms.

Results

Reduced CAT exocytosis in male KO AGCCs

Our previous study has shown a reduction of 24-h 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 wildtype (WT) mice are shown in Fig. 1A. Compared with
WT counterparts, KO AGCCs from male mice presented a sig-
nificantly reduced spike number per cell within the first 2 s of
ACh stimulation (Fig. 1B) and within 60 s (Fig. 1C). The maxi-
mal spike height (Imax, Fig. 1D) and charge per peak (Q, Fig. 1E)
of the KO AGCCs were also reduced, although the spike width
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at half-height (T1⁄2, 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 with 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 (Fig. S1).

Compromised cortical filamentous actin (F-actin) network
disassembly in KO AGCCs upon ACh 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 s after nicotine
stimulation) are shown in Fig. 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 s
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 disassem-
bled 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-im-
permeable BSA-conjugated testosterone, their F-actin disas-
sembly was compromised (Fig. 2E). BSA-conjugated testoster-
one 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 a 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 nongenomic effect of testosterone, whereas the absence of
estrogen does not play a role in this matter. Furthermore, such
F-actin disassembly appears functionally associated with CAT
secretion.

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 (25). In the adrenal
gland medullae, there are two types of chromaffin cells contain-
ing either epinephrine (EPI) or norepinephrine (NE) (26). They
secret EPI or NE, respectively (27). tsAM5NE cells are NE-se-
creting AGCCs (25); their NE secretion was used as a readout.

As shown in Fig. 3A, solid-phase EPHB6 significantly aug-
mented ACh-triggered NE release by AGCCs, whereas solid-
phase anti-EPHB6 Ab had no such effect. Their respective pro-
teins control 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 exo-
cytosis in AGCCs.

To identify which EFNB was mediating such reverse signal-
ing, 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 signal-
ing depends on the association of other signaling molecules
with their short intracellular sequences. In the intracellular
sequence of EFNB1, there are 5 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 overexpres-
sion of different EFNB1 mutants was titrated to a similar level
according to flow cytometry (Fig. S2). The method of flow
cytometry was described in the supplementary methods in sup-
plementary Information. tsAM5NE cells overexpressing the
full-length EFNB1 increased NE secretion significantly, com-

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 percentile (upper whisker), 5th percentile (lower whisker), and outliners (dots beyond the 95th and 5th percentiles) 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-s (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 (T1⁄2) (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 remaining
panels were calculated according to all events that occurred in all the cells tested during the 60-s recording period.
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pared with 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 with 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 overexpressed
EFNB1 over the endogenous EFNB1 on the tsMA5NE cell
surface. EFNB1-�2Y (the deletion of the last 16 aa of the C
terminus including the PDZ-binding domain and two tyrosine
residues, Tyr-342 and Tyr-343) was equally potent as the full-
length EFNB1. The further deletion of 7 aa, including tyrosine
residues Tyr-323 and Tyr-328 (EFNB1-�4Y), significantly
reduced the potency of the mutant to stimulate NE secretion.
The additional deletion of 11 aa containing the remaining tyro-
sine residues Tyr-312 and Tyr-316 (EFNB1-�6Y) 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 328, con-
taining Tyr-323 and Tyr-328.

It has been established that EFNB1 reverse signaling depends
on several RHO family G-proteins (13, 28–30). We found that
RHOA activity after nicotine stimulation in AGCCs from male
KO was increased compared with their WT counterparts (Fig.
3E). This is compatible with prior knowledge that heightened
RHOA activity increases actin polymerization (31) and hence
reduces overall F-actin disassembly as a result. When AGCCs
from male WT mice were treated with RHOA inhibitor Rhosin,
no effect on F-actin disassembly was observed (Fig. 3F). How-
ever, such inhibition reverted the decreased F-actin disassem-
bly in the KO cells to a level similar to that of the WT counter-
parts (Fig. 3F). This result indicated that the increased RHOA
activity in the KO AGCCs contributed to the diminished F-ac-
tin disassembly.

The FYN/c-ABL/MICAL-1 pathway conducted signaling from
EPHB6 to F-actin disassembly

FYN was previously reported to interact with EFNB1 (32)
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 Tyr-420 phosphorylation)

within 5–10 min of nicotine stimulation in AGCCs of WT male
mice (Fig. 4A). Such phosphorylation was compromised in the
KO AGCCs, whereas the total FYN protein remained
unchanged (Fig. 4A). The tyrosine kinase c-ABL is a substrate of
FYN kinase (33). Its phosphorylation, which is needed for its
activation (33), was diminished, as expected, in AGCCs from
male KO mice (Fig. 4B). In this experiment, total phosphopro-
tein was immunoprecipitated, followed by anti-c-ABL Ab blot-
ting. We previously demonstrated that the phosphorylation of
ELK1 was not influenced by EPHB6 KO in AGCCs (24). Fig. 4B
showed that ELK1 phosphorylation was similar in all the pre-
cipitated samples and was used as a loading and immunopre-
cipitation efficiency control. Furthermore, 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 (34) and is an
F-actin-monooxygenase, which oxidizes methionine residues
of actin (35). It is essential in promoting the depolymerization
of F-actin (35), and its phosphorylation is necessary for its activ-
ity (34). Although total MICAL-1 protein levels in WT and KO
AGCCs were similar in resting and 10-min nicotine-stimulated
cells (Fig. 5A), MICAL-1 phosphorylation was significantly
increased in stimulated male WT AGCCs (Fig. 5B). This aug-
mentation was compromised in the KO AGCCs (Fig. 5B). FYN
inhibitor PP2 suppressed the up-regulation of nicotine-stimu-
lated 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-regula-
tion upon nicotine stimulation was compromised (Fig. 5C). On
the other hand, imatinib had no such effect on KO counter-
parts, 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.

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

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 h and then stimulated with nicotine (50 �M) for 0, 20, 40, or 60 s. 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 a paired two-way test, mean � S.E. 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-s 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) AGCCs. AGCCs were treated with cell membrane-impermeable BSA-conjugated testosterone (1.1 �g/ml) or vehicle for 15
min 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 17�-estradiol (100 pg/ml) or vehicle for 15 min 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 h and then treated with
BSA-conjugated testosterone (1.1 �g/ml) or BSA in Hank’s buffer at 37 °C for 15 min, and stimulated with 5 mM ACh for 1 min at room temperature. NE in the
supernatants was measured and normalized to baseline NE secretion by female WT AGCCs without testosterone pretreatment or ACh stimulation. Normalized
fold-changes (mean � S.D.) 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 Table S1.
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of EPHB6, and were relevant to the reduced F-actin disassembly
seen in the make 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 nec-
essary for EPHB6’s effect on CAT secretion.

In our amperometric experiments, CAT vesicles released
within 2 and 60 s after ACh stimulation were recorded. A
reduced number of spikes during the first 2 s in KO AGCCs
were found (Fig. 1C). Such reduction reflects reduced immedi-
ately-released CAT. This could be caused by the Ca2� influx
decrease in these cells, as we reported previously (19), 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, sug-
gesting 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
(24).

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 (36). PSFs per cell, PSF 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 parame-
ters concerning CAT exocytosis remained to be elucidated.

The cortical F-actin network in resting AGCCs forms a con-
tinuous net but is disassembled within seconds after ACh-trig-
gered 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
(37). 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 pre-
venting the vesicles in the reserve pool to move to IRV pool
outweights its role in the fusion of vesicles to the cell mem-
brane, 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 prevent-
ing 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-h urine CAT levels (12).

EPHB6 can trigger signals into cells in two ways. The first is
forward signaling from its ligand EFNs in neighboring cells to
EPHB6 on the target cells, occurring through an intracellular
sequence of EPHB6. Second is 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 stimulations 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 crit-
ical features of the intracellular domain of EFNB1 (i.e. C-termi-
nal PDZ-binding motif and 5 tyrosine residues potentially asso-
ciating with SH domain-containing signaling molecules), our
results showed that a 7-aa sequence between residues 322 and
328, which contains Tyr-323 and Tyr-328, was critical for CAT
release. This region was previously shown to be essential to
mediate T cell chemotaxis toward chemokine CXCL12 (38).
For different cell types and in responses to various stimuli, dif-
ferent regions of the EFNB1 intracellular domain are impli-
cated, leading to different biological outcomes. For example, in
T cells, the 11-aa segment between residues 311 and 321 har-
boring Tyr-312 and Tyr-316 is indispensable for T cell che-
motaxis to chemokine CCL21 (39); the 16-aa sequence contain-

Figure 3. EPHB6 to EFNB1 reverse signaling modulated NE secretion by AGCCs. 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 h, as indicated. The culture medium was replaced with Hank’s
buffer, and after 15 min, cells were stimulated with 5 mM ACh. One min later, supernatants were harvested for NE measurements. The baseline NE secretion by
tsAM5NE cells cultured in uncoated wells without ACh stimulation was considered as 1-fold. The normalized fold-changes (mean � S.D.) 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 of EFNB1 protein and its deletion mutants. D, identification of the critical
intracellular sequence of EFNB1 in mediating 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 h and then stimulated with ACh for 1 min. 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 min. The activated
RHOA level in the adrenal medullae was measured by G-LISA. The RHOA activity of WT medulla at 0 min was considered as one-fold for normalization. The
results of four independent experiments were normalized, and the fold-changes (mean � S.D.) 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 1 day and then treated with
Rhosin (30 �M) or DMSO in Opti-MEMTM Reduced Serum Media for 4 h at 37 °C. Cells were stimulated 40 s with nicotine (50 �M), and their cortical F-actin
disassembly was assessed by confocal microscopy. The percentages (mean � S.D.) 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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ing Tyr-342 and Tyr-343 negatively regulates T cell chemotaxis
to CXCL12; the 16-aa stretch from residues 331 to 345 is essen-
tial for RHOA activation and metalloproteinase secretion in
gastric cancer cells (40). 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 Fig. 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 cor-
tical F-actin network in AGCCs (41–43) and inhibits AGCC

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 min at 37 °C. The phosphorylated FYN, total FYN phosphorylated c-ABL, total ABL, and �-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 �-actin (bottom panel) were shown. The densitometry signal ratios of
phosphor-FYN versus FYN, and the ratio of total FYN versus �-actin of WT medullae at 0 min was used to normalize the data from 3 independent experiments.
The normalized fold-changes (mean � S.D.) 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-min nicotine stimulation were immunoprecipitated with
anti-phosphoprotein 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 �-actin (C). The densitometry signal ratios of phospho-c-ABL versus phospho-ELK, and total c-ABL versus
�-actin of WT medullae at 0 min were used to normalize the data from four independent experiments. The normalized fold-changes (mean � S.D.) were
presented on the right. The significant p values are indicated (2-way paired Student’s t test).
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CAT secretion (31). Currently, the intermediate molecule link-
ing 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 or a guanine
nucleotide dissociating inhibitor (44). Alternatively, it might be
an adaptor protein binding to RHOA regulators (40). Several
pathways can lead to RHOA’s activity to actin polymerization
(45). We investigated one of them and found that the RHOA/
ROCK/LIMK/COFILIN/F-actin pathway was not implicated
(data not shown). We cannot exclude the possibility that the
effect of EPHB6/EFNB1 reverse signaling on regulating RHOA
activity is via the initially reduced Ca2� influx (19). 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 (46, 47), as illustrated in Fig. 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 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

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 h, and then stimulated with
nicotine (20 �M) for 10 min. Their lysates were immunoprecipitated with anti-phosphoprotein Ab 4G10 and blotted with anti-MICAL-1 and ELK1 Abs. The
densitometry signal ratios of total MICAL-1 versus �-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 (mean �
S.D.) 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 a stripping process between these different immunoblottings. The same �-actin immunoblotting was used as loading controls
for both Fig. 4C and panel A.
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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 h, and then cultured in the presence of PP2 (10 �M) (A) for 1 h or imatinib (20 �M) (B) for 2 h at 37 °C. The cells were stimulated with
nicotine (50 �M) for 40 s, and their cortical F-actin disassembly was determined according to confocal microscopy. The percentages (mean � S.D.) of cells
with F-actin disassembly from three independent experiments are presented. The significant p values are indicated (2-way paired Student’s t test).

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 (74), subsequently amplified by voltage-gated calcium channels (VGCC). The
depolarization and the increased Ca2� concentration causes the opening of the BK, which repolarizes the cells and shuts down VGCC (75, 76). The
nongenomic effect of testosterone positively regulates BK opening, whereas EPHB6 to EFNB1 reverse signaling negatively impacts on such an effect of
testosterone (24, 77). Increased Ca2� levels activate CaMKII (78), leading to activation of many downstream signaling events that enhance both CAT
biogenesis (79) and exocytosis (this study). The FYN/c-ABL/MICAL-1 pathway that promotes F-actin depolymerization is downstream of and positively
regulated by CaMKII (33–35, 80). The RHOA/ROCK/Ezrin pathway, which promotes F-actin stabilization, is also positively regulated by CaMKII (46, 47).
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 (49) and ROCK/LIMK/Cofilin (50) pathways are known to
be downstream of RHOA, although the latter is not activated in ACh-stimulated AGCCs (data not shown). F-actin depolymerization is not only essential
in moving the slow-release CAT-containing vesicles to the docking position (51) 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, whereas 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.
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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 (45), 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
(48). 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 (19).
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 nor-
mal circumstances, the balance is in favor of F-actin disassem-
bly. 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. On the other
hand, it might have a direct default negative effect on RHOA
activation, which promotes F-actin stabilization typically.
ROCK/Ezrin (49) and ROCK/LIMK/Cofilin (50) pathways are
known to be downstream of RHOA, although the latter is not
activated in ACh-stimulated AGCCs (data not shown). F-actin
depolymerization is not only essential in moving the slow-re-
lease CAT-containing vesicles to the docking position (51) but
is also critical for optimal vesicular fusion and sewage of CAT
content from the vesicles in the IRV pool during rapid exocy-
tosis. 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, whereas 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 (19). The difference in the Ca2� influx between
male and female KO AGCCs was due to the absence of testos-
terone but not the presence of estrogen in females (19). 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 Fig. 7 by faint dotted lines between EFNB1 and
FYN, and between EFNB1 and RHOA. We could induce a max-
imal Ca2� influx in AGCCs by ionomycin. If under such a cir-
cumstance, the activation of the FYN and/or RHOA pathways

is still different in the WT and KO AGCCs, then we could con-
clude 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 s 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 (52). Of course, the disas-
sembly is also essential in mobilizing the vesicles from the
reserve pool for chronic CAT secretion (51), which is probably
more relevant to hypertension caused by chronic stress and
chronic sterile inflammation (53–55). In our study, the FYN/c-
ABL/MICAL-1 pathway activation was demonstrated to occur
5–10 min after nicotine stimulation. Such slow kinetics is prob-
ably 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 effec-
tively suppressed F-actin disassembly in 20 s after nicotine
stimulation (Fig. 6, A and B), proving 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 nic-
otine stimulation.

The major sources of blood EPI and NE are AGCCs and the
nervous system, respectively, whereas the blood dopamine level
is very low. Blood pressure increase during acute stress is asso-
ciated with EPI released from AGCCs. There are different opin-
ions regarding whether the blood EPI level is associated with
blood pressure under nonstress conditions. Early publications
showed that ambient EPI levels are associated with blood pres-
sure in humans and animals (56 –61). In recent years, chronic
stress (53, 54) and systemic sterile low-level chronic inflamma-
tion are found to be significant contributing factors of primary
hypertension (55). These conditions are associated with ele-
vated blood NE levels derived from the nervous system, but
increased EPI levels from AGCCs are also often observed (62–
67). In a mouse model, augmented catecholamine release from
AGCCs caused by TRPM4 deletion has been shown to cause
hypertension (68). 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 nor-
mal level.

Based on our previous and current findings along with exist-
ing 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
(24) 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 testoster-
one, 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 mus-
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cle cells (12), 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 remains
normal. However, if patients with EPHB6 loss-of-function
mutations or defective EPHB6-EFNB1 reverse signaling be-
come 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/mu-
tation, 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.

Experimental procedures

Ephb6 gene KO mice

Ephb6 KO mice were generated in our laboratory, as
described previously (69). 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 3
weeks after the surgery.

Primary AGCC culture for amperometry recording

Mouse AGCCs were isolated, as described earlier (70), 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 5 units of papain
activated in Dulbecco’s modified Eagle’s medium (DMEM)
containing 0.2 mg/ml of L-cysteine, 1 mM CaCl2, 0.5 mM EDTA,
0.0067 mM �-mercaptoethanol (200 ml for 2 medullae) at 37 °C
for 20 min. Papain digestion was stopped with 100 �l of an
inactivating solution DMEM, 10% deactivated fetal calf serum
(FCS), 1.25 mg/ml of albumin, 1.25 mg/ml of trypsin-inhibitor)
and incubated for 5 min at 37 °C. The digested medullae were
triturated by pipetting in 300 �l of complete culture medium
(DMEM, 1/500 primocin, 1/100 ITSX). Cells were seeded in
collagen-coated glass coverslips, complete culture medium was
added 1 h later. Cells were maintained at 37 °C, 5% CO2 for
24 – 48 h before amperometry recording.

Amperometry

Chromaffin cells from Ephb6 WT and KO mice were washed
with Locke’s solution and processed for CAT release measure-
ments by amperometry, which was conducted at room temper-
ature. A carbon fiber electrode of 5-�m diameter (ALA Scien-
tific, New York) 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 �M nicotine in Locke’s solution from a
micropipette positioned at 10 �m from the cell and recorded
over 60 s. Amperometric recordings were performed with an
AMU130 amplifier (Radiometer Analytical, Loveland, CO),
sampled at 5 kHz, and digitally low-pass filtered at 1 kHz. The
analysis of amperometric recordings was carried out as previ-
ously described (71) with Macro software (obtained from the
laboratory of Dr. R. Borges) written for Igor Software (Wavem-
etrics, Portland, OR), allowing automatic spike detection and

extraction of spike parameters. The number of amperometric
spikes with an amplitude �5 pA within 60 s after ACh stimu-
lation was registered. The spike parameter analysis was
restricted to these spikes with amplitudes of �5 pA. The quan-
tal size of individual spikes was measured by calculating the
spike area above the baseline (72). 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 s were excluded
from the analysis, and so were spikes that partially overlapped
with another spike. The number of spikes and PSFs were aver-
aged per cell for 2 or 60 s after ACh stimulation. All the other
amperometric parameters were calculated according to all the
events in all the cells tested during the 60-s recording period.

Primary AGCC culture for biochemical and confocal
microscopic analyses

Mouse AGCCs were isolated, as described by Kolski-And-
reaco et al. (73), 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 �l of Hank’s buffer
containing 4 units of activated papain) at 37 °C for 25 min. The
digested medullae were washed twice with Hank’s buffer and
triturated by pipetting in 300 �l of 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% FCS for culture.

Confocal microscopy of F-actin

AGCCs were cultured in 6-well-plates with coverglass placed
at the bottom of the wells. After 1 day, the cells were washed
once with pre-warmed PBS and stimulated with nicotine (50
�m) for 0, 20, 40, and 60 s. The cells were then washed once
with PBS and fixed with paraformaldehyde (4%) in PBS for 10
min at room temperature. They were permeabilized with 0.1%
Triton X-100 in PBS for 3 min. The cells were labeled with
rhodamine-conjugated phalloidin (1 unit/ml; R415, Thermo-
Fisher Scientific, Burlington, Ontario, Canada) at room tem-
perature for 20 min 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, NJ). 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, num-
ber 354430) in DMEM containing 15% FCS and G5 supple-
ment (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 Biotechno-
logy, Mississauga, Ontario, Canada), recombinant EPHB6-Fc
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(E9777, Sigma-Aldrich), or normal human IgG (0150-01,
Southern Biotech, Birmingham, AL) (2 �g/ml during overnight
coating at 4 °C) for 24 h. 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 h. Nicotine (20 �M) was used to stimulate
the adrenal medulla for 2.5 min, which was determined as the
peak activation time according to pilot studies. Proteins were
extracted from the tissues on ice for 5 min in G-LISA’s cell lysis
buffers containing protease inhibitor cocktails (Cytoskeleton,
Inc., Denver, CO; 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 �g/sample)
were 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 h. The cells were
washed once by pre-warmed Hank’s buffer and placed in
Hank’s buffer at 37 °C for 15 min. Then these cells were stimu-
lated with 5 mM ACh chloride (A2661, Sigma-Aldrich) in
Hank’s buffer for 1 min. NE levels in the supernatants were
measured with the NE Research ELISA kit (BA E-5200, Rocky
Mountain Diagnostics, Colorado Springs, CO) 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 with 15% FCS for 16 h at 37 °C.
These cells were treated with BSA-conjugated testosterone
(1.1 �g/ml, testosterone-3-(O-carboxymethyl)-oxime-BSA;
Aviva Systems Biology, San Diego, CA) or BSA in Hank’s
buffer at 37 °C for 15 min after washing once by pre-warmed
Hank’s buffer. The cells were then stimulated with ACh (5
mM) for 1 min. 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 (38). 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 h later and concentrated by ultra-
centrifugation. tsAM5NE cells (1.2 � 105 cells/well in 24-well-
plates) were transfected with lentiviruses in the presence of 10
�g/ml of Polybrene (sc-134220, Santa Cruz Biotechnology)
immediately after passage. After 72 h, the transfected cells were
re-plated (1.2 � 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 h
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 °C for 2 h. They were stimulated with nicotine (20 �m) for 5
or 10 min at 37 °C 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/sample was resolved on 7.5%
SDS-PAGE and transferred to polyvinylidene difluoride mem-
branes (Invitrogen). In some experiments, the lysates were pre-
cleared with protein G magnetic beads (1614023, Bio-Rad Lab-
oratories), and then precipitated with anti-phosphotyrosine Ab
4G10 (05321, Sigma) plus protein G magnetic beads at 4 °C
overnight with gentle rotation. The precipitated proteins were
resolved in 7.5% SDS-PAGE and transferred to polyvinylidene
difluoride 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, Bio-
legend, San Diego, CA), rabbit anti-c-ABL Ab (2862, Cell Sig-
naling Technology, Danvers, MA), 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’ rec-
ommended dilutions. Signals were visualized by SuperSignal
West Pico Chemiluminescent Substrate (ThermoFisher
Scientific).
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