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Endothelin-1 (ET-1) is a neuroactive peptide produced by
neurons, reactive astrocytes, and endothelial cells in the brain.
Elevated levels of ET-1 have been detected in the post-mortem
brains of individuals with Alzheimer’s disease (AD). We have
previously demonstrated that overexpression of astrocytic ET-1
exacerbates memory deficits in aged mice or in APPK670/M671

mutant mice. However, the effects of ET-1 on neuronal dysfunc-
tion remain elusive. ET-1 has been reported to mediate super-
oxide formation in the vascular system via NADPH oxidase
(NOX) and to regulate the actin cytoskeleton of cancer cell lines
via the cofilin pathway. Interestingly, oxidative stress and cofilin
activation were both reported to mediate one of the AD histo-
pathologies, cofilin rod formation in neurons. This raises the
possibility that ET-1 mediates neurodegeneration via oxidative
stress– or cofilin activation– driven cofilin rod formation. Here,
we demonstrate that exposure to 100 nM ET-1 or to a selective
ET type B receptor (ETB) agonist (IRL1620) induces cofilin rod
formation in dendrites of primary hippocampal neurons,
accompanied by a loss of distal dendrites and a reduction in
dendritic length. The 100 nM IRL1620 exposure induced super-
oxide formation and cofilin activation, which were abolished by
pretreatment with a NOX inhibitor (5 �M VAS2870). Moreover,
IRL1620-induced cofilin rod formation was partially abolished
by pretreatment with a calcineurin inhibitor (100 nM FK506),
which suppressed cofilin activation. In conclusion, our findings
suggest a role for ETB in neurodegeneration by promoting cofi-
lin rod formation and dendritic loss via NOX-driven superoxide
formation and cofilin activation.

Increased expression levels of ET-13 have been detected in
the frontal, temporal, and occipital lobes of the post-mortem
brains of AD patients, when compared with age-match con-
trols, with a more significant impact noted in the neurons, reac-
tive astrocytes, and cerebral vessel walls (1–3). In vitro studies
showed that �-amyloid (A�)-treated neuroblastoma cell line
and reactive astrocytes exhibited highly increased ET-1 expres-
sion and secretion (2, 4). Astrocyte reactivity was detected in
the brains of AD patients and AD transgenic mice, 3xTg-AD or
APP[V717I] mice (3, 5–7). These studies have supported an
up-regulation of ET-1 level in AD brain. Our team previously
found that overexpression of astrocytic ET-1 induced early
onset of memory deficit and exacerbated the performance
decline in the 18-month-old APPK670/M671 mutant mice using
the Morris water maze test.4 The same study also demonstrated
that overexpression of astrocytic ET-1 impaired the perfor-
mance of the aged 18-month-old mice in the spatial reference
memory task. These findings suggested that increased ET-1
level in the brain could mediate neurodegeneration in AD or
during aging. Although it is known that neurons express two
subtypes of ET-1 receptor, type A (ETA) and type B (ETB) (8),
the effects of ET-1 on mediating dysfunction of mature neurons
are still poorly known.

ET-1 has been reported to regulate oxidative stress produc-
tion and actin cytoskeleton. ETA and ETB mediate superoxide
production in the vascular tissues of hypertensive mice and a
human umbilical vein endothelial cell line, respectively, via
NOX (9, 10). In contrast, ET-1 modulates migration and mor-
phological changes of a protoplasmic astrocyte cell line, pri-
mary polymorphonuclear leukocytes, a podocyte cell line, and
cancer cell lines by regulating actin cytoskeleton (11–14). Pre-
vious studies suggested that ET-1 might regulate actin polymer-
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ization by modulating the activity level of cofilin via Rho-asso-
ciated protein kinase/LIM domain kinase (LIMK) pathway in
an ovarian cancer cell line (14). Interestingly, both oxidative
stress and cofilin dysregulation were proposed to induce
cofilin rod formation in neurons; this is one of the histo-
pathologies observed in the post-mortem brains of AD
patients (15–17). Cofilin rod formation was also observed in
A�-treated primary neurons and ex vivo hippocampal slices
(18). In vitro studies have shown that cofilin rod formation
blocked intracellular trafficking and induced loss of synapses
in distal neurites (16). In short, these results raised the
hypothesis that ET-1 might mediate neuropathology via
cofilin rod formation, which could be induced by NOX-me-
diated oxidative stress or cofilin dysregulation. Here, we
demonstrate a novel neurodegenerative role of ETB in medi-
ating cofilin rod formation and loss of distal dendrites in
primary hippocampal neurons via NOX-mediated superox-
ide production and dysregulated cofilin activation.

Results

Endothelin type B receptor mediates cofilin rod formation in
dendrites of hippocampal neurons

Based on the previous in vitro studies (19, 20), relatively
high concentrations, i.e. 1, 10, and 100 nM, of ET-1 were used
to mimic the pathologically high level of ET-1 in the brain.
Treatment time of 20 or 24 h is commonly used for demon-
strating the effect of A� or proinflammatory cytokines on
cofilin rod formation in neurons (18, 21). Therefore, we first
examined the effect of 24-h treatment of 1, 10, or 100 nM

ET-1 on cofilin rod formation in 14-day in vitro (DIV) pri-
mary hippocampal neurons. The 10 or 100 nM ET-1 treat-
ment significantly increased the percentage of neurons with
cofilin rods (Fig. 1, A and B). Further analysis showed that
the average number of cofilin rods per neuron increased with
increasing concentration of ET-1 (Fig. 1C). Thus, the highest
concentration, 100 nM, of ET-1 was used in the following
experiments. The time course and subcellular localization of
ET-1–induced cofilin rod formation were further examined.
The 100 nM ET-1 treatment significantly increased the per-
centage of neurons with cofilin rods and average number of
cofilin rods per neuron after 1-, 2-, 4-, 8-, 16-, and 24-h
treatment (Fig. 1, D and E). Besides, compared with the neu-
rons treated with vehicle for 2, 4, 8, or 16 h, the neurons
treated with vehicle for 24 h showed a significantly lower
percentage of neurons with cofilin rods and a lesser number
of cofilin rods per neuron (Fig. 1, D and E). These findings
suggested that the spontaneously formed cofilin rods, which
could have resulted from the stress induced by medium
replacement during drug treatment or from vehicle treat-
ment, disintegrated after 24 h treatment. Thus, the 24-h
treatment time was used in the following experiments.
Moreover, the triple immunofluorescence staining of cofilin,
MAP2, and tau showed that ET-1–induced cofilin rods were
located distally to the MAP2-positive dendrites (Fig. 1F).

Knowing that ET-1 could induce cofilin rod formation, we
wondered which ET receptor subtype mediated this effect. A
pharmacological approach was used to selectively block ETA or

ETB using a selective ETA antagonist, BQ123 (cyclo(D-Trp-D-
Asp-Pro-D-Val-Leu)) and a selective ETB antagonist, BQ788
(N-2,6-dimethylpiperidinocarbonyl-�-MeLeu-Trp(COOMe)-
Nle-ONa), which have been widely used for examining the roles
of ET receptor in vitro and in vivo. Pretreatment with1 �M

selective ETB antagonist (BQ788), but not 1 �M selective ETA
antagonist (BQ123), abolished ET-1–induced cofilin rod for-
mation (Fig. 2), indicating that ETB activation mediates cofilin
rod formation in hippocampal neurons.

Endothelin type B receptor agonist–induced cofilin rod
formation is accompanied by the loss of distal dendrites and
reduction in dendritic length

Previous studies proposed that cofilin rods could disrupt the
microtubules in distal neurites (22). The fact that ET-1 induced
cofilin rod formation in MAP2-positive dendrites via ETB
prompted us to find out whether ETB activation–induced cofi-
lin rods would affect the dendritic morphology. Hippocampal
neurons were costained with cofilin and MAP2 after 24-h treat-
ment with vehicle or 100 nM selective ETB agonist (IRL1620).
The MAP2-stained dendritic networks were then subjected to
dendrite tracing. Neurons with cofilin rods (20 and 78.3% in
vehicle group and IRL1620 treatment group, respectively) or
without cofilin rods were both observed in the vehicle and
IRL1620 treatment groups. Based on the presence of cofilin
rods, neurons were subdivided into four groups: vehicle group
with or without cofilin rods and IRL1620 treatment group with
or without cofilin rods. Compared with the vehicle-treated
neurons without cofilin rods, the IRL1620-treated neurons
with cofilin rods had a significantly shorter maximum exten-
sion radius and lower number of intersections at 230 – 450 �m
away from the center of the soma in Sholl analysis (Fig. 3, B and
C). These results indicated that ETB activation led to the loss of
distal dendrites. Interestingly, in the IRL1620-treated neurons,
most of the cofilin rods were located distally at 175–275 �m
away from the center of the soma (Fig. 3D) which were proximal
to and partly overlapping with the distance range of the neu-
rons that showed a significantly lower number of intersec-
tions in Sholl analysis (Fig. 3C). Moreover, consistent with
the reported effect of cofilin rods on disruption of microtu-
bules, reduction in MAP2 intensity was observed around the
cofilin rods in vehicle- or IRL1620-treated neurons. Further
quantification revealed that MAP2 signals were significantly
decreased at the proximal side of cofilin rods or between the
cofilin rods in the IRL1620-treated neurons (Fig. 4). In short,
these findings suggested that one of the possible mecha-
nisms behind ETB activation–induced loss of distal dendrite
was the formation of distally located cofilin rods that could
disrupt nearby microtubules.

Next, we examined how IRL1620 treatment could lead to the
loss of distal dendrites. Cofilin rods were distributed in primary
(1°) to quaternary (4°) dendrites of neurons treated with vehicle
or IRL1620 (Fig. 5D). Compared with the vehicle-treated neu-
rons without cofilin rods, the IRL1620-treated neurons with
cofilin rods had significant reduction in the average length of
1°– 4° dendrites (Fig. 5A) but had no significant difference in the
number of branch points or Schoenen ramification index (Fig.
5, B and C). These findings suggested that the loss of distal

ET-1 induces cofilin rod formation

12496 J. Biol. Chem. (2019) 294(33) 12495–12506

 by guest on N
ovem

ber 17, 2020
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


dendrites observed in IRL1620-treated neurons with cofilin
rods was due to dendrite shortening instead of dendritic shrink-
age. Interestingly, when comparing the vehicle- or IRL1620-
treated neurons without cofilin rods, the IRL1620-treated neu-
rons showed significant reduction in average length of 4°
dendrites and a trend of reduction in the length of 2° and 3°
dendrites (p � 0.051 and 0.076 for 2° and 3° dendrites, respec-
tively). This result suggested that ETB activation could induce
shortening of 2°– 4° dendrites without inducing cofilin rod for-
mation. Therefore, these results demonstrate that ETB activa-
tion leads to dendrite shortening regardless of the formation of
cofilin rods.

Endothelin type B receptor mediates superoxide formation
and cofilin rod formation via NADPH oxidase

A previous study reported that oxidation on cysteine resi-
dues of cofilin was essential for formation of intermolecular
disulfide bonds and subsequent oligomerization of cofilin (15).
We also found that cotreatment with antioxidant N-acetylcys-
teine (NAC) abolished ET-1– or IRL1620-induced cofilin rod
formation (Fig. 6, A and B). Previously, A� oligomers or proin-
flammatory cytokines were shown to induce cofilin rod forma-
tion in neurons via NOX-driven oxidative stress (21). NOX pre-
dominantly contributes to the generation of superoxide (23).
These results made us wonder whether ETB activation also

Figure 1. Endothelin-1 induced cofilin rod formation in MAP2-positive dendrites of primary hippocampal neurons. Primary hippocampal neurons were
treated with ET-1 at 14 DIV. The vehicle group was treated with 0.005% (v/v) acetic acid. After treatment, neurons were fixed and stained for cofilin rod
quantification. At least 200 neurons were observed for each treatment group per trial. With a total of five trials, at least 1000 neurons were observed for each
treatment group. A, representative confocal images show the immunofluorescence staining of cofilin in neurons treated with 0, 1, 10 or 100 nM ET-1 for 24 h.
Arrowheads indicate cofilin rods formed in the neurons treated with 10 or 100 nM ET-1. B and C, the percentage of neurons with cofilin rods and average number
of cofilin rods per neuron after 24-h treatment with 0, 1, 10, or 100 nM ET-1. *, p � 0.05; **, p � 0.01; ***, p � 0.001, one-way ANOVA with Tukey HSD post hoc
test. Data were obtained from five independent experiments (n � 5). D and E, the percentage of neurons with cofilin rods and average number of cofilin rods
per neuron after 0.5-, 1-, 2-, 4-, 8-, 16-, or 24-h treatment with 100 nM ET-1. *, p � 0.001 versus corresponding vehicle group, two-way ANOVA with Bonferroni
correction; #, p � 0.05 versus 0.5-h ET-1 treatment group; �, p � 0.05 versus 2-, 4-, 8-, and 16-h vehicle group, one-way ANOVA with Tukey HSD post hoc test.
Data were obtained from five independent experiments (n � 5). F, representative confocal images show the triple immunofluorescence staining of cofilin
(magenta), MAP2 (dendritic marker; green), and tau (axonal marker; red) in a neuron treated with 100 nM ET-1 for 24 h. ET-1–induced cofilin rods were located
in the distal MAP2-positive dendrites. This result was obtained by analyzing a total of 51 cofilin rods from 20 neurons pooled from two independent trials. Scale
bars, 20 �m (5 �m in enlarged views in F). Error bars represent S.E.

ET-1 induces cofilin rod formation
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induced cofilin rod formation via NOX-driven superoxide pro-
duction. As the first step to test this hypothesis, we examined
whether IRL1620 induced superoxide production via NOX by
dihydroethidium (DHE) assay. Treatment with 100 nM IRL1620
significantly increased the level of red ethidium signal in neu-
rons, which was abolished by pretreatment with 5 �M NOX
inhibitor (VAS2870) (Fig. 6, C and D), supporting that ETB acti-
vation mediates superoxide formation via NOX. Indeed, pre-
treatment with 5 �M VAS2870 also abolished IRL1620-induced
cofilin rod formation in neurons (Fig. 6E). In short, these find-
ings show that ETB activation induces cofilin rod formation via
NOX-mediated superoxide production.

Endothelin type B receptor mediates cofilin rod formation via
cofilin activation

A previous study reported that neurons overexpressing WT
cofilin or constitutively active cofilin mutant (S3A) formed
cofilin rods (16). However, neurons expressing the inactive
phosphomimetic cofilin mutant (S3D) did not form cofilin
rods, suggesting that overactivation of cofilin also could lead to
cofilin rod formation. Activity of cofilin is negatively regulated
by phosphorylation at Ser-3 residue. Upon dephosphorylation

at Ser-3 residue, cofilin has higher affinity for actin filament.
According to a biophysical model (24), when there was high
ratio of active cofilin to actin, cofilin would bind to the actin
filament in a saturated and symmetrical manner. This would
result in stabilization of that actin filament. Subsequent sever-
ing at the bare actin filament near the cofilin-overdecorated site
led to the formation of a cofilin–actin rod. Therefore, to inves-
tigate whether ETB activation also mediates formation of
cofilin–actin rods via cofilin activation, we first examined the
expression of actin in IRL1620-induced cofilin rods and the
effect of IRL1620 on cofilin activation. Interestingly, we found
that actin was expressed in the IRL1620-induced cofilin rods
(Fig. 7A). Besides, after 24-h treatment with 100 nM IRL1620,
the Ser-3 phosphorylation level of cofilin was significantly
down-regulated (Fig. 7, B and C). These results indicate that
ETB activation induces cofilin–actin rod formation and cofilin
activation.

In neurons, the level of cofilin activation is tightly regulated.
The phosphatase Slingshot homolog 1 (SSH-1L), which is
mainly activated by calcineurin (25), is the major phosphatase
mediating cofilin activation (26). LIMK1 is the major kinase
mediating cofilin inactivation (27). A previous study showed
that overexpression of LIMK1 suppressed A�-induced cofilin
rod formation, whereas overexpression of SSH-1L exacerbated
A�-induced cofilin rod formation in primary neurons (18).
Therefore, we further examined the role of cofilin activation in
ETB activation–induced cofilin rod formation by using a cal-
cineurin inhibitor (FK506) or LIMK1 inhibitor (LIMKi-3).
Consistent with the previous study (16), treatment with 100 nM

FK506, which presumably suppressed cofilin activation, did not
induce significant cofilin rod formation (Fig. 7D). However,
treatment with 1 �M LIMKi-3, which presumably enhanced
cofilin activation, induced significant cofilin rod formation (Fig.
7E). Pretreatment with 100 nM FK506, but not 1 �M LIMKi-3,
partially abolished IRL1620-induced cofilin rod formation (Fig.
7, D and E). Hence, these findings showed that IRL1620-in-
duced cofilin rod formation was suppressed by FK506-medi-
taed cofilin inactivation but not by LIMKi-3–mediated cofilin
activation, supporting that ETB activation also mediates cofilin
rod formation via cofilin activation.

Discussion

Although the increased ET-1 level in the brain has long been
related to AD neuropathologies, the mechanisms behind it
remain elusive. A pathologically high concentration of ET-1
was used in this study to mimic the high level of ET-1 in the AD
brain. Here, we showed that a high concentration, i.e. 1, 10, or
100 nM, of ET-1, which did not induce significant neuronal cell
death (Figs. S1 and S2), led to significant cofilin rod formation
in the dendrites of 14-DIV hippocampal neurons. Consistently,
cofilin rod formation has been considered as an early neuropa-
thology of AD (17), which leads to blockage of intracellular
trafficking and synaptic loss instead of neuronal death (16).
This suggested that a high level of ET-1 in the brain might
induce neuronal dysfunction in the early stage of AD. The
14-DIV hippocampal neurons expressed both ETA and ETB
(Fig. S3). Using a pharmacological approach, we further dem-
onstrated that ET-1 induced cofilin rod formation, loss of distal

Figure 2. Endothelin type B receptor mediated ET-1–induced cofilin rod
formation. Primary hippocampal neurons (14 DIV) were treated with 100 nM

ET-1 with or without 1-h pretreatment with 1 �M ETA antagonist (BQ123) or 1
�M ETB antagonist (BQ788). Vehicle groups were treated with 0.005% (v/v)
acetic acid (A) or 0.005% (v/v) acetic acid � 0.1% (v/v) DMSO (B). After 24-h
treatment, neurons were fixed and stained for cofilin rod quantification. At
least 200 neurons were observed for each treatment group per trial. With a
total of five trials, at least 1000 neurons were observed for each treatment
group. A and B, quantification of cofilin rod formation shows that pretreat-
ment with BQ788, but not BQ123, abolished ET-1–induced cofilin rod forma-
tion. **, p � 0.01; ***, p � 0.001, one-way ANOVA with Tukey HSD post hoc
test. Data were obtained from five independent experiments (n � 5). Error
bars represent S.E.
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dendrites, and reduction in dendritic length via ETB. Activation
of ETB could induce cofilin rod formation via two different
pathways, the oxidative stress pathway and cofilin activation.
Treatment with a selective ETB agonist induced NOX-driven
superoxide formation and cofilin activation. Inhibition of either
NOX or cofilin activation suppressed ETB agonist–induced
cofilin rod formation. Our study therefore is the first to report
that ETB mediated cofilin rod formation and dendritic loss by
oxidative stress and cofilin overactivation in hippocampal neu-
rons (Fig. 8), providing new insight into the possible roles of
ET-1 in neurodegeneration.

Previous studies suggested that cofilin rod formation could
be one of the mechanisms mediating neurodegeneration during
AD progression (17–20). Interestingly, we found that the time
course and mechanism of ET-1–induced cofilin rod formation
were similar to those reported for A�-induced cofilin rod for-
mation. Similar to the effect of A� (18), neurons treated with
ET-1 started to form cofilin rods after 1 h of treatment and
maintained persistently high level of cofilin rod formation after

24 h of treatment. In addition, two separate studies reported
that A� could induce cofilin rod formation in neurons via either
NOX-driven oxidative stress or cofilin activation (18, 21).
These findings further establish that ET-1 exerts a neurotoxic
effect via cofilin rod formation. It would be interesting to fur-
ther investigate the potential synergistic effect of ET-1 and A�
on mediating cofilin rod formation and subsequent neuronal
dysfunction.

This study has demonstrated that ETB activation–induced
cofilin rods were located distally, which was in line with their
roles in mediating the loss of distal dendrites. Consistent with
this finding, a previous study also reported that distal dendrites
have a lower ATP/ADP ratio and a higher degree of oxidation in
mitochondria and cytosol compared with the proximal den-
drites or the soma (28), making the distal dendrites more prone
to cofilin rod formation. The mechanism behind cofilin rod–
induced loss of dendrites has not yet been demonstrated. How-
ever, a previous study showed that cofilin rods induced synaptic
loss and blocked intracellular trafficking of mitochondria and

Figure 3. Endothelin type B receptor agonist–induced cofilin rod formation was accompanied by the loss of distal dendrites. Primary hippocampal
neurons were treated with vehicle or 100 nM selective ETB agonist (IRL1620) at 14 DIV. After 24-h treatment, neurons were fixed for double immunofluorescence
staining of MAP2 and cofilin. For dendritic morphological analysis, a total of 60 individual neurons, which were pooled from three independent trials, were
analyzed for each treatment group. Based on the presence of cofilin rods, the vehicle-treated and IRL1620-treated neurons were subdivided into two groups:
without rods and with rods. The MAP2-positive dendritic network was subjected to neurite tracing for further analysis of dendritic morphology. A, represen-
tative neurite tracing results of neurons in each group. B, quantification of maximum extension radius of the dendritic network. **, p � 0.01, Welch’s ANOVA
with Dunnett’s T3 post hoc test; n � 12 and 48 for vehicle-treated neurons with and without rods, respectively; n � 47 and 13 for IRL1620-treated neurons with
and without rods, respectively. C, the Sholl plot of vehicle-treated neurons without rods (n � 48) and IRL1620-treated neurons with rods (n � 47). Compared
with the vehicle-treated neurons without rods, the IRL1620-treated neurons with rods showed significant reduction in the number of intersections at 230 – 450
�m away from the soma. *, p � 0.05, Welch’s ANOVA with Dunnett’s T3 post hoc test. D, the distribution pattern of cofilin rods in the vehicle-treated (n � 12)
and IRL1620-treated (n � 47) neurons. Most of the cofilin rods (85%) in the IRL1620-treated neurons were localized at 175–275 �m away from the soma. Error
bars represent S.E.
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vesicles in dendrites (16). The same study also well-demon-
strated that dendrites with cofilin rods had significantly lower
synaptic activity compared with dendrites without cofilin rods
in the same neuron. Loss of synaptic input could lead to loss
of dendrites in vivo (29), suggesting that synaptic loss could
be one of the mechanisms of how ETB activation–induced
cofilin rods lead to loss of distal dendrites. In contrast, cofilin
rod–mediated blockage of intracellular trafficking in den-
drites might inhibit the fusion of mitochondria, which fur-
ther promotes the local accumulation of reactive oxygen spe-
cies and possibly leads to a positive feedback on oxidative
stress– driven cofilin rod formation in the distal dendrites.
Supporting this idea, it was reported that aberrantly round-
shaped mitochondria were observed in dendrites with cofilin
rods but not in dendrites without cofilin rods (16). More-
over, blockage of intracellular trafficking might also inhibit
the turnover of cytoskeletal elements, such as those in the
microtubule system. A previous study showed the loss of
tubulin around the cofilin rod– occupied area in neurites
(22). Similarly, we also demonstrated the loss of MAP2,
which binds and stabilizes microtubules in neurons, around
the cofilin rods in dendrites. These results support the roles
of cofilin rods in disrupting the microtubule system and

its subsequent impact causing the degeneration of distal
dendrites.

Given that ETB mediates cofilin rod formation via oxidation
and activation of cofilin (Figs. 6 and 7), it is possible that ETB
also mediates other cofilin dysregulation–induced neuronal
dysfunctions via cofilin rod–independent pathways. The re-
sults of this study suggest that ETB activation induces length
reduction in 2°– 4° dendrites via a cofilin rod–independent
pathway, although the mechanisms remained elusive. Because
ETB was shown to mediate cofilin activation, it is possible that
ETB activation could lead to dysregulation of the local actin
dynamics, resulting in the loss of synapses and dendrites.
Indeed, cofilin-regulated actin dynamics is essential for modu-
lating the structure of actin-rich postsynaptic dendritic spines
(30). Overactivation of cofilin in neurons was reported to desta-
bilize mature synapses as shown by the aberrantly high propor-
tion of filopodial protrusions and small dendritic head size in
the neurons expressing active cofilin mutant (S3A) (31). In con-
trast, oxidation on Cys-39 and Cys-147 residues of cofilin
induced formation of intermolecular disulfide bonds, which
were essential for formation of cofilin rods (15). However, a
different cysteine oxidation pattern on cofilin could lead to for-
mation of intramolecular disulfide bonds and subsequent mito-

Figure 4. Reduction in MAP2 signals was observed around the ETB agonist–induced cofilin rods. Primary hippocampal neurons were treated with vehicle
or 100 nM selective ETB agonist (IRL1620) at 14 DIV. After 24-h treatment, neurons were fixed for double immunofluorescence staining of MAP2 and cofilin.
Neurons with and without cofilin rod formation were both observed in the vehicle and IRL1620 treatment groups. A, representative confocal images show the
double immunofluorescence staining of MAP2 (green) and cofilin (red) in neurons treated with vehicle or IRL1620. Enlarged views show the reduced MAP2
signal around cofilin rods in the distal dendrites. B and C, quantification of MAP2 intensity at 2.5 �m before the most proximal cofilin rods (B) and between the
cofilin rods (C) in the IRL1620-treated neurons. The average MAP2 intensities at the same distance away from the soma in the rod-negative dendrites of the
same neurons were measured as the baseline level. ***, p � 0.001, two-tailed independent t test. A total of 87 dendrites from 28 IRL1620-treated neurons were
analyzed. Analyzed data were obtained from 28 (B) and 25 (C) individual neurons pooled from three independent experiments (B, n � 28; C, n � 25). Scale bars,
20 �m (5 �m in enlarged views). a.u., arbitrary units. Error bars represent S.E.
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chondrial translocation of cofilin, which could lead to mito-
chondrial dysfunction and mitochondrial oxidative stress (15,
32). Therefore, further studies are needed to elucidate whether
ETB activation can disrupt actin dynamics and induce dysfunc-
tion of synapses and mitochondria.

In the past decade, Gulati and co-workers (33, 36 –37) pro-
posed ET receptor as a potential therapeutic target for treating
AD. Using the intracerebroventricular A�1– 40-perfused rats as
an AD model, they reported that intracerebroventricular per-
fusion of the ETA antagonist BQ123 reduced oxidative stress in
the brain and rescued performance decline in memory-based
tasks (33), possibly by protecting the integrity of the blood–
brain barrier and preventing vascular oxidative stress (34, 35).
Notably, using the same AD rat model, they also reported that
the ETB agonist IRL1620 rescued A�1– 40-induced performance
decline in the Morris water maze test regardless of whether
IRL1620 was administrated by intracerebroventricular perfu-

sion or intravenous injection (36, 37). Presumably, IRL1620
could not pass through the blood– brain barrier. Without get-
ting into the brain, the intravenously injected IRL1620 was pro-
posed to exert its neuroprotective effect by increasing the level
of vascular endothelial growth factor and nerve growth factor in
the brain (36). Getting into the brain, the intracerebroventricu-
larly perfused IRL1620 was proposed to exert its neuroprotec-
tive effect by suppressing the A�1– 40-induced up-regulation of
oxidative stress markers in the brain (37). Besides neural cells,
ETB is also expressed by astrocytes, endothelial cells, and acti-
vated microglia in the brain (4, 8, 38). Interestingly, A� has been
associated with oxidative stress in these four cell types in the
brain (39 –41), suggesting that ETB activation might alleviate
A�-induced oxidative stress in different cell types in the brain
and rescue A�-induced cognitive decline. To further consoli-
date this idea, in a future study, viability and morphology of
primary neurons shall be examined after being cocultured with

Figure 5. The ETB agonist–treated neurons with cofilin rods showed significant reduction in dendritic length but no significant change in branching
or ramification. Primary hippocampal neurons were treated with vehicle or 100 nM selective ETB agonist (IRL1620) at 14 DIV. After 24-h treatment, neurons
were fixed for double immunofluorescence staining of MAP2 and cofilin. For dendritic morphological analysis, a total of 60 individual neurons, which were
pooled from three independent trials, were analyzed for each treatment group. Based on the presence of cofilin rods, the vehicle-treated and IRL1620-treated
neurons were subdivided into two groups: without rods and with rods. The MAP2-positive dendritic network was subjected to neurite tracing for further
analysis of dendritic morphology. A–C, quantification of average length of 1°– 4° dendrites (A), number of branch points (B), and Schoenen ramification index
(radius with the maximum number of intersection/total number of 1° dendrites; C). *, p � 0.05; **, p � 0.01; ***, p � 0.001, Welch’s ANOVA with Dunnett’s T3
post hoc test; n � 12 and 48 for vehicle-treated neurons with and without rods, respectively; n � 47 and 13 for IRL1620-treated neurons with and without rods,
respectively. D, the distribution pattern of cofilin rods in 1°– 4° dendrites of vehicle-treated (n � 12) and IRL1620-treated neurons (n � 47). Cofilin rods in
IRL1620-treated neurons were found in 1°– 4° dendrites. Error bars represent S.E.
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astrocytes, microglia, or endothelial cells treated with A�, ETB
agonist, or both. Given that ETB agonist has been proposed as a
potential therapeutic target for delaying AD progression, the
current study provides new insight into the potential adverse
effects of ETB agonist on mature neurons. Further investiga-
tions are warranted for studying other potential side effects of
ET receptor agonist or antagonist in the brain.

Experimental procedures

Primary hippocampal neuronal culture and pharmacological
treatment

All cell culture reagents were purchased from Invitrogen
unless otherwise specified. Primary hippocampal neurons were
prepared from embryonic day 16.5 embryos of C57BL/6N mice

Figure 6. Endothelin type B receptor mediated cofilin rod formation in hippocampal neurons via NADPH oxidase–mediated superoxide pro-
duction. A, B, and E, primary hippocampal neurons (14 DIV) were treated for 24 h. After treatment, neurons were fixed and stained for cofilin rod
quantification. At least 200 neurons were observed for each treatment group per trial. With a total of five trials, at least 1000 neurons were observed for
each treatment group. A and B, quantification of cofilin rod formation in neurons treated with 100 nM ET-1 or 100 nM selective ETB agonist (IRL1620) with
or without cotreatment with 100 �M antioxidant NAC. The vehicle group for ET-1 treatment was treated with 0.005% (v/v) acetic acid (A). **, p � 0.01;
***, p � 0.001, one-way ANOVA with Tukey HSD post hoc test. Data were obtained from five independent experiments (n � 5). C and D, hippocampal
neurons (14 DIV) were preincubated with 5 �M DHE, which emits red Eth fluorescence upon superoxide-driven conversion. DHE-preloaded neurons
were treated with 100 nM IRL1620 with or without 30-min pretreatment with 5 �M NADPH oxidase inhibitor (VAS2870). The vehicle group was treated
with 0.1% (v/v) DMSO. After 4-h treatment, neurons were imaged under an epifluorescence microscope, and the intensity of Eth fluorescence was
quantified. C, representative overlay images of Eth fluorescence (red) and corresponding phase-contrast images of neurons. A sublethal concentration
(10 �M) of H2O2, which induces cofilin rod formation after 24-h treatment (data not shown), served as a positive control. D, quantification of Eth
fluorescence. *, p � 0.05; **, p � 0.01; ***, p � 0.001, one-way ANOVA with Tukey HSD post hoc test. Data were obtained from 10 independent
experiments (n � 10). E, quantification of cofilin rod formation in neurons treated with 100 nM IRL1620 with or without 30-min pretreatment with 5 �M

VAS2870. The vehicle group was treated with 0.1% (v/v) DMSO. ***, p � 0.001, one-way ANOVA with Tukey HSD post hoc test. Data were obtained from
five independent experiments (n � 5). Scale bars, 100 �m. Error bars represent S.E.
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according to a reported protocol with optimization (42). The
experimental protocol was approved by the Committee on the
Use of Live Animals in Teaching and Research (reference num-
ber 3362-14) of The University of Hong Kong. In brief, hip-
pocampal tissues were dissociated by 8-min enzymatic diges-
tion with 0.0625% (v/v) trypsin-EDTA solution at 37 °C
followed by trituration. Dissociated hippocampal neurons were
seeded on 14-mm round coverslips, 4-well plates, or 6-well
plates coated with 50 �g/ml poly-D-lysine (Sigma) at low den-
sity (0.15 � 105 cells/coverslip for immunofluorescence stain-
ing; 0.3 � 105 cells/well in 4-well plates for DHE assay) or at
high density (3.5 � 105 cells/well in 6-well plates for Western
blot analysis) in Neurobasal medium supplemented with

2% (v/v) B27, 2 mM GlutaMAX, 50 units/ml penicillin–
streptomycin, and 25 �M glutamate (Sigma). After 24 h of seed-
ing, one-third of the glutamate-containing medium was
replaced by a double volume of glutamate-free supplemented
Neurobasal medium. Neurons were treated with 1 �M 5-fluoro-
5�-deoxyuridine (Sigma) at 5 DIV for facilitating the removal of
glial cells. Medium was changed at 5, 9, and 12 DIV. Neurons
were pharmacologically treated at 14 DIV without replacing
with fresh supplemented Neurobasal medium.

The chemicals for pharmacological treatment of neurons
were purchased from Sigma except FK506 and LIMKi-3, which
were from Tocris Bioscience. Endothelin-1 was prepared as a
200� stock in 1% acetic acid. The stock solutions of BQ123

Figure 7. Endothelin type B receptor mediated cofilin–actin rod formation in hippocampal neurons by mediating cofilin dephosphorylation. Primary
hippocampal neurons (14 DIV) were treated with 100 nM selective ETB agonist (IRL1620) with or without 1-h pretreatment with 100 nM calcineurin inhibitor
(FK506) or 1 �M LIMK1 inhibitor (LIMKi-3). Vehicle groups for FK506 or LIMKi-3 treatment were treated with 0.01% (v/v) DMSO (D–G). After 24-h treatment,
neurons were fixed for immunofluorescence staining, or proteins harvested from whole-cell lysate were subjected to Western blot analysis. A, representative
confocal images showed the double immunofluorescence staining of cofilin (magenta) and actin (green) in the IRL1620-treated neurons. Actin was expressed
in the IRL1620-induced cofilin rods (arrows). Observation was based on 30 neurons pooled from four independent experiments. B and C, representative blots
and quantification of Ser-3 phosphorylation level of cofilin in neurons treated with IRL1620. **, p � 0.01, two-tailed independent t test. Data were obtained
from eight independent experiments (n � 8). D and E, quantification of cofilin rod formation in neurons treated with IRL1620 with or without pretreatment with
FK506 or LIMKi-3. At least 200 neurons were observed for each treatment group per trial. With a total of four trials, at least 800 neurons were observed for each
treatment group. **, p � 0.01; ***, p � 0.001, one-way ANOVA with Tukey HSD post hoc test. Data were obtained from four independent experiments (n � 4).
Scale bars, 20 �m (5 �m in enlarged views). Error bars represent S.E.
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(1000�), IRL1620 (200�), NAC (100�), and hydrogen perox-
ide (H2O2; 100�) were prepared in Neurobasal medium. The
stock solutions of BQ788 (1000�), VAS2870 (1000�), FK506
(10,000�), and LIMKi-3 (10,000�) were prepared in sterile-
filtered DMSO (Sigma).

Quantification of superoxide production

After rinsing once with prewarmed incubation buffer
(Hank’s balance salt solution with 0.8 mM magnesium sulfate,
1.2 mM calcium chloride, 25 mM D-glucose, and 3% (w/v)
sucrose), neurons were pretreated with vehicle or VAS2870 for
30 min and incubated with 5 �M DHE (Invitrogen) for 10 –15
min before being treated with IRL1620. After 4-h treatment, the
ethidium (Eth) signals (red fluorescence with peak emission
wavelength at 580 nm) were captured under a 20� (NA, 0.40)
objective of a Nikon TE300 epifluorescence microscope by
using a tetramethylrhodamine (TRITC) filter set (excitation fil-
ter, 540/25; emission filter, 605/55) and 2-s exposure time. Cor-
responding phase-contrast images were captured for outlining
the soma during quantification. The intensity of Eth fluores-
cence was quantified using Fiji software and normalized by the
area of the soma. For each treatment group, five randomly cho-
sen microscopic fields were captured from one of the 3– 4 wells
per trial.

Immunofluorescence staining

After pharmacological treatment, cofilin rods in neurons
were visualized by immunofluorescence staining according to
previous studies (16, 18). In brief, neurons were fixed by 4%
(w/v) paraformaldehyde for 45 min at room temperature. After
washing with PBS, fixed neurons were permeabilized by ice-
cold absolute methanol for 3 min at �20 °C. After rinsing with
PBS, neurons were incubated with blocking buffer (10% BSA
(w/v) in PBS) for 1 h at room temperature and then incubated
with primary antibody (cofilin, rabbit monoclonal, catalog
number 5175, 1:1000; MAP2, rabbit polyclonal, catalog number
4542, 1:400; tau, mouse monoclonal, catalog number 4019,
1:500, Cell Signaling Technology; actin, mouse monoclonal,
catalog number YM3028, 1:1000, ImmunoWay) in universal
antibody diluent (Abcam) overnight at 4 °C. Neurons were
washed three times with washing buffer (0.01% Triton X-100
(v/v) in PBS) and then incubated with Alexa Fluor– conjugated
secondary antibody (1:1000 in PBS) for 1 h at room tempera-
ture. For the double immunofluorescence staining of MAP2
and cofilin, of which primary antibodies were raised from rab-
bit, excess FITC-conjugated monovalent Fab anti-rabbit sec-
ondary antibody (1:250 in 5% (w/v) BSA; Abcam) was used to
tag the first MAP2 primary antibody. Upon thorough washing
with washing buffer, neurons were subsequently incubated
with cofilin primary antibody (1:1000 in universal antibody dil-
uent) overnight at 4 °C and with Alexa Fluor 568 – or 647–
conjugated anti-rabbit secondary antibody (1:1000 in PBS) for
1 h at room temperature on the next day. Following nuclear
counterstaining (0.25 �g/ml 4�,6-diamidino-2-phenylindole
(DAPI) in PBS; Cell Signaling Technology) and washing three
times in washing buffer, stained neurons were mounted with
ProLong Diamond antifade mounting solution (Invitrogen)
and healed in the dark for at least 4 days before visualizing
under an epifluorescence or confocal microscope. All confocal
images were captured under a 40� (NA, 1.40) oil-immersion
objective of a Carl Zeiss LSM710 confocal microscope installed
with Zen Black digital imaging software.

Quantification of cofilin rod formation

Immunofluorescence staining of cofilin in neurons was visu-
alized under a 40� (NA, 0.75) objective of an Olympus CKX41
epifluorescence microscope. According to the previous study
(16), a cofilin rod was defined as a cofilin-positive rod-shaped
structure that was at least 3 �m in length and was located in a
neurite. The cofilin rods observed in this study typically had a
width of 0.5–1 �m. Neurons were identified as rod-positive if
they presented at least one cofilin rod in a neurite. The average
number of rods per neuron, which was also named as the rod
index in a previous study (21), was calculated as the ratio of the
number of rods/number of somata in each microscopic field.
Cofilin rod analysis was done in a blinded manner. Randomly
coded coverslips were not identified until all coverslips in one
trial had been analyzed. At least 200 neurons from 60 –70 ran-
domly chosen microscopic fields were counted for each treat-
ment group per trial. With a total of four to five independent
trials, at least 800 –1000 neurons were analyzed for each treat-
ment group.

Figure 8. Schematic diagram summarizing the potential mechanisms
behind ETB-mediated cofilin rod formation and dendritic loss in pri-
mary hippocampal neurons. Our study has demonstrated that ETB acti-
vation induced cofilin rod formation via NOX-mediated oxidative stress
pathway and calcineurin/SSH-1L–mediated cofilin activation. According
to previous studies, cofilin rod formation leads to loss of distal dendrites,
possibly by blocking the intracellular trafficking and inducing loss of syn-
apse and reduction of synaptic activity in neurites. In the meantime, the
cofilin rod–mediated blockage of intracellular trafficking might lead to
mitochondrial (Mt.) dysfunction, for example, by prohibiting the fusion of
mitochondria, which further enhances the accumulation of reactive oxy-
gen species in the distal dendrites. In contrast, ETB activation might also
induce loss of synapse and dendrite via a cofilin rod–independent path-
way. For instance, here, we have demonstrated that ETB activation leads to
cofilin activation. The aberrant cofilin activation might disrupt local actin
dynamics, leading to destabilization of mature dendritic spines and short-
ening of dendrites. Solid lines indicate the results reported in this study.
Dotted lines indicate the possible pathways in accordance with previous
studies discussed under “Discussion.”
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Quantification of dendritic morphology and MAP2 intensity in
dendrites

The double immunofluorescence staining of MAP2 and cofi-
lin in neurons was captured under a 20� (NA, 0.4) objective of
an Olympus CKX41 epifluorescence microscope. Captured
images were quantified using Fiji software. For neurons having
an extensive dendritic network, multiple images of a single neu-
ron were stitched by the 2D stitching plug-in. For quantifica-
tion of dendritic morphology, the images of MAP2 staining
were segmented by thresholding and subjected to neurite trac-
ing by using the “simple neurite tracer” plug-in. The center of
the soma was set as the starting point of all 1° dendrites. Sholl
analysis was done using a 10-�m-radius difference between
consecutive circles. Neurite arborization was shown by Schoe-
nen ramification index (radius with maximum number of inter-
section/total number of 1° dendrites) and the total number of
branch points. Dendrites were subdivided into 1°– 4° dendrites
in which 1° dendrites were defined as the direct extension from
the soma, 2° dendrites were defined as the direct extension from
the 1° dendrites, etc. For the quantification of MAP2 intensity
in dendrites of the IRL1620-treated neurons with cofilin rods,
the MAP2 intensity at 2.5 �m before the most proximal cofilin
rods was measured. If there were more than one cofilin rod in
one dendrite, the MAP2 intensity at 2.5 �m before the most
distal cofilin rod was also measured and referred to as the
MAP2 intensity in the between-rods region. The average MAP2
intensities at the same distance away from the soma in the rod-
negative dendrites of the same neurons were measured as the
baseline level.

Western blot analysis

Neurons were lysed in radioimmunoprecipitation assay
(RIPA) buffer containing 1 mM phenylmethylsulfonyl fluoride,
10% (v/v) protease inhibitor mixture (Sigma), and 1% (v/v)
phosphatase inhibitor mixture 2 (Sigma). The lysate was incu-
bated for 90 min at 4 °C with agitation and cleared of cell debris
by centrifugation at 14,000 � g for 15 min at 4 °C. The protein
extract was boiled in 4� sample buffer (240 mM Tris-Cl, pH
6.80, 40% (v/v) glycerol, 8% (w/v) SDS, 0.04% (w/v) bromphenol
blue, and 10% (v/v) �-mercaptoethanol) for 5 min, separated by
12% SDS-PAGE, and transferred onto polyvinylidene difluoride
membrane. Following blocking in 5% (w/v) nonfat milk in
TBST for 1 h at room temperature, the membrane was incu-
bated with primary antibodies (p-cofilin (Ser-3), rabbit mono-
clonal, catalog number 3313, 1:1000; cofilin, rabbit monoclonal,
catalog number 5175, 1:10,000; Cell Signaling Technology;
diluted in 5% (w/v) BSA in TBST) overnight at 4 °C. After wash-
ing three times with TBST, the membrane was incubated with
horseradish peroxidase (HRP)-conjugated anti-rabbit second-
ary antibodies (diluted in 5% (w/v) nonfat milk in TBST) for 1 h
at room temperature. The HRP signal was detected by Immo-
bilon Western Chemiluminescent HRP Substrate (EMD Milli-
pore) and quantified by densitometry using Fiji software. After
probing for p-cofilin, the membrane was stripped by incubating
with a mild stripping buffer (200 mM glycine, 0.1% (w/v) SDS,
and 1% (v/v) Tween 20, pH 2.20) for 10 min twice at room
temperature before probing for the total cofilin.

Statistical analysis

Statistical analyses were conducted in SPSS Statistics version
22. Numerical data were represented as mean � S.E. Group
mean differences were analyzed using two-tailed independent t
test, one-way ANOVA with Tukey HSD post hoc test, or
Welch’s ANOVA with Dunnett’s T3 post hoc test where
appropriate.
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