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神経細胞の酸化ストレスによる機能障害と細胞死メカニズムの解明 
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３．研究成果 
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Figure 7 24S-OHC induced abnormal LD-like structure in SH-SY5Y cells 
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(A-D) SH-SY5Y cells were treated with EtOH (A), 200 PM oleic acid (B), 50 PM
24S-OHC (C) or 50 PM 24S-OHC with 5 PM F-12511 (D) for 6 h. Cells were
subjected to electron microscopy. Representative images are shown. Bar, 0.5 Pm. The
arrow indicates ER. White asterisk indicates lipid droplets-like structure. Black star
indicates swelling of ER lumen. The arrowhead indicated unknown myelin structure.

Figure& 11.& 24S(OHC& induced& abnormal& LD(like& structure& along& with& ER&
membrane&in&SH(SY5Y&cells.&(A9D)!SH9SY5Y!cells!were!treated!with!EtOH!(A),!200!
nM!oleic!acid!(B),!50!μM!24S9OHC!(C)!or!50!μM!24S9OHC!with!5!μM!F12511!(D)!
for!6!h.!Cells!were!subjected!to!electron!microscopy.!RepresentaGve!images!are!
shown.! Bar,! 0.5! mm.! The! arrow! indicates! ER.! White! asterisk! indicates! lipid!
droplets9like!structure.!Black!star!indicates!swelling!of!ER!lumen.!The!arrowhead!
indicated!unknown!myelin!structure.!
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Induction of apoptosis and necroptosis by
24(S)-hydroxycholesterol is dependent on activity
of acyl-CoA:cholesterol acyltransferase 1

K Yamanaka1, Y Urano*,1, W Takabe1, Y Saito1 and N Noguchi*,1

24(S)-hydroxycholesterol (24S-OHC), which is enzymatically produced in the brain, has an important role in maintaining brain
cholesterol homeostasis. We have previously reported that 24S-OHC induces necroptosis in human neuroblastoma SH-SY5Y
cells. In the present study, we investigated the mechanisms by which 24S-OHC-induced cell death occurs. We found that lipid
droplets formed at the early stages in the treatment of SH-SY5Y cells with 24S-OHC. These lipid droplets could be almost
completely eliminated by treatment with a specific inhibitor or by siRNA knockdown of acyl-CoA:cholesterol acyltransferase 1
(ACAT1). In association with disappearance of lipid droplets, cell viability was recovered by treatment with the inhibitor or siRNA
for ACAT1. Using gas chromatography–mass spectrometry, we confirmed that 24S-OHC-treated cells exhibited accumulation of
24S-OHC esters but not of cholesteryl esters and confirmed that accumulation of 24S-OHC esters was reduced when ACAT1 was
inhibited. 24S-OHC induced apoptosis in T-lymphoma Jurkat cells, which endogenously expressed caspase-8, but did not induce
apoptosis in SH-SY5Y cells, which expressed no caspase-8. In Jurkat cells treated with the pan-caspase inhibitor ZVAD and in
caspase-8-deficient Jurkat cells, 24S-OHC was found to induce caspase-independent cell death, and this was partially but
significantly inhibited by Necrostatin-1. Similarly, knockdown of receptor-interacting protein kinase 3, which is one of the
essential kinases for necroptosis, significantly suppressed 24S-OHC-induced cell death in Jurkat cells treated with ZVAD. These
results suggest that 24S-OHC can induce apoptosis or necroptosis, which of the two is induced being determined by caspase
activity. Regardless of the presence or absence of ZVAD, 24S-OHC treatment induced the formation of lipid droplets and cell
death in Jurkat cells, and this was suppressed by treatment with ACAT1 inhibitor. Collectively, these results suggest that it is
ACAT1-catalyzed 24S-OHC esterification and the resulting lipid droplet formation that is the initial key event which is responsible
for 24S-OHC-induced cell death.
Cell Death and Disease (2014) 5, e990; doi:10.1038/cddis.2013.524; published online 9 January 2014
Subject Category: Neuroscience

Cell death has traditionally been classified as being either
apoptosis or necrosis, description in textbooks implying that
these involve opposed mechanisms. Although necrosis has
generally been considered to be cell death that is accidental
and passive, there is growing evidence that some necrosis is
in fact programmed cell death,1,2 the term ‘necroptosis’.3

Necroptosis is involved in many physiological and pathological
processes, such as viral infection,4 neuronal excitotoxicity,5

and ischemic injury.3,6 Necroptosis is defined as cell death
that is necrosis-like, caspase-independent, and mediated
through a pathway depending on the receptor-interacting
protein kinase 1 (RIPK1)–RIPK3 complex. Necroptosis is
further defined as being inhibited by Necrostatin-1 (Nec-1),
a specific inhibitor of RIPK1 kinase activity.3 Interestingly,
necroptosis can be induced by apoptosis-inducing ligands
such as Fas ligand or tumor necrosis factor a (TNFa).
These ligands usually bind with so-called death receptors

(such as Fas or TNF receptor), resulting in activation of
apoptotic machineries. Conversely, it has been found that in
some cell lines the presence of caspase inhibitor blocks
apoptosis and unveils caspase-independent necroptosis.7,8

Activation of death receptor can therefore result in either
apoptosis or necroptosis, caspase-8 being known to act
in a key role for determining which form of cell death will
occur.9

We have previously reported that high concentrations of
24(S)-hydroxycholesterol (24S-OHC) induce necroptosis in
neuronal cells.10 As the blood–brain barrier prevents choles-
terol translocation between the brain and the circulation, brain
cholesterol is locally synthesized, and its levels are not
affected by dietary cholesterol.11 To maintain a steady-state
level of cholesterol in the brain, the neuronal enzyme
cholesterol 24-hydroxylase (CYP46A1) converts excess
amounts of cholesterol into 24S-OHC, which readily crosses
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the blood–brain barrier.12 It has been reported that free
24S-OHC is present at concentrations of up to 30 mM in the
human brain.13 Several lines of evidence suggest that
24S-OHC is linked to the development of Alzheimer’s disease
(AD).14,15 Higher concentrations of 24S-OHC have been
detected in plasma and cerebrospinal fluid of patients with AD
or mild cognitive impairment than is present in healthy
subjects.16,17 Selective expression of CYP46A1 around
neuritic plaques has also been reported.18 Furthermore, as
24S-OHC has been shown to possess potent neurotoxicity, it
is presumed to be involved in the etiology of neurodegenera-
tive disease.19 We have shown that 24S-OHC induces cell
death in human neuroblastoma SH-SY5Y cells and rat
primary cortical neuronal cells without any of the features
typical of apoptosis.10 Instead, we found that Nec-1 or siRNA
knockdown of RIPK1 significantly suppressed 24S-OHC-
induced cell death, demonstrating that necroptosis may
account for 24S-OHC-induced neuronal cell death. We further
showed in our previous study that the neuronal cells used in
that study did not express caspase-8, suggesting that
24S-OHC induces necroptosis specifically in neuronal cells
because of the absence of caspase-8; however, the molecular
mechanisms responsible for induction of cell death still
remained unclear.

In the present study, we used not only SH-SY5Y cells but
also human T lymphoma Jurkat cells to further investigate the
mechanisms responsible for 24S-OHC-induced cell death.
We found that cytosolic lipid droplets formed in the early
stages in cells treated with 24S-OHC. Lipid droplets are
unique intracellular organelles that store neutral lipids for
membrane synthesis and energy supply.20 As accumulation
of free cholesterol can be toxic to cells, free cholesterol is
converted to cholesteryl esters, which mainly exist as lipid
droplets.21 Acyl-CoA:cholesterol acyltransferase (ACAT)
catalyzes the esterification of free cholesterol to cholesteryl
esters in the endoplasmic reticulum.22 Two ACAT isoen-
zymes, ACAT1 and ACAT2 have been identified. ACAT1 is
the main isoenzyme in the brain.22,23 Here, we demonstrate
that the esterified form of 24S-OHC is accumulated in 24S-
OHC-treated cells. We also found that 24S-OHC induced
either apoptosis or necroptosis, which of the two was induced
being determined by caspase activity. We conclude that
ACAT1-mediated esterification of 24S-OHC and formation of
lipid droplets have important roles in 24S-OHC-induced
apoptosis and necroptosis.

Results

Lipid droplet formation mediated by ACAT activity was
involved in 24S-OHC-induced cell death in SH-SY5Y
cells. Following exposure of SH-SY5Y cells to 24S-OHC for
about 6 h, it was noted during monitoring of cell morphology
that lipid droplet-like structures had formed. We therefore
used the fluorescent probe Nile red24 to examine whether
these structures were neutral lipid-enriched droplets. Cells
treated with 24S-OHC for 6 h had cytoplasmic structures that
stained positive with Nile red, suggesting that 24S-OHC
treatment had induced formation of droplets enriched with
neutral lipids (Figure 1a upper panel). Pretreatment of cells
with F12511, an inhibitor of both ACAT1 and ACAT2,25

suppressed 24S-OHC-induced lipid droplet formation
(Figure 1a lower panel). To evaluate whether 24S-OHC-
induced lipid droplet formation was correlated with cell death,
we examined the effect of F12511 on 24S-OHC-induced cell
death by lactate dehydrogenase (LDH) activity assay. The
results showed that F12511 almost completely suppressed
24S-OHC-induced cell death (Figure 1b).

Selective inhibitor or siRNA knockdown of ACAT1
suppressed 24S-OHC-induced cell death in SH-SY5Y
cells. As it has been reported that ACAT1 is the main
isoenzyme in the brain, and real-time PCR analysis revealed
that ACAT1 mRNA but not ACAT2 mRNA was expressed in
SH-SY5Y cells (Supplementary Figure S1), we tested the
effects of the selective ACAT1 inhibitor K-60426 on
24S-OHC-induced lipid droplet formation and cell death. Nile
red staining showed that, as was the case with F12511,
K-604 suppressed formation of lipid droplets in cells treated
with 24S-OHC for 6 h (Figure 1c). K-604 also suppressed
24S-OHC-induced cell death (Figure 1d). Furthermore, we
performed siRNA knockdown of ACAT1 in SH-SY5Y cells
and confirmed a marked decline in constitutive ACAT1
protein levels (Figures 2a and b). Under these conditions,
24S-OHC-induced lipid droplet formation was suppressed
(Figure 2c) and 24S-OHC-induced cell death was signifi-
cantly inhibited, similar to that which was observed with
F12511 treatment (Figure 2d). Taken together, these results
suggest that ACAT1 is involved in neuronal cell death
induced by 24S-OHC.

The esterified form of 24S-OHC accumulated in
24S-OHC-treated SH-SY5Y cells. As lipid droplet formation
was involved in 24S-OHC-induced cell death, we analyzed
lipid components by using gas chromatography–mass
spectrometry (GC–MS) in SH-SY5Y cells treated with
24S-OHC for 6 h. A saponification step was used to remove
fatty acids from sterol esters and derivatize sterol molecules
for detection by GC–MS. Free cholesterol (before saponifica-
tion) and total cholesterol (after saponification) were both
measured, the difference between these values being taken
to be the amount of cholesterol esters. The same measure-
ment was performed for 24S-OHC and for 24S-OHC esters.
The results showed that neither cholesterol content nor
cholesteryl ester content was affected by 24S-OHC treat-
ment (Figure 3a). 24S-OHC was not detected in control cells,
and accumulation of 24S-OHC and 24S-OHC esters was
observed in 24S-OHC-treated cells (Figure 3b), it being
possible to prevent this accumulation of 24S-OHC esters by
treatment with F12511 (Figure 3b). In SH-SY5Y cells
transfected with ACAT1 siRNA, cholesterol levels remained
unaffected (Supplementary Figure S2A), but the production
of 24S-OHC esters was inhibited (Supplementary Figure
S2B). Together, these data indicate that ACAT1 esterified
24S-OHC but not cholesterol and that this caused formation
of lipid droplets in 24S-OHC-treated SH-SY5Y cells.

To further confirm the production of the esterified form of
24S-OHC, cell samples without saponification were analyzed
by reverse-phase high-performance liquid chromatography
(HPLC). As compared with the vehicle control condition
(Figure 4a), significant increase was observed at four peaks
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for 24S-OHC-treated cells (Figure 4b). These four peaks
disappeared when cells were co-treated with 24S-OHC and
F12511 (Figure 4c). During this HPLC analysis, free 24S-
OHC and free cholesterol were detected at 2.5 and 4 min,
respectively, and cholesteryl esters were detected at retention
times445 min (data not shown). We then collected these four

unidentified peaks as four fractions and analyzed by GC–MS
with or without saponification. The results show that all four
factions contained the esterified form of 24S-OHC (Figure 4d)
but not cholesterol (Figure 4e). Collectively, these results
suggest that 24S-OHC treatment induced accumulation of
various kinds of 24S-OHC esters but not of cholesteryl esters.
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24S-OHC induced necroptosis in caspase-inhibited
Jurkat cells. To investigate the effects of caspase-8
expression on induction of cell death by 24S-OHC, we used

human T lymphoma Jurkat cells that endogenously
expressed caspase-8. We first examined the effect of the
pan-caspase inhibitor ZVAD-fmk (ZVAD) on 24S-OHC-
induced cell death in Jurkat cells. Jurkat cells were treated
with 24S-OHC in the presence or absence of ZVAD for 24 h.
Cell viability was measured by WST-8 assay. 24S-OHC
treatment significantly decreased cell viability regardless of
whether ZVAD was present (Figure 5a). We also used
immunoblotting to evaluate the activation of caspase-8 and
caspase-3 in cells treated with 24S-OHC for 6 h. The results
show that cleaved forms of caspase-8 and caspase-3 were
observed in cells treated with 24S-OHC alone (Figure 5b),
indicating that 24S-OHC induced apoptosis in Jurkat cells.
Interestingly, activation of caspase-8 and caspase-3 was
inhibited by ZVAD (Figure 5b), but ZVAD treatment did not
exhibit any protective effect on 24S-OHC-induced cell death
(Figure 5a). In control experiments, TNFa and cycloheximide
(CHX) induced activation of caspase-8 and caspase-3 in
Jurkat cells (data not shown), and activation of each was
inhibited by ZVAD (Figure 5b). As active caspase-8 has been
demonstrated to cleave and inactivate RIPK1, thereby
regulating initiation of necroptosis,2 we examined the
expression level of RIPK1. As expected, 24S-OHC treatment
reduced RIPK1 protein levels, this reduction being
suppressed by co-treatment with ZVAD (Figure 5b). These
results suggest that in the presence of ZVAD 24S-OHC
induces caspase-independent cell death in Jurkat cells. To
evaluate whether necroptosis accounts for the caspase-
independent cell death induced by 24S-OHC, we examined
the effect of the specific necroptosis inhibitor Nec-1 on cell
death induced by 24S-OHC in the presence of ZVAD. The
results showed that Nec-1 significantly suppressed cell death
induced by 24S-OHC in the presence of ZVAD (Figure 5c).
We further examined the role of caspase-8 in 24S-OHC-
induced cell death using caspase-8-deficient Jurkat cells.
24S-OHC treatment significantly decreased cell viability
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(Figure 5d), and this decrease in viability was significantly
suppressed by Nec-1, suggesting that 24S-OHC induced
necroptosis in caspase-8-deficient Jurkat cells. To further
confirm the involvement of necroptosis in 24S-OHC-induced
cell death, we evaluated the effect of RIPK3 knockdown in
Jurkat cells. In the presence of ZVAD, RIPK3 siRNA
significantly suppressed cell death induced by 24S-OHC
(Figure 5e). Together, these results indicate that 24S-OHC
induces either apoptosis or necroptosis in Jurkat cells, which
of the two forms of cell death is induced being dependent on
caspase activities, especially caspase-8 activity.

Lipid droplet formation mediated by ACAT1 activity was
involved in 24S-OHC-induced apoptosis and necroptosis
in Jurkat cells. To investigate whether ACAT1 is involved in

24S-OHC-induced apoptosis and necroptosis, we carried out
a series of experiments on Jurkat cells in the presence and
absence of ZVAD. Real-time PCR analysis revealed that
ACAT1 mRNA but not ACAT2 mRNA was expressed in
Jurkat cells as well as in SH-SY5Y cells (Supplementary
Figure S1), suggesting that ACAT1 is the main isoenzyme in
Jurkat cells. Nile red staining showed that in the absence of
ZVAD 24S-OHC treatment induced the formation of lipid
droplets (Figure 6a). It was further observed that formation of
these Nile red-positive lipid droplets could be reduced by
treatment with K-604 (Figure 6a) or F12511 (Supplementary
Figure S3A). We next evaluated whether 24S-OHC-induced
lipid droplet formation was observed under necroptosis-
inducing condition (ZVADþ ). The results showed that
24S-OHC treatment induced lipid droplet formation and that
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this could be suppressed by inhibition of ACAT1 activity
(Figure 6b and Supplementary Figure S3B). These results
revealed that, regardless of the presence or absence of
ZVAD, 24S-OHC treatment induces ACAT1-mediated
esterification of sterols and lipid droplet formation in Jurkat
cells.

We then evaluated the effect of ACAT inhibitor on
24S-OHC-induced cell death in Jurkat cells. Under both
apoptosis-inducing condition (ZVAD" ) and necroptosis-
inducing condition (ZVADþ ), F12511 inhibited 24S-OHC-
induced cell death (Figure 7a). The selective ACAT1 inhibitor
K-604 also suppressed both types of cell death (Figure 7b).
These results suggest that ACAT1-mediated lipid droplet
formation is a common early-stage event that occurs in
24S-OHC-induced cell death regardless of whether that cell
death is caspase dependent or caspase independent.

Discussion

Lipid droplets have significant biological roles in many cell
types.20 Their hydrophobic cores store neutral lipids such as
triglyceride and cholesteryl esters for supplying metabolic
energy and membrane components. Lipid droplets also serve

in protein storage and degradation. It had generally been
thought that ACAT-mediated esterification of cholesterol with
fatty acid results in the formation of cholesteryl ester-enriched
lipid droplets, which serve in a protective role by preventing
cytotoxic accumulation of free cholesterol.21 It has been
reported that an unsaturated fatty acid, oleic acid, promotes
the formation of triglyceride-enriched lipid droplets while
barely inducing apoptosis; and that a saturated fatty acid,
palmitic acid, poorly forms lipid droplets while significantly
inducing apoptosis.27 Contrary to such conventional findings,
our present data showed that formation of lipid droplets upon
24S-OHC treatment correlates with induction of cell death.
Although it was not clear in the present study whether the
esterified form of 24S-OHC itself was cytotoxic or whether it
was the formation of lipid droplets that triggered cell death
signaling, we showed that esterification of 24S-OHC by action
of ACAT1 was definitely responsible for initiating cell death
signaling. It is possible to hypothesize that certain proteins
which suppress cell death, for example, cellular FLICE
inhibitory protein28 or cellular inhibitor of apoptosis,29 might
collect within lipid droplets. It is also possible that lipid droplets
may provide an intracellular platform permitting association of
certain proteins that promote cell death signaling.

Interestingly, employment of inhibitor or siRNA knockdown
of ACAT1 almost completely inhibited the cytotoxic effects
of 24S-OHC in both SH-SY5Y and Jurkat cells. ACAT1
esterifies various oxysterols such as 7-ketocholesterol and
25-OHC.30,31 It is therefore plausible that 24S-OHC might
also be available as a substrate for ACAT1. Indeed, GC–MS
analysis revealed that there was accumulation of 24S-OHC
esters but not cholesteryl esters in 24S-OHC-treated cells.
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In macrophages, ACAT promotes 7-ketocholesterol-induced
caspase-3-dependent apoptosis via accumulation of 7-keto-
cholesterol esters.32 In mast cells, ACAT is implicated in
24(S),25-epoxycholesterol-induced apoptosis.33 In contrast,
a plant sitosterol, which was poorly esterified by ACAT, was
found to trigger caspase-independent necroptosis in macro-
phages.34 We have previously shown that 7-ketocholesterol,
7a-OHC, 7b-OHC, and 22R-OHC induce SH-SY5Y cell death
and that this was not prevented by Nec-1.10 In the present
study, we further examined whether ACAT1 was involved in
cell death induced by these oxysterols, as a result of which we
found that Nile red staining showed that these oxysterols did
not induce lipid droplet formation (Supplementary Figure S4A),
and we found that ACAT inhibitor did not suppress cell death
induced by these oxysterols (Supplementary Figure S4B).
Together, the current data suggest that differences in the
structures of oxysterols and their esterified forms are
important factors for determining the pathway by which cell
death occurs. As HPLC analysis showed that at least four
kinds of 24S-OHC esters accumulated in 24S-OHC-treated
cells, studies to identify which 24S-OHC esters are respon-
sible for the induction of cell death may provide further insight.
Because standards for each 24S-OHC ester are not
commercially available, further experiments will be required
to characterize and quantify the individual 24S-OHC esters. It
should be noted that the amount of free 24S-OHC in cells
co-treated with 24S-OHC and F12511 was lower than that in
cells treated with 24S-OHC alone (Figure 3b). There is a
possibility that F12511 may affect influx and/or efflux of
24S-OHC. However, ACAT1 inhibition almost completely
inhibited esterification of 24S-OHC, and this was accompa-
nied by a corresponding suppression of 24S-OHC-induced
cell death. We therefore concluded that it is the esterification
of 24S-OHC by ACAT1 and the resulting lipid droplet
formation that triggers cell death signaling. It has been
reported that ACAT1 gene ablation or ACAT inhibitor
ameliorates amyloid pathology in AD mice.23 In the light of
our present results, it is thought that ACAT1 inhibitors may
hold promise for treating neurodegenerative diseases due
also to their presumed role in cell death inhibition.

Our results show that in Jurkat cells ACAT inhibition
suppressed both 24S-OHC-induced formation of lipid droplets
and cell death regardless of whether or not caspase inhibitor
was present (Figure 6 and Figure 7). These results suggest
that esterification of 24S-OHC is an early-stage event in the
cell death machinery and more particularly that it occurs
upstream of the switching point for apoptosis and necroptosis.
As ACAT1 inhibition also suppresses 24S-OHC-induced lipid
droplet formation and cell death in SH-SY5Y cells, we propose
that esterification of 24S-OHC by ACAT1 is the common
mechanism responsible for 24S-OHC-induced cell death in
different cell types. It has been reported that there are two key
pathways for apoptosis signaling, one being the extrinsic
pathway which is initiated through cell surface death receptors
and which results in caspase-8 activation, and the other
being the intrinsic pathway which is initiated through a
mitochondrion-centered control mechanism.35 Drug-induced
caspase-8 activation in death receptor-independent apoptosis
has been reported in several types of cells.36,37 Our results in
Jurkat cells showed that 24S-OHC induced activation of

caspase-8, resulting in activation of apoptotic machineries.
The possibility that certain death receptor was involved in
24S-OHC-induced cell death should be addressed in the near
future. It has been known that autocrine secretion of death
ligands such as TNFa upon stimulation with a cytotoxic
compound induces apoptosis.38 We therefore evaluated
TNFa secretion from 24S-OHC-treated SH-SY5Y cells and
found no secretion of TNFa into the culture medium after 6 and
12 h treatment (data not shown). Further experiments will be
required to address whether other ligands might be secreted
to stimulate cell death receptors. In the cells treated with
caspase inhibitor or in caspase-8-deficient cells, 24S-OHC
still caused cell death, and this was partially but significantly
inhibited by Nec-1. Furthermore, siRNA for RIPK3 strongly
suppressed 24S-OHC-induce cell death. These results
suggest that it is mainly necroptosis that is responsible for
24S-OHC-induced cell death in the absence of caspase-8
activity.

Here we have presented a novel mechanism of cell death
that includes both apoptosis and necroptosis induced by an
oxidation product of cholesterol. The esterification of oxysterol
by ACAT1 is a common initial event in both of these cell death
modalities. From the clinical viewpoint, it is noteworthy that
24S-OHC is predominantly produced in the brain and may be
responsible for neuronal cell death in neurodegenerative
diseases. We have therefore provided the basis for potential
therapeutic strategies in which ACAT1 inhibitors are used to
treat neurodegenerative diseases.

Materials and Methods
Materials. ACAT inhibitor F12511 and anti-ACAT1 antibody (DM102) were the
generous gifts of Dr. Ta-Yuan Chang (Dartmouth Medical School, Hanover, NH,
USA). ACAT1 inhibitor K-604 was kindly provided by Kowa Company, Ltd (Tokyo,
Japan). Dulbecco’s modified Eagle’s medium/nutrient mixture Ham’s F-12 (DMEM/
F-12) was obtained from Invitrogen (Carlsbad, CA, USA). RPMI-1640 was
obtained from Sigma-Aldrich (St. Louis, MO, USA). Fetal bovine serum was from
Hyclone (Thermo Scientific, Logan, UT, USA). 24S-OHC was from Biomol
International (Plymouth Meeting, PA, USA), this having been dissolved in ethanol
and stored at " 20 1C. Pan-caspase inhibitor ZVAD was from Medical and
Biological Laboratories (Nagoya, Japan). TNFa, CHX, and N,O-bis(trimethylsilyl)-
trifluoroacetamide were purchased from Wako (Osaka, Japan). Nec-1 and Nile red
were from Sigma-Aldrich, these, respectively, being dissolved in DMSO and stored
at " 20 1C under light-shielded conditions. The following antibodies were from
commercial sources: caspase-8 (No. M058-3), Medical and Biological Laboratories;
caspase-3 (No. 9662), Cell Signaling (Beverly, MA, USA); RIPK1 (No. 551041), BD
Biosciences (San Jose, CA, USA); and b-actin (No. A5441), Sigma. All other
chemicals, of analytical grade, were obtained from Sigma-Aldrich or Wako.

Cell lines and cell culture. SH-SY5Y human neuroblastoma cells, Jurkat
human T cell leukemia cells, and caspase-8-deficient Jurkat cells (clone I 9.2)
were purchased from American Type Culture Collection (Manassas, VA, USA).
Cells were routinely maintained in DMEM/F-12 (SH-SY5Y) or RPMI-1640 (Jurkat)
medium containing 10% heat-inactivated fetal bovine serum and antibiotics (100 U/
ml penicillin, 100mg/ml streptomycin; Invitrogen). For treatment, SH-SY5Y cells
and Jurkat cells were seeded at a density of 3.0# 105 cells/ml. Cells were grown
at 37 1C under an atmosphere of 95% air and 5% CO2.

Cell treatment. To examine the toxicity of 24S-OHC in SH-SY5Y cells and
Jurkat cells, cells were treated with 50mM 24S-OHC for the indicated periods. To
evaluate the effects of ZVAD or ACAT inhibitor, the cells were pretreated with
20mM ZVAD for 1 h or with 5 mM F12511 or 2mM K-604 for 15 min before further
treatments.

Determination of cell viability. For determination of cell viability in Jurkat
cells, WST-8 assay was performed using Cell Counting Kit-8 according to the
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manufacturer’s instructions (Dojindo, Kumamoto, Japan). Flow cytometry using
propidium iodide staining was conducted as described previously.10 Briefly, control
and treated cells were stained with propidium iodide, followed by analysis using a
BD FACSAriaTM II cell sorter (Becton, Dickinson and Company, Franklin Lakes,
NJ USA) with a 488 nm argon laser. For determination of cell viability in SH-SY5Y
cells, LDH activity assay was performed as described previously.39 Data are
expressed as percentage of total LDH activity, after subtraction of background
determined from the serum medium alone.

Immunoblotting. Whole cell lysates were prepared in lysis buffer (50 mM
Tris-HCl, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 2 mM EDTA) to which protease
inhibitor cocktail (nacalai tesque, Kyoto, Japan) had been added. Nuclei and
unlysed cellular debris were removed by centrifugation at 16 000# g for 10 min.
The protein samples were subjected to SDS-PAGE and immunoblotting by using
appropriate antibodies.

Nile red staining. To confirm the presence of lipid droplets in 24S-OHC-
treated cells, cells were fixed by 4% paraformaldehyde phosphate buffer solution
at room temperature for 30 min. After washing out fixing solution, the cells were
incubated with PBS, including 50 ng/ml Nile red for 5 min in the dark. Fluorescence
images of Nile red staining were obtained using a fluorescence microscope
(OLYMPUS IX71, Tokyo, Japan).

Knockdown of ACAT1 and RIPK3 by small interfering RNA.
Stealth siRNA targeting human ACAT1 (50-UAGAACUCCAAUCUGGAAGAU
CAUG-30) and Stealth RNAi negative control (NC) were obtained from Invitrogen.
The siRNA targeting human RIPK34 was obtained from Hokkaido System Science
(Sapporo, Japan). SH-SY5Y cells grown in six-well plates were transfected with
siRNA, at a concentration of 50 or 75 pmol/well by Lipofectamine RNAiMAX
(Invitrogen) for 48 h (ACAT1) or by 60 pmol/well by HiPerFect (Qiagen, Hilden,
Germany) for 72 h (RIPK3) before further experiments. To confirm knockdown
efficiency for ACAT1, whole cell lysates were analyzed by immunoblotting using
DM102 antibody.

Cholesterol and 24S-OHC measurement by GC–MS. The levels of
cholesterol and 24S-OHC were measured by GC–MS using a previously reported
method.40 Briefly, the cells in 1 ml PBS were divided equally into two portions, one
for total sterol (with saponification) and the other for free sterol (without
saponification). Each cell suspension was added to 500ml of 100 nM internal
standards and 100mM butylated hydroxytoluene in methanol. Saponification was
carried out by adding 500ml of 1 M KOH in methanol followed by incubation on a
shaker at 40 1C for 30 min. Lipids were extracted by adding 2 ml of 10% acetic
acid in water and 5 ml of chloroform/ethyl acetate (4:1, v/v), followed by vortexing
for 1 min and centrifugation at 3000# g for 10 min at 4 1C. After removal of the
water layer, the chloroform/ethyl acetate layer was evaporated to dryness under
nitrogen. As silylating agent, 30ml of N,O-bis(trimethylsilyl)-trifluoroacetamide was
added to the dried residue. The solution was mixed vigorously by vortexing and
was incubated for 60 min at 60 1C to obtain trimethylsilyl esters and ethers. After
mixing with 50ml of acetone, an aliquot of this sample was injected into a gas
chromatograph (GC 6890 N; Agilent Technologies, Palo Alto, CA, USA) that was
equipped with a quadrupole mass spectrometer (5973 Network; Agilent
Technologies). A fused silica capillary column (HP-5MS, 5% phenylmethyl
siloxane, 30# 0.25 mm2; Agilent Technologies) was used. Helium was used as
carrier gas at a flow rate of 1.2 ml/min. Temperature programming was carried out
to bring the temperature from 60 1C to 280 1C at 10 1C/min. The injector
temperature was set to 250 1C, and the temperatures of the transfer lines to the
mass detector and ion source were 250 1C and 230 1C, respectively. Electron
energy was set to 70 eV. Cholesterol and 24S-OHC were identified based on their
retention times and mass patterns; ions having m/z 458 for cholesterol and 413 for
24S-OHC were selected for the quantification. Cholesterol and 24S-OHC were
identified quantitatively using cholesterol-d7 and 27-OHC-d6 (Avanti Polar Lipids,
Alabaster, AL, USA) as internal standards, respectively.

Lipid fractionation by HPLC. Cells were lysed in 1 ml of 0.2 M NaOH and
were neutralized by 64 ml of 3 M HCl and 45 ml of 1 M KH2PO4.41 Lysate was
transferred to glass tubes and to the lysate in each tube three times its volume of
Folch solvent (chloroform/methanol, 2 : 1, v/v) and 1 ml H2O were then added.
After centrifugation at 3500 r.p.m. (2330# g) for 10 min, the chloroform phase was
transferred into fresh tubes. The extracts were evaporated under a stream of N2,

the dry residue was then dissolved in 100ml eluent without water, and this was
injected to HPLC. HPLC was carried out on an Inertsil ODS-3 column (5mm,
4.6# 250 mm; GL Science, Tokyo, Japan) as described previously.42 The HPLC
apparatus consisted of a pump (PU-980 Intelligent HPLC Pump; Nihon Bunko,
Tokyo, Japan), a detector (UV-970 Intelligent UV/VIS Detector, Nihon Bunko), and
a calculator (EPC-500; Eicom, Kyoto, Japan). The flow rate of eluent (acetonitrile/
2-propanol/H2O, 43/53/4) was 1.0 ml/min.

RNA isolation and real-time PCR. Total RNA isolation and real-time
PCR were conducted as described previously.15 The following primers were
used: human ACAT1 forward, 50-GCAAGGCGCTCTCTCTTAGATG-30; reverse,
50-AGGAGGGCAATAAACATGTGATATATT-30; and human ACAT2 forward,
50-TGGCTCAACGCCTTTGC-30; reverse, 50-CCAGTCCCGGTAGAACATCCT-30.

Statistical analysis. Data are reported as mean±S.D. of at least three
independent experiments unless otherwise indicated. The statistical significance of
the difference between the determinations was calculated by an analysis of
variance using Tukey’s test for multiple comparisons. The difference was
considered significant when the P value was o0.05.
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a b s t r a c t

24(S)-Hydroxycholesterol (24S-OHC), which is enzymatically produced in the brain, has been known to
play an important role in maintaining cholesterol homeostasis in the brain and has been proposed as a
possible biomarker of neurodegenerative disease. Recent studies have revealed diverse functions of 24S-
OHC and gained increased attention. For example, 24S-OHC at sublethal concentrations has been found
to induce an adaptive response via activation of the liver X receptor signaling pathway, thereby pro-
tecting neuronal cells against subsequent oxidative stress. It has also been found that physiological
concentrations of 24S-OHC suppress amyloid-β production via downregulation of amyloid precursor
protein trafficking in neuronal cells. On the other hand, high concentrations of 24S-OHC have been found
to induce a type of nonapoptotic programmed cell death in neuronal cells expressing little caspase-8.
Because neuronal cell death induced by 24S-OHC has been found to proceed by a unique mechanism,
which is different from but in some ways similar to necroptosis—necroptosis being a type of programmed
necrosis induced by tumor necrosis factor α—neuronal cell death induced by 24S-OHC has been called
“necroptosis-like” cell death. 24S-OHC-induced cell death is dependent on the formation of 24S-OHC
esters but not on oxidative stress. This review article discusses newly reported aspects of 24S-OHC in
neuronal cell death and sheds light on the possible importance of controlling 24S-OHC levels in the brain
for preventing neurodegenerative disease.

& 2015 Elsevier Inc. All rights reserved.
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1. Introduction

The brain is the most cholesterol-rich organ and contains about
25% of the total amount of cholesterol in the body [1]. Brain
cholesterol is locally synthesized and its levels are not influenced
by the nutritional intake of cholesterol [2, 3]. The blood–brain
barrier prevents cholesterol transport between the brain and the
peripheral circulation [1, 4–7]. Excess brain cholesterol due to ei-
ther increased synthesis or cell death needs to be eliminated from
the brain into the peripheral circulation by a suitable elimination
pathway. To maintain a steady-state level of brain cholesterol,
excess cholesterol is converted to 24(S)-hydroxycholesterol
(24S-OHC)1 by the neuronal enzyme cholesterol 24-hydroxylase
(CYP46A1) [8, 9]. 24S-OHC penetrates the blood–brain barrier by
diffusion or by way of organic anion-transporting polypeptide 2
[10]. The content of 24S-OHC in the brains of mice lacking
CYP46A1 was less than 5% of that of wild-type mice [11], sug-
gesting that CYP46A1 is responsible for production of 24S-OHC in
the brain. About 30 mM free 24S-OHC has been detected in human
brain homogenates [12]. Various oxysterols, including 24S-OHC,
can also downregulate cholesterol synthesis by blocking the pro-
teolytic activation of a transcription factor, sterol-regulatory ele-
ment-binding protein [13]. 24S-OHC is known to be an en-
dogenous ligand of the liver X receptor (LXR) transcription factors,
which regulate cholesterol efflux [14]. 24S-OHC in the circulation
is transported by low-density lipoprotein to the liver, where it is
metabolized to bile acids [15]. It is therefore clear that 24S-OHC is
an important physiological molecule for cholesterol metabolism in
the human body.

Cholesterol metabolism is thought to be involved in the pa-
thogenesis of Alzheimer disease (AD), and the ε4 allele of apoli-
poprotein E has been shown to be a genetic risk factor for late-
onset AD [16]. A polymorphism in the CYP46A1 gene that causes
an increase in 24S-OHC levels has been reported to be associated
with AD [17]. In addition to the concentration of 24S-OHC mea-
sured in total brain homogenates [12], Heverin et al. measured the
levels of 24S-OHC in four different brain areas of healthy controls
and AD patients [18]. They found that 24S-OHC levels in all four
areas were about 20 ng/mg tissue in controls and were decreased
in AD patients. If we assume that a volume of 1 mg tissue is 1 μl,
we can calculate the level of 24S-OHC in brain tissue as approxi-
mately 50 μM. Several studies reported that 24S-OHC levels were
elevated in the plasma [19, 20] and cerebrospinal fluid (CSF) [21]
of AD patients. However, other studies have reported lower levels
of plasma 24S-OHC in AD patients [22, 23]. The potential role of
24S-OHC as a biomarker for diagnosis of Parkinson disease (PD)
has also been investigated [24, 25]. As with AD, conflicting reports
have been observed for PD. Whereas one study reported un-
changed levels of 24S-OHC in plasma but significantly increased
levels of 24S-OHC in the CSF of patients with PD [24], another
study showed markedly reduced levels of 24S-OHC in the plasma
of PD patients [25]. The increased levels of 24S-OHC reported in
the CSF of PD patients were correlated with longer disease dura-
tion [24]. The level of 24S-OHC in plasma from patients with
Huntington disease (HD) was observed to decrease in correspon-
dence to the progress of the disease as quantified by magnetic
resonance imaging (MRI) measurements of striatal atrophy and
striatal volume [26]. Similar to what was observed in HD, levels of
24S-OHC in plasma were found to decrease in proportion to the
degree of brain atrophy as measured by MRI in AD and multiple
sclerosis [27]. Neurodegeneration, with loss of neurons, would be
expected to lead to a reduction in the levels of 24S-OHC in plasma.
It is postulated that plasma levels of 24S-OHC may thus be re-
garded as a surrogate marker for the number of metabolically
active neurons located in the gray matter of the brain [28]. Hughes
et al. examined a total of 28 studies on plasma 24S-OHC and

neurodegenerative disease and concluded that plasma 24S-OHC
might be higher in the early stages of cognitive impairment and
lower in advanced stages of AD compared with normal controls
owing to loss of neurons [29].

Although it has long been suspected that 24S-OHC might play
an important role in the pathogenesis of neurodegenerative dis-
ease, the exact functions of 24S-OHC have only recently begun to
be investigated. In this review, we summarize the dose-dependent
and diverse functions of 24S-OHC, and we explore new models for
understanding the role of 24S-OHC in neuronal cell death with a
view toward gaining a better grasp of neurodegenerative disease
pathologies.

2. Oxysterols: oxidation products of cholesterol

Cholesterol is oxidized enzymatically and nonenzymatically to
produce several kinds of oxysterols [30–32]. In nonenzymatic
oxidation, cholesterol is attacked by free radicals such as hydroxyl
radical, alkoxyl radical, and peroxyl radical, which are formed in
the decomposition of hydrogen peroxide and hydroperoxides by
metal ions such as iron and copper [33]. The free radical-mediated
oxidation of cholesterol generates 7-hydroperoxycholesterol (7-
OOHC), 7-hydroxycholesterol (7-OHC), 7-ketocholesterol (7-KC),
and cholesterol-5,6-epoxide (5,6-epoxyC) as major products. Both
α and β forms of 7-OOHC, 7-OHC, and 5,6-epoxyC are formed. 7β-
OHC has been reported to derive in the brain from the oxidation of
cholesterol by amyloid-β (Aβ) and to a lesser extent by amyloid
precursor protein (APP) [34]. Singlet oxygen attacks carbon at the
5 position to generate 5α-hydroxycholesterol specifically. In en-
zymatic oxidation of cholesterol, several cholesterol hydroxylases
produce 24S-OHC, 25-OHC, and 27-OHC, as summarized in Table 1
[33,35]. 7α-OHC is also produced via an enzymatic mechanism
[33,36]. Many of the cholesterol hydroxylases except 25-hydro-
xylase are cytochrome P450 enzymes. A unique enzyme, 11β-hy-
droxysteroid dehydrogenase type 1, catalyzes interconversion be-
tween 7-KC and 7β-OHC [33,37].

3. Production of 24S-OHC in health and disease

In the adult brain, cholesterol is mainly synthesized in astro-
cytes, from which it is delivered to neurons via ApoE-dependent
transportation [38]. CYP46A1 expression is normally restricted to
certain neuronal cell types, which include hippocampal principal
neurons and some interneuron classes [39]. Abnormal induction of
CYP46A1 by glial cells in the brains of AD patients has been re-
ported [40,41].

Transcriptional and posttranscriptional regulation of CYP46A1
activity, as well as 24S-OHC synthesis, is poorly understood. The
careful promoter assay conducted by Ohyama et al. failed to de-
termine the transcriptional regulation sites [42]. However, they
showed that oxidative stress induced by stimulation of neuronal
cells with inflammatory cytokines or tertiary-butylhydroperoxides
caused a significant increase in transcriptional activity. The precise
mechanisms are not well known yet. In addition to various direct

Table 1
Enzymes involved in oxysterol synthesis

Enzyme Oxysterol

Cholesterol 7α-hydroxylase (CYP7A1) 7α-OHC
Cholesterol 24-hydroxylase (CYP46A1) 24S-OHC
Cholesterol 25-hydroxylase 25-OHC
Sterol 27-hydroxylase (CYP27A1) 27-OHC
11β-Hydroxysteroid dehydrogenase type 1 7-KC, 7β-OHC
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influences, it is reasonable to suppose that 24S-OHC synthesis will
be affected by other cholesterol metabolic pathways, including
neurosteroid biosynthesis. Neurosteroids are produced in neurons,
astrocytes, and oligodendrocytes—the particular enzymes that are
expressed being specific to the type of cell [43,44]. The first step in
synthesis of neurosteroids from cholesterol is action of a mi-
tochondrial cholesterol side-chain cleavage enzyme, such as 20- or
21-hydroxylase [45,46]. Because these enzymes and CYP46A1 both
take cholesterol as substrate, they will presumably compete with
each other for cholesterol [47]. Because CYP46A1 resides in the
endoplasmic reticulum (ER), whereas cholesterol side-chain clea-
vage enzymes reside in mitochondria, cholesterol trafficking to
specific organelles could control which pathway is favored under
different conditions [48].

In mouse models of AD, neuronal overexpression of CYP46A1
has been found to reduce the amyloid pathology [49]. On the other
hand, knockout of the CYP46A1 gene did not affect amyloid for-
mation in mouse models of AD, although deletion of this gene
provided a survival advantage in this mouse model [50]. The CC
genotype of the IVS3 þ 43C - T polymorphism was associated
with increased 24S-OHC/cholesterol ratio in the CSF of AD pa-
tients, indicating that the CYP46A1 gene locus may predispose an
individual to AD by increasing the 24S-OHC/cholesterol ratio in the
brain [17]. Antifungal agents such as voriconazole have been found
to be high-affinity inhibitors of CYP46A1 [51,52], which result
might cause one to expect that voriconazole would control 24S-
OHC function in the brain [48]. However, increase in CYP46A1
expression in the retina of voriconazole-treated rats has been
shown [53], indicating that further investigation will be needed
before it will be possible to draw conclusions regarding the com-
pounds that control CYP46A1 activity.

4. Mechanism of protection of neuronal cells by 24S-OHC

It has been demonstrated that certain lipid peroxidation pro-
ducts not only exhibit cytotoxic effects but can also exhibit cyto-
protective effects if there is induction of an adaptive response
[33,54]. Adaptive response has been defined as a state occurring
when a sublethal concentration of an oxidation product sig-
nificantly enhances cell tolerance with respect to a subsequent
oxidative stress [55,56]. Because the highly cytotoxic potential of
7-KC has been demonstrated in neuronal cells [57–59], 7-KC is
suspected to be involved in the pathogenesis of neurodegenerative
disease. In the case of 24S-OHC, stimulation of a human neuro-
blastoma cell line (SH-SY5Y cells) with sublethal concentrations of
24S-OHC was found to induce an adaptive response and protect
the cells against subsequent cytotoxic stress induced by 7-KC [60].
The cytoprotective effect of 24S-OHC disappeared in LXRβ-
knocked-down cells, suggesting that LXRβ plays a key role in the
24S-OHC-induced adaptive response. LXR forms a functional het-
erodimer with retinoid X receptor (RXR) and regulates transcrip-
tion of several genes involved in the cholesterol efflux pathway
[61]. Cotreatment with 24S-OHC and 9-cis-retinoic acid (the latter
being a ligand of RXR) significantly enhanced the adaptive re-
sponse to prevent 7-KC-induced cell death [60]. Taken together,
these results indicate that a sublethal concentration of 24S-OHC
protected neuronal cells against subsequent oxidative stress as a
result of induction of an adaptive response in which the LXR/RXR
was activated.

Accumulation of Aβ is believed to be the earliest observable
event in AD development [62]. Aβ or Aβ aggregation has been
known to cause neuronal cell death [63,64]. 24S-OHC has been
shown to favor the processing of APP to the nonamyloidogenic
pathway more preferentially than 27-OHC [65]. The processing of
APP into Aβ by β-secretase and γ-secretase is thought to occur in

the trans-Golgi network and endosomes [66–68]. APP budding via
coat protein complex II vesicles from the ER was reduced by 70% in
24S-OHC-treated cells [69]. Proteomics and immunoblotting ana-
lysis revealed that 24S-OHC induced the expression of glucose-
regulated protein 78 (GRP78), an ER chaperone, resulting in the
formation of the APP/GRP78 complex. These results suggest that
24S-OHC downregulates APP trafficking via enhancement of the
complex formation of APP with upregulated GRP78 in the ER, re-
sulting in suppression of Aβ production.

5. Mechanism of induction of neuronal cell death by 24S-OHC

There are many studies in the literature that report acceleration
of neuronal cell death as a result of Aβ accumulation [70–72]. 24S-
OHC, in some cases, has been shown to enhance Aβ accumulation.
For example, increase in Aβ accumulation as a result of enhance-
ment of APP expression by 24S-OHC has been shown in neuro-
blastoma cells [73]. Results of in vitro experiments suggest that the
balance between the levels of 24S-OHC and 27-OHC may be of
importance for generation of Aβ peptides [6]. It has been reported
that high CSF concentrations of cholesterol, 24S-OHC, and 27-OHC
are associated with increase in production of both soluble (s) APP
forms, i.e., sAPPα and sAPPβ, in AD patients [74]. Enhancement of
Aβ production via ABCA1 induction by 24S-OHC has also been
reported [75].

In addition to the enhancing effect of 24S-OHC on Aβ produc-
tion, acceleration of Aβ cytotoxicity by oxidative stress and/or 24S-
OHC has been reported [76,77]. It has also been reported that 24S-
OHC in the close vicinity of amyloid plaques appears to enhance
the adhesion of large amounts of Aβ to the plasma membrane of
neurons and then to amplify the neurotoxic action of Aβ by locally
increasing reactive oxygen species (ROS) steady-state levels
[32,78]. The interaction of the Aβ molecule with the hydrophobic
part of 24S-OHC has been observed [79].

Direct cytotoxicity of 24S-OHC in differentiated SH-SY5Y cell
has been shown by Kölsch et al. [80]. 24S-OHC caused apoptosis as
indicated by caspase-3 activation and partially prevented by the
radical-scavenging antioxidant vitamin E in SH-SY5Y cells differ-
entiated by treatment with retinoic acid [81]. When we treated
undifferentiated SH-SY5Y cells with 24S-OHC, we observed that
24S-OHC exhibited cytotoxicity in a concentration-dependent
manner (Fig. 1) [60,82,83]. 24S-OHC at concentrations higher than
10 μM significantly caused cell death in which caspase-3 and
caspase-9 were not activated [83]. Cell death induced by 24S-OHC
was not suppressed by several kinds of antioxidants such as α-
tocotrienol; an analogue of α-tocopherol, BO-653; deferoxamine;
curcumin; and N-acetylcysteine (Fig. 2A) [83]. We used
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Fig. 1. Cell death induced by 24S-OHC in SH-SY5Y cells. SH-SY5Y cells were treated
with variable concentrations of 24S-OHC for 24 h, and cell viability was measured
by WST-8 assay. Each bar represents the mean 7 SD (n ¼ 3). *p o 0.05, **p o
0.01, compared with vehicle control.
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dichlorodihydrofluorescin diacetate (DCFH-DA; Figs. 2B and 2C)
and 2-(4-diphenylphosphanylphenyl)-9-(3,6,9,12-tetraoxatridecyl)
anthra[2,1,9-def:6,5,10-d′e′f′]diisoquinoline-1,3,8,10-tetraone (Li-
perfluo; Figs. 2D and 2E) to detect free radical and lipid hydro-
peroxides [84], respectively. No increase in the ROS levels in cells
treated with 24S-OHC was observed, whereas a significant in-
crease was shown by treatment with cumene hydroperoxide. This
discrepancy may be explained by different cell conditions between
undifferentiated and differentiated with retinoic acid, which was
shown to induce caspase-8 in neuroblastoma cells [85].

As summarized in Fig. 3, our recent studies have revealed that
24S-OHC induces a type of nonapoptotic programmed cell death in
neuronal cells expressing little caspase-8 [83]. The term “ne-
croptosis” has been used to describe a type of programmed ne-
crosis in which activation of receptor-interacting protein kinase 1
(RIPK1), RIPK3, and mixed-lineage kinase domain-like (MLKL) is

involved in the signaling pathway in a human T-lymphoma cell
line, Jurkat cells, upon exposure to tumor necrosis factor α (TNFα)
[86,87]. RIPK1 has been known to be activated by autopho-
sphorylation [88]. It has been shown that RIPK1 phosphorylation is
involved in 24S-OHC-induced cell death in SH-SY5Y cells [83]. We
recently found that RIPK1 but neither RIPK3 nor MLKL was ex-
pressed in neuronal SH-SY5Y cells [89]. Using caspase-8-deficient
Jurkat (JurkatCas8!/!) cells expressing these three proteins, we
showed that TNFα-induced cell death was dependent on RIPK1,
RIPK3, and MLKL [89] as reported in the literature [86,87]. In
contrast, of three kinase inhibitors tested, which respectively tar-
geted the kinase activities of RIPK1, RIPK3, and MLKL, only RIPK1
kinase inhibitor was found to cause significant suppression of 24S-
OHC-induced cell death in JurkatCas8!/! cells. Almost as surprising
was the fact that in JurkatCas8!/! cells, knockdown of either RIPK1
or RIPK3 caused moderate but significant suppression of 24S-OHC-

Fig. 2. Oxidative stress induced by 24S-OHC in SH-SY5Y cells. (A) Effects of antioxidants against 24S-OHC toxicity in SH-SY5Y cells were assessed. After treatment of cells
with various antioxidants, α-tocotrienol, 10 μM; deferoxamine, 10 μM; BO-653, 10 mM; curcumin, 10 mM; and N-acetylcysteine, 2 mM, for 24 h, cells were treated with 24S-
OHC for 24 h, and the viability was measured by MTT assay. (B–E) Increase in intracellular ROS levels was measured using fluorescent probes, DCFH-DA (B, C) and Liperfluo
(D, E), by flow cytometry. Cells were treated with ethanol (control; white), 50 μM 24S-OHC (gray), or 100 μM cumene-hydroperoxide (cum-OOH; black) for 6 h. Mean 7 SD
(n ¼ 3), **p o 0.01, Tukey, ANOVA compared with vehicle control.
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induced cell death, but knockdown of MLKL showed no such ef-
fect. Taking into consideration especially the fact that the RIPK3
inhibitor did not display inhibitory effect, we concluded that 24S-
OHC-induced cell death was dependent on RIPK1 kinase activity
and RIPK3 protein (not kinase activity), but not on MLKL kinase
activity in JurkatCas8! /! cells. Taken collectively, these results in-
dicate that in the absence of caspase-8 activity, 24S-OHC induces
necroptosis-like cell death that is RIPK1-dependent but MLKL-in-
dependent (Fig. 3).

We previously showed that 24S-OHC induces caspase-depen-
dent apoptosis in Jurkat cells, which endogenously express cas-
pase-8 [90]. When caspase-8 was inactivated in Jurkat cells by
treatment with the pancaspase inhibitor ZVAD-fmk (ZVAD), 24S-
OHC was found to induce caspase-independent cell death, and it
was furthermore found that this was significantly inhibited by
RIPK1 kinase inhibitor or knockdown of RIPK1 or RIPK3, as had
been observed separately in JurkatCas8!/! cells. These results
suggest that 24S-OHC can induce either apoptosis or necroptosis-
like cell death, and which of the two is induced is determined by
caspase-8 activity in T-lymphoma Jurkat cells (Fig. 3).

Regardless of the presence or absence of ZVAD, 24S-OHC
treatment was found to induce the formation of lipid droplet-like
structures and cell death in Jurkat cells and SH-SY5Y cells, and it
was furthermore found that this was suppressed by treatment
with an inhibitor of acyl-CoA:cholesterol acyltransferase 1 (ACAT1)
[90]. ACAT1 catalyzes esterification of cholesterol with un-
saturated fatty acid at the ER [91]. Analysis using gas chromato-
graphy–mass spectrometry revealed that the 24S-OHC-treated
cells exhibited accumulation of 24S-OHC esters but not of cho-
lesteryl esters and that accumulation of 24S-OHC esters was re-
duced when ACAT1 was inhibited either by ACAT1 inhibitor or by
siRNA for ACAT1 [90]. Together with the disappearance of lipid
droplet-like structures that resulted from inhibition of ACAT1 ac-
tivity, recovery of cell viability was observed. Collectively, these
results suggest that ACAT1-catalyzed 24S-OHC esterification and
the resulting formation of lipid droplet-like structures are initial
key events in 24S-OHC-induced cell death. Therapeutic strategies
that might employ ACAT1 inhibitors to treat neurodegenerative
disease could therefore be promising. Marca et al. showed that
esterification of 24S-OHC by the lecithin–cholesterol acyl-
transferase (LCAT) activity of apolipoprotein A-I suppressed the

neurotoxicity of 24S-OHC by preventing 24S-OHC from entering
into the cell [92]. This protecting mechanism using LCAT activity
against the cytotoxicity of 24S-OHC may play a role when 24S-OHC
released from neurons attacks the neurons or other cells.

It is still unclear whether the esterified form of 24S-OHC is it-
self cytotoxic or whether it is the formation of lipid droplet-like
structures that triggers cell death signaling. It is possible to hy-
pothesize that certain proteins that suppress cell death, e.g., cel-
lular FLICE inhibitory protein [93] or cellular inhibitor of apoptosis
[94], might collect within lipid droplet-like structures and cause
the induction of cell death. Another possibility is that the lipid
droplet-like structures could serve as an intracellular platform to
permit association of certain proteins that might then presumably
promote cell death signaling.

6. Conclusion

The different forms of cell death that are induced by 24S-OHC
may contribute to different pathogeneses. 24S-OHC has diverse
functions, as described above and as summarized in the graphic
abstract, and these diverse functions may account for some of the
conflicting results observed in connection with the pathologies of
various neurodegenerative diseases. Under normal conditions or
during the early stages of neurodegenerative disease, it would
seem that low levels of 24S-OHC act protectively, but that as 24S-
OHC levels increase, a point is reached at which 24S-OHC no
longer acts protectively but instead functions causally to induce
cell death. After such a period, because a large number of neuronal
cells will have died, this fact may itself be sufficient to explain why
24S-OHC levels are thereafter observed to decrease. It is difficult to
determine the range of physiological and pathological concentra-
tions of 24S-OHC in the brain. Although it is hoped that control of
24S-OHC levels in the brain might one day play a role in pre-
venting neurodegenerative disease, we must at the same time
remember that it is likely to be only as a result of gaining a clear
understanding of the “big picture” of cell death signaling that we
will be able to establish effective therapeutic strategies.
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The brain contains about 25% of the total amount of 
cholesterol in the human body (1). As the blood-brain bar-
rier prevents cholesterol translocation between the brain 
and the circulation, brain cholesterol is locally produced. 
To maintain cholesterol homeostasis in the brain, choles-
terol 24-hydroxylase (CYP46A1) converts excess amounts 
of cholesterol into 24(S)-hydroxycholesterol (24S-OHC), 
which readily crosses the blood-brain barrier (2). CYP46A1 
mRNA and protein are present in neurons, but not in sup-
port cells (3). It has been reported that free 24S-OHC is 
present at concentrations of about 4–15 ng/mg wet weight 
in the human brain (4). Another report showed that 24S-
OHC in four different brain areas of healthy controls was 
about 20 ng/mg tissue (5); assuming a volume of 1 !l per 
1 mg tissue, this would imply a concentration of 24S-OHC 
in brain tissue that is approximately 50 !M. Several lines of 
evidence suggest that dysregulation of cholesterol and 24S-
OHC metabolism in the brain has been linked to the devel-
opment of neurodegenerative diseases such as Alzheimer’s 
disease (AD) and Parkinson’s disease (6–11). Several stud-
ies reported that 24S-OHC levels increase or decrease in 
plasma and cerebrospinal fluid of patients with AD or mild 
cognitive impairment (11–13); although inconclusive, the 
differing degrees of progression of disease may account for 
the different results observed. Selective expression of 
CYP46A1 around neuritic plaques has also been reported 

Abstract The 24(S)-hydroxycholesterol (24S-OHC), which 
plays an important role in maintaining brain cholesterol ho-
meostasis, has been shown to possess neurotoxicity. We have 
previously reported that 24S-OHC esterification by ACAT1 
and the resulting lipid droplet (LD) formation are responsi-
ble for 24S-OHC-induced cell death. In the present study, we 
investigate the functional roles of 24S-OHC esters and LD 
formation in 24S-OHC-induced cell death, and we identify 
four long-chain unsaturated fatty acids (oleic acid, linoleic 
acid, arachidonic acid, and DHA) with which 24S-OHC is es-
terified in human neuroblastoma SH-SY5Y cells treated with 
24S-OHC. Here, we find that cotreatment of cells with 
24S-OHC and each of these four unsaturated fatty acids in-
creases prevalence of the corresponding 24S-OHC ester and 
exacerbates induction of cell death as compared with cell 
death induced by treatment with 24S-OHC alone. Using elec-
tron microscopy, we find in the present study that 24S-OHC 
induces formation of LD-like structures coupled with en-
larged endoplasmic reticulum (ER) lumina, and that these 
effects are suppressed by treatment with ACAT inhibitor.  
Collectively, these results illustrate that ACAT1-catalyzed es-
terification of 24S-OHC with long-chain unsaturated fatty 
acid followed by formation of atypical LD-like structures  
at the ER membrane is a critical requirement for 24S-OHC-
induced cell death.—Takabe, W., Y. Urano, D-K. H. Vo,  
K. Shibuya, M. Tanno, H. Kitagishi, T. Fujimoto, and N. 
Noguchi. Esterification of 24S-OHC induces formation of 
atypical lipid droplet-like structures, leading to neuronal cell 
death. J. Lipid Res. 2016. 57: 2005–2014.
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variety that was responsible. It was also unknown to us at 
that time whether it was accumulation of 24S-OHC ester or 
formation of LDs (or some other unknown phenomenon) 
that was responsible for cell death signaling.

In the present study, we investigate the precise associa-
tion between 24S-OHC-induced cell death and the ACAT1-
catalyzed 24S-OHC esterification that is responsible for LD 
formation. We find that there are increased amounts of 
esters produced by esterification of 24S-OHC with four va-
rieties of long-chain unsaturated fatty acid in 24S-OHC-
treated SH-SY5Y cells. We further show that 24S-OHC 
induces formation of atypical LD-like structures coupled 
with enlarged ER lumina in SH-SY5Y cells. We conclude 
that formation of atypical LD-like structures and the ac-
companying abnormal ER morphology, both of which are 
caused by accumulation of 24S-OHC esters, play an impor-
tant role in 24S-OHC-induced cell death.

MATERIAL AND METHODS

Materials
ACAT inhibitor F12511 was the generous gift of Dr. Ta-Yuan 

Chang (Dartmouth Medical School, Hanover, NH). The 24S-OHC 
and various forms of esterified 24S-OHC were synthesized as we 
previously reported (26). All fatty acids and Nile red were ob-
tained from Sigma-Aldrich (St. Louis, MO). BODIPY 493/503 
and DAPI were from Thermo Fisher Scientific (Waltham, MA). 
Stearoyl-CoA desaturase 1 (SCD1) inhibitor was from BioVision 
(Milpitas, CA). All other chemicals, of analytical grade, were ob-
tained from Sigma-Aldrich or Wako (Osaka, Japan).

Cell culture
Human neuroblastoma cells from the SH-SY5Y cell line were 

purchased from American Type Culture Collection (Manassas, VA). 
Cells were maintained in Dulbecco’s modified Eagle’s medium/
nutrient mixture F-12 (Thermo Fisher Scientific), which contained 
10% fetal bovine serum (Hyclone, Logan, UT) and antibiotics 
(100 U/ml penicillin, 100 mg/ml streptomycin; Thermo Fisher 
Scientific). Cells were grown at 37°C in an atmosphere of 5% CO2.

Cell treatment
The 24S-OHC and oleic acids (OAs) were dissolved in ethanol 

(EtOH) and stored at "20°C. To examine toxicity or esterifica-
tion of 24S-OHC in SH-SY5Y cells, cells were treated with 50 !M 
24S-OHC (final concentration of EtOH in the medium was 0.5%) 
in the presence or absence of 50 !M of each fatty acid under study 
for the indicated period. To evaluate LD formation, cells were 
treated with 50 !M 24S-OHC or 200 !M OA for the indicated 
period. Control cells were treated with EtOH.

Knockdown of ACAT1 and RIPK1 by siRNA
Stealth siRNA targeting human RIPK1 (18), ACAT1 (25), and 

Stealth RNAi negative control were obtained from Thermo Fisher 
Scientific. Cells were transfected with siRNAs using Lipofectamine 
RNAiMax (Thermo Fisher Scientific) as previously described (18, 
25). Forty-eight hours after transfection, cells were used for fur-
ther analyses.

Neutral lipid staining
Neutral lipids were stained with Nile red as previously described 

(25) and fluorescence images were obtained using an inverted 

(14). Moreover, in the brains of patients with AD, increased 
CYP46A1 expression in astrocytes has been observed (15, 
16). Furthermore, we and other groups have shown that 
24S-OHC possesses a potent neurotoxicity that may be in-
volved in the etiology of neurodegenerative disease (17, 
18). We have also shown that high concentrations of 24S-
OHC can induce caspase-independent cell death in hu-
man neuroblastoma SH-SY5Y cells and rat primary cortical 
neuronal cells (18).

Necroptosis is a form of caspase-independent pro-
grammed necrosis (19–21). Necroptosis can be caused by 
death receptor ligands or stimuli that induce expression of 
death receptor ligands under apoptotic-deficient condi-
tions such as absence of functional caspase-8. This regu-
lated cell death requires three proteins, these being: 
receptor-interacting protein kinase (RIPK)1, RIPK3, and 
mixed lineage kinase domain-like (MLKL). We have shown 
that necrostatin-1 (a specific inhibitor of RIPK1 kinase ac-
tivity) or knockdown of RIPK1 significantly suppresses 24S-
OHC-induced cell death (18). We further showed that 
RIPK1, but neither RIPK3 nor MLKL, was expressed in  
SH-SY5Y cells, suggesting that 24S-OHC induces RIPK1-
dependent necroptosis-like cell death (22). Interestingly, 
we found that the neuronal cells used did not express 
caspase-8, which we understood to be the reason why 24S-
OHC induced necroptosis-like cell death and not apoptosis. 
When we induced the expression of caspase-8 in SH-SY5Y 
cells by treating the cells with all-trans-retinoic acid, we 
found that apoptosis could be induced by 24S-OHC (23). 
We have also shown that 24S-OHC induces apoptosis in hu-
man T lymphoma Jurkat cells that endogenously express 
caspase-8, and that 24S-OHC induces RIPK1-dependent, 
but MLKL-independent, necroptosis-like cell death in 
caspase-8-deficient Jurkat cells (22). Despite clues drawn 
from the foregoing research, however, the specific molecu-
lar mechanisms responsible for induction of cell death 
have remained unclear.

ACAT1, an enzyme located in the endoplasmic reticu-
lum (ER), forms cholesteryl esters to store or prevent cyto-
toxic build-up of cholesterol (24). We had previously found 
that ACAT1 catalyzes 24S-OHC esterification to produce at 
least four varieties of 24S-OHC esters, leading to formation 
of lipid droplets (LDs) that stained positive with the fluo-
rescent probe, Nile red, in SH-SY5Y cells (25). Because se-
lective ACAT1 inhibitor or ACAT1 siRNA suppresses both 
24S-OHC-induced LD formation and cell death, we postu-
lated that ACAT1-catalyzed esterification of 24S-OHC might 
be responsible for initiation of cell death signaling. How-
ever, even if our postulated explanation was correct, it 
was still unclear to us which varieties of 24S-OHC esters 
might have formed in the cells treated with 24S-OHC be-
cause, at the time of our previous study, no useful method 
had as yet been established for identifying oxysterol esters 
and no compounds suitable for use as 24S-OHC ester ref-
erence standards were as yet available. Moreover, it was  
still unclear to us at that time whether the cell death that 
we observed might be due to the specific cytotoxic effect  
of some particular 24S-OHC ester or whether it might be 
the accumulation of total 24S-OHC ester regardless of the 
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Immunoblotting and MS analysis
Equal aliquots from each fraction were subjected to SDS-PAGE 

and immunoblotting by using primary antibodies specific for adi-
pose differentiation-related protein (ADRP; Fitzgerald Industries 
International, Acton, MA), ribophorin-1 (Santa Cruz Biotechnol-
ogies, Dallas, TX), and RIPK1 (BD Biosciences, San Jose, CA) with 
appropriate secondary antibodies. Immunoblotting was visualized 
with enhanced chemiluminescence (Millipore, Billerica, MA). 
For each set of conditions, i.e., EtOH, 24S-OHC, and OA as indi-
cated in Fig. 6B, the top three fractions were subjected to SDS-
PAGE and were detected by silver staining using a Dodeca silver 
stain kit (Bio-Rad, Berkeley, CA). Visible bands obtained by silver 
staining were manually cut and subjected to LC-MS as described 
previously (6).

Electron microscopy analysis
For electron microscopy, cells cultured on glass coverslips were 

fixed for more than 2 h in a mixture of 2% formaldehyde and 
2.5% glutaraldehyde in 0.1 M HEPES-NaOH (pH 7.4), to which  
1 mM CaCl2 had been added, and were thereafter postfixed for 1 h 
in a mixture of 1% osmium tetroxide and 0.1% potassium ferro-
cyanide in 0.1 M sodium cacodylate buffer (27), following which 
they were dehydrated and embedded in epoxy resin. Ultrathin 
sections were observed using a JEM1011 electron microscope 
(JEOL, Tokyo, Japan) operated at 100 kV.

Statistical analysis
Data are reported as mean ± SD of at least three independent 

experiments. The statistical significance of the difference between 
the determinations was calculated by an ANOVA using Tukey’s 
test for multiple comparisons. The difference was considered sig-
nificant at P < 0.05.

RESULTS

The 24S-OHC-induced neutral lipid-rich structure 
formation occurred upstream of RIPK1 signaling  
in SH-SY5Y cells

We have previously shown that siRNA knockdown of ei-
ther ACAT1 or RIPK1 significantly suppresses 24S-OHC-
induced cell death (18, 25). In the present study, to 
examine the relationship between 24S-OHC-induced LD 
formation and RIPK1 activation, cells were transfected with 
ACAT1 (siACAT1), RIPK1 (siRIPK1), or negative control 
siRNA oligos for 48 h, and were then treated with 50 !M 
24S-OHC or vehicle (0.5% EtOH) for a further 6 h. Consis-
tent with previous findings, knockdown of ACAT1 was 
found to suppress 24S-OHC-induced Nile red-positive LD 
formation (Fig. 1). In contrast, knockdown of RIPK1 did 
not affect 24S-OHC-induced LD formation. These data 
suggested that 24S-OHC-induced LD formation was occur-
ring upstream of RIPK1 signaling.

Esterified forms of 24S-OHC in which 24S-OHC was 
esterified with four varieties of unsaturated fatty acid 
were identified in SH-SY5Y cells treated with 24S-OHC

Because we had previously observed that LD formation 
due to accumulation of 24S-OHC esters occurs in the early 
stage of 24S-OHC-induced cell death (25), we next focused 
on identifying which fatty acids it was that were esterifying 
with 24S-OHC. We previously reported being able to detect 

fluorescence microscope (OLYMPUS IX71; Tokyo, Japan). To 
clarify the localization of neutral lipid-rich structures, cells were 
stained with BODIPY 493/503 (Thermo Fisher Scientific). Briefly, 
cells were fixed in a mixture of 3% formaldehyde and 0.025% 
glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 15 min. 
Cells were then stained with 0.5 !g/ml BODIPY 493/503 for  
15 min at room temperature. Nuclei were counterstained by DAPI 
and images were obtained using confocal microscopy (Zeiss 
LSM710; Oberkochen, Germany).

Lipid extraction and HPLC analysis
Cellular lipids were extracted and HPLC analysis was per-

formed as described previously (25). Briefly, after the treatment, 
the medium was removed and the cells were washed with PBS 
three times, lysed in 0.2 M NaOH, and neutralized immediately 
with 3 M HCl and 1 M KH2PO4. The Folch method (2:1, v/v chlo-
roform/methanol) was thereafter used to extract lipids, the chlo-
roform phase being evaporated in a nitrogen gas environment. 
The dry residue was then dissolved in eluent without water, and 
this was subjected to HPLC analysis. HPLC was carried out using 
an Inertsil ODS-3 column (5 !m, 4.6 × 250 mm; GL Science, To-
kyo, Japan) in combination with a pump (PU-980 Intelligent 
HPLC pump; Nihon Bunko, Tokyo, Japan), an UV detector out-
putting a signal in units of millivolts (UV-970 Intelligent UV/VIS 
detector; Nihon Bunko), and a data processor (EPC-500; Eicom, 
Kyoto, Japan) under conditions such that flow rate of eluent 
(acetonitrile/2-propanol/water, 43/53/4) was 1.0 ml/min.

Direct analysis in real time-MS analysis
Synthesized 24S-OHC esters were dissolved in CHCl3 at con-

centrations of approximately 10"4 M and the resulting solutions 
were subjected to measurement of mass spectra. For cellular ex-
tract, lipid extracts were fractionated by HPLC, the eluent was re-
moved using nitrogen gas, the dry residue was dissolved in CHCl3 
(approximately 100 !l), and the resulting CHCl3 solutions were 
subjected to MS analysis. Measurement of mass spectra was car-
ried out using an LCMS 2020 instrument (Shimadzu, Kyoto, Ja-
pan) equipped with a direct analysis in real time (DART)-SVP ion 
source (IonSense, Inc., Saugus, MA). Helium was used as ioniza-
tion gas at a temperature of 500°C. Mass spectra were obtained 
with the instrument set to positive ion mode.

Determination of cell viability
To determine cell viability, WST-8 assay was performed using a 

Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) according to 
the manufacturer’s protocol. MTT assay was performed as de-
scribed previously (18). Data were expressed as percentages rela-
tive to cells treated with vehicle serving as control.

Isolation of LD-enriched fraction
Cells were resuspended in buffer A [25 mM Tris-HCl (pH 7.4), 

100 mM KCl, 1 mM EDTA, 1 mM EGTA) with protease inhibitor 
cocktail (Nacalai Tesque, Kyoto, Japan). Cells were disrupted un-
der high pressure by nitrogen bomb at 800 psi for 15 min, and the 
lysate was centrifuged for 10 min at 1,000 g at 4°C. The postnu-
clear supernatant was mixed with an equal volume of 1.08 M su-
crose in buffer A (final sucrose concentration was 0.54 M). This 
postnuclear supernatant (1.25 ml) in 0.54 M sucrose in buffer A, 
1.25 ml of 0.27 M sucrose in buffer A, 1.25 ml of 0.135 M sucrose 
in buffer A, and 1.25 ml of buffer A without KCl were layered se-
quentially in 5 ml tubes for ultracentrifugation (Beckman Coulter, 
Brea, CA). Tubes were centrifuged at 34,000 rpm at 4°C for 1 h 
using an Optima L-90K Ultracentrifuge (Beckman Coulter) with 
a swing rotor (SW 55 Ti). Following centrifugation, fractionated 
samples were collected at 0.5 ml intervals from the top of each tube.
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samples that contained 24S-OHC-AA, 24S-OHC-LA, or 24S-
OHC-OA showed a marked increase in the area under the 
respective peak 2, 3, or 4, as compared with lipid extract 
alone (Fig. 3, peaks 2”–4”). Note that we also measured the 
retention times of the peaks observed with synthesized 24S-
OHC-SA and 24S-OHC-PA, and found that neither of these 
corresponded to any of the retention times measured for 
peaks 1–4 (data not shown).

Finally, we employed a novel mass spectrometric tech-
nique for yet further identification of the respective 24S-
OHC esters. Prior to settling on the mass spectrometric 
technique that is reported below, we first tried to use 
gas chromatography-MS, matrix-assisted laser desorption/
ionization time-of-flight-MS, and electrospray ionization-
MS; despite our best attempts with each of these methods, 
however, we were unable to detect mass spectrographic pat-
terns corresponding to the 24S-OHC esters due to difficul-
ties experienced in ionizing these esters. But as we had 
recently established a novel technique using DART-MS 
that permits specific ion peaks derived from synthesized 
24S-OHC esters to be detected (26), we decided to apply 
our DART-MS technique to identification of the 24S-OHC 
esters formed in SH-SY5Y cells using synthesized 24S-OHC 
esters as reference standards. Using a procedure similar to 
that described above with reference to Fig. 2, for each fatty 
acid under study, cells were treated with 50 !M fatty acid 
and 50 !M 24S-OHC for 6 h, following which each of the 
four peaks (peaks 1’–4’) was collected by HPLC, and these 
were thereafter subjected to DART-MS analysis. For all 
DART-MS measurements, our instrument was operated in 
positive ion mode under conditions such that synthesized 
24S-OHC esters were detected as [M+NH4]

+ adduct ions 
(Fig. 4A). For example, synthesized 24S-OHC-DHA was 
detected by the presence of the parent ion peak at m/z 731 
in the resulting spectra. The fragment ion peak at m/z 385 

at least four different varieties of esterified 24S-OHC using 
HPLC in SH-SY5Y cells when cells were treated with 24S-
OHC (25). In that study, we also confirmed that formation 
of 24S-OHC esters was diminished by ACAT inhibitor. Us-
ing the same technique as in our previous study, we first 
investigated those fatty acids which we had reason to ex-
pect might participate in 24S-OHC esterification. We fo-
cused on abundant fatty acids in the brain, such as DHA, 
arachidonic acid (AA), linoleic acid (LA), OA, stearic acid 
(SA), and palmitic acid (PA). In this first part of our pres-
ent study, for each fatty acid under study, cells were co-
treated with 50 !M fatty acid and 50 !M 24S-OHC for 6 h, 
and lipid extracts were thereafter subjected to HPLC analy-
sis. As observed previously, significant increases in peak 
area were observed at four peaks in 24S-OHC-treated cells 
(Fig. 2A, 24S-OHC) as compared with the vehicle control 
condition (EtOH). When cells were cotreated with DHA, a 
marked increase in the area under peak 1 was observed 
(Fig. 2A, peak 1’). Similarly, treatment of cells with AA, LA, 
or OA showed marked increase in the area under peak 2, 3, 
or 4, respectively (Fig. 2A, peaks 2’–4’). In contrast, cotreat-
ment with SA or PA did not affect the corresponding peak 
(Fig. 2B). These results suggested that ACAT1 favors un-
saturated fatty acids for esterification of 24S-OHC.

For further identification of these four peaks, we synthe-
sized candidate 24S-OHC esters (26), such as 24S-OHC-DHA, 
24S-OHC-AA, 24S-OHC-LA, and 24S-OHC-OA (supple-
mental Fig. S1). We performed spiking experiments using 
these synthesized 24S-OHC esters by adding each synthe-
sized 24S-OHC ester to lipid extract from 24S-OHC-treated 
cells, and then subjecting the ester-containing extract sam-
ples to HPLC analysis. When the lipid extract sample that 
contained 24S-OHC-DHA was analyzed, it was found that 
the area under peak 1 had increased as compared with 
lipid extract alone (Fig. 3, peak 1”). Similarly, lipid extract 

Fig. 1. Formation of Nile red-positive structure induced by 24S-OHC, which was attenuated by knockdown of ACAT1, but not by knock-
down of RIPK1. SH-SY5Y cells were transfected with RIPK1 (siRIPK1), ACAT1 (siACAT1), or negative control (NC), siRNA oligo, for 48 h, 
and the cells were then treated with 50 !M 24S-OHC for 6 h and were thereafter stained with Nile red. Representative images are shown. 
Scale bar, 50 !m.
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study, except DHA, decreased cell viability as compared 
with treatment with 24S-OHC alone. Because we found 
that, at the concentration employed, none of the fatty acids 
induced cell death in SH-SY5Y cells, this supports our con-
clusion that, for all fatty acids under study for which reduc-
tion of cell viability was observed, it was cotreatment with 
the fatty acid and not any cytotoxicity on the part of the 
fatty acid itself that was responsible for the reduction of 
cell viability that we observed. These data suggest that it 
may be the accumulation of total esterified 24S-OHC and 
the resulting LD formation that causes cell death, indepen-
dent of any specificity on the part of the ester employed for 
cotreatment.

The 24S-OHC induced LD-like structures along with 
swollen ER in SH-SY5Y cells

It is generally believed that LDs are formed to store ex-
cess lipids and protect cells against toxicity of lipids (28, 
29). However, our present study showed that 24S-OHC-
derived LD formation might actually be a cause of cell 
death. To compare 24S-OHC-induced LDs that we observed 
with fatty acid-induced TG-rich typical LDs, treatment with 
OA at high concentration (200 !M) was employed to induce 
LD formation. We first investigated the localization of LDs 
in SH-SY5Y cells in response to 50 !M 24S-OHC or 200 !M 
OA for 6 h by using Nile red (Fig. 6A) or the fluorescent 
probe, BODIPY 493/503, both of which stain neutral lip-
ids (supplemental Fig. S3). We found as a result of our 
investigation that OA-treated cells had abundant LDs, 
these being dispersed throughout the cytoplasm, while 
24S-OHC-treated cells had only a limited number of LDs, 
these being present near the nuclei. Cotreatment with 
24S-OHC and 50 !M OA, which decreased cell viability as 

was attributed to the ester linkage. Based on comparison 
with synthesized 24S-OHC-DHA, -AA, -LA, -OA (Fig. 4A), 
and 24S-OHC-PA, -SA (supplemental Fig. S2), the adduct 
ion of m/z 731 at peak 1’ (Fig. 4B) was found to be identical 
to that of synthesized 24S-OHC-DHA. Similarly, the adduct 
ion of m/z 707 at peak 3’, m/z 683 at peak 2’, and m/z 685 at 
peak 4’ were respectively found to be identical to those of 
synthesized 24S-OHC-AA, 24S-OHC-LA, and 24S-OHC-OA. 
Collectively, these data suggest that DHA, AA, LA, and OA 
are fatty acids that are used for esterification of 24S-OHC in 
24S-OHC-treated SH-SY5Y cells.

Effect that cotreatment with fatty acid had on 24S-OHC-
induced cell death in SH-SY5Y cells

Because it was our observation that at least four varieties 
of 24S-OHC ester accumulate in 24S-OHC-treated cells, we 
considered it important to determine whether any particu-
lar 24S-OHC ester had specific cytotoxic effect or whether 
it was the formation of LD that triggered cell death signal-
ing regardless of the variety of 24S-OHC ester. Unfortu-
nately, synthesized 24S-OHC esters could not be introduced 
directly into cells due to their high hydrophobicity (data 
not shown). To evaluate the cytotoxic properties of these 
four varieties of 24S-OHC ester, for each unsaturated fatty 
acid under study, we therefore evaluated the effect of co-
treatment with 24S-OHC and 50 !M unsaturated fatty acid 
for 24 h (Fig. 5) in SH-SY5Y cells, because in the present 
study we had already confirmed that there was increase of 
the corresponding 24S-OHC ester under the same treat-
ment for 6 h (Fig. 2). WST-8 assay was performed to deter-
mine the effect of cotreatment with 24S-OHC and fatty 
acid on cell death. As a result, we found that cotreat-
ment with 24S-OHC and each of the fatty acids under 

Fig. 2. The 24S-OHC preferentially formed esters with unsaturated fatty acids rather than saturated fatty 
acids in SH-SY5Y cells. A, B: SH-SY5Y cells were treated with vehicle (EtOH) or 50 !M 24S-OHC in the pres-
ence or absence of 50 !M unsaturated fatty acid (A) or 50 !M saturated fatty acid (B) for 6 h. Lipid extracts 
were subjected to HPLC analysis.
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typical LD formation itself was not a cytotoxic event in 
SH-SY5Y cells.

To further examine 24S-OHC-induced LDs in SH-SY5Y 
cells, we performed morphological analysis using electron 
microscopy. Cells were treated with either 50 !M 24S-OHC 
or 200 !M OA for 6 h, following which conventional ultra-
thin sections were prepared. While no LD structure was 
observed in EtOH-treated control cells (Fig. 7A), typical 
LD structures were observed in the cytoplasm of OA-treated 
cells (Fig. 7B). In contrast to the typical LD structures ob-
served in OA-treated cells, in 24S-OHC-treated cells we ob-
served atypical LD-like structures (Fig. 7C, white asterisk) 
that appeared to be attached to some sort of enlarged 
membrane structure (black star). Because our observations 
suggested that these enlarged membrane structures were 
connected to the ER membrane (Fig. 7C, arrow), we theo-
rized that these structures might have formed as a result of 
enlargement of the ER lumen. Cells cotreated with 50 !M 
OA and 24S-OHC showed an increased amount of 24S-
OHC-OA (Fig. 2A) and decreased cell viability (Fig. 5), and 
it was further observed that there was an increase in the size 
of the atypical LD-like structures (Fig. 7D, white asterisk) 
that were attached to the enlarged membrane structures 
(Fig. 7D, black star). When cells were treated with 24S-OHC 
in the presence of F12511, an ACAT inhibitor, the 24S-
OHC-induced atypical LD-like structures disappeared, but 
unknown multilamellar structures were observed (Fig. 7E, 
arrowhead). These observations led us to conclude that 
24S-OHC induces ACAT-dependent atypical LD-like struc-
tures along with enlarged ER lumina, these being fea-
tures that are different from typical OA-induced LDs, in 
SH-SY5Y cells.

DISCUSSION

ACAT generally catalyzes the esterification of free cho-
lesterol with fatty acid to yield cholesteryl ester in the ER 
(19). Two ACAT isoenzymes, ACAT1 and ACAT2, have 
been identified. ACAT1 is the main isoenzyme in the brain 
(30). We have found that ACAT1 mRNA, but not ACAT2 
mRNA, is expressed in SH-SY5Y cells (25). One study 
reported that ACAT1 showed a slight preference for 
oleoyl-CoA, compared with palmitoyl-, linoleoyl-, or ara-
chidonyl-CoA, as substrate in insect cells expressing human 
ACAT1 (31). Another study has shown that microsomes 
isolated from human ACAT1-expressing CHO cells showed 
strong substrate preference for oleoyl-CoA, compared with 
linolenoyl-, arachidonyl-, or eicosapentaenoyl-CoA (32). In 
our present study, we showed that ACAT1 preferentially 
utilizes long-chain unsaturated fatty acids (OA, LA, AA, 
and DHA) rather than saturated fatty acids (PA and SA) for 
esterification of 24S-OHC. Our previous (25) and present 
results suggest that 24S-OHC ester forms in SH-SY5Y cells 
in relative amounts such that 24S-OHC-OA > 24S-OHC-LA > 
24S-OHC-AA > 24S-OHC-DHA, but there was no signifi-
cant difference among these four fatty acids in terms of any 
observed preference as substrate for ACAT1. The present 
study showed that at least four varieties of 24S-OHC ester 

compared with treatment with 24S-OHC alone (Fig. 5), 
showed increases in both the number and the size of Nile 
red-positive LDs (Fig. 6A).

To further evaluate 24S-OHC-treated cells versus OA-
treated cells with respect to formation of LDs, we applied 
sucrose density gradient centrifugation to attempt to iso-
late LD-enriched fractions from 24S-OHC-treated cells and 
OA-treated cells. ADRP, which is an LD-associated protein 
(28), was used as marker for LDs. LDs were generally recov-
ered at the top surface, while other organelles were recov-
ered at lower fractions along the gradient. The results 
showed that, for OA-treated cells, ADRP was detected at 
the top fraction (fraction #1), whereas the ER marker pro-
tein, ribophorin-1, and the cytosolic protein, RIPK1, were 
enriched in the bottom fractions (fractions #9, #10) (Fig. 6B, 
right panel). However, no ADRP was observed in any frac-
tion recovered from 24S-OHC-treated cells (Fig. 6B, center 
panel), even though Nile red-positive and BODIPY-positive 
structures were observed in those cells (Figs. 1, 6A). Three 
fractions from the top in each condition were further sub-
jected to silver staining and MS analysis (supplemental 
Fig. S4). The results showed that various proteins reported 
to exist in LDs (29) were detected in the top fraction ob-
tained from OA-treated cells, but were not detected in the 
top fraction obtained from 24S-OHC-treated cells. Cell 
viability assays of 24S-OHC-treated cells and OA-treated 
cells showed that while significant cell death occurred in 
cells treated with 24S-OHC for 24 h, treatment with OA for 
24 h did not induce cell death (Fig. 6C), suggesting that 

Fig. 3. Retention times of four synthesized 24S-OHC esters cor-
responded to those of four peaks observed in 24S-OHC-treated 
cells. SH-SY5Y cells were treated with 50 !M 24S-OHC for 6 h. Lipid 
extracts were mixed with synthesized 4 nmol 24S-OHC-DHA, -LA, 
-OA, or 2 nmol 24S-OHC-AA for spiking and were thereafter sub-
jected to HPLC analysis.
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of TG or sterol ester between the two leaflets of the ER 
membrane. It is believed that at some point the prenascent 
LD structure presumably buds off from the ER, forming a 
nascent LD, followed by growth of the LD. Because ACAT1 
is localized in the ER membrane, the conventional think-
ing has been that newly produced 24S-OHC esters might 
accumulate between the two membrane leaflets of the ER 
in similar fashion as would be the case with a cholesteryl 
ester. However, unlike cholesteryl esters, which are entirely 
hydrophobic, 24S-OHC esters have a hydroxyl group at po-
sition 24 in their steroid side chain (supplemental Fig. S1). 
It is therefore plausible that the polar moiety at the side 
chain and the nonpolar moiety at the sterol ring in combi-
nation with the fatty acid portion of the 24S-OHC ester 
might act together to upset orientation of the 24S-OHC 

accumulated in 24S-OHC-treated cells, though it is possible 
that other minor esterified forms of 24S-OHC may also 
have formed in the cells. We also found that cotreatment 
with 24S-OHC and any of the four unsaturated fatty acids 
tested resulted in a cell death that was enhanced as com-
pared with that which was induced by 24S-OHC alone. Spe-
cific enhancement of 24S-OHC-induced cell death as a 
result of cotreatment with any particular one of the unsatu-
rated fatty acids tested was not observed, suggesting that it 
was the accumulation of total 24S-OHC ester regardless of 
variety, and not the specific cytotoxicity of any particular 
24S-OHC ester, that was responsible for the 24S-OHC-
induced cell death that we observed. We also found that 
24S-OHC-induced cell death was significantly reduced when 
cells were cotreated with an inhibitor of SCD1 (supplemen-
tal Fig. S5); because SCD1 catalyzes the synthesis of mono-
unsaturated fatty acids from saturated fatty acids, this 
supported the idea that esterification of 24S-OHC with un-
saturated fatty acid is responsible for 24S-OHC-induced 
cell death. Interestingly, extracellular esterification of 24S-
OHC by lecithin:cholesterol acyltransferase reduces the 
cytotoxic effect of 24S-OHC by limiting uptake of 24S-OHC 
esters by cells (33), suggesting that ACAT1-catalyzed intra-
cellular esterification of 24S-OHC plays an important role 
in 24S-OHC-induced cell death.

In our present study, biochemical and morphological 
analysis revealed that ACAT1-mediated 24S-OHC esterifi-
cation induced formation of atypical LD-like structures 
coupled with what appeared to be a swollen ER structure, 
but that the presence of OA induced typical LD formation 
without affecting cell viability in SH-SY5Y cells. Many lines 
of evidence suggest that LDs are formed within the ER mem-
brane (28, 29). Most conventional models have assumed 
that formation of LDs occurs with an initial accumulation 

Fig. 4. DART-MS spectra of synthesized 24S-OHC esters and of fractions collected by HPLC from 24S-OHC-treated cells. For each unsatu-
rated fatty acid under study, SH-SY5Y cells were treated with 50 !M 24S-OHC and 50 !M fatty acid for 6 h as in Fig. 2. Lipid extracts were 
subjected to HPLC analysis. Synthesized 24S-OHC esters (A) and fractions collected by HPLC (B) were further subjected to DART-MS 
analysis.

Fig. 5. Cotreatment with unsaturated fatty acid and 24S-OHC en-
hanced 24S-OHC-induced cell death. For each fatty acid under 
study, SH-SY5Y cells were treated with 50 !M 24S-OHC in the pres-
ence or absence of 50 !M fatty acid for 24 h. Cell viability was mea-
sured by WST-8 assay. **P < 0.01, when compared with cells with 
24S-OHC and EtOH.
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24S-OHC-induced cell death, these unknown multila-
mellar structures were not thought to be associated with 
cell death signaling. Interestingly, it has been reported 
that treatment with polar oxysterol (7-ketocholesterol, 7#-
hydroxycholesterol, cholesterol-5#, 6# epoxide) induced  
a multilamellar cytoplasmic structure that was predomi-
nantly lysosomal in origin in various cell types (37, 38). Fur-
ther studies are needed to characterize the multilamellar 
structures that were observed in the present study.

With respect to methodology, in our present study we 
found that we were able to effectively ionize 24S-OHC es-
ters using the DART method. Although mass spectrometric 
analysis is a powerful tool to investigate unknown biochem-
ical compounds, inability to ionize esterified forms of ste-
rols and sterol derivatives has forced many researchers to 
employ the saponification method, which unfortunately 
only permits evaluation of total sterol content (25, 39). In 

ester in the membrane bilayer, thereby disturbing ER 
membrane integrity and causing LD formation to become 
atypical. Because it has been reported that dysregulation of 
ER function, such as that which is caused by severe ER 
stress, can induce cell death (34–36), we postulated that 
disturbance of ER homeostasis by accumulation of 24S-
OHC ester could trigger cell death signaling. Another pos-
sibility is that the atypical LD-like structures and/or swollen 
ER structures that we observed could be providing an intra-
cellular platform to permit association of certain proteins 
that promote cell death signaling. Further experiments will 
be required to address these possibilities. It is noted that 
unknown multilamellar structures were observed in 24S-
OHC-treated cells that had been cotreated with ACAT in-
hibitor. It is thought that formation of such unknown 
multilamellar structures might occur as a result of accumu-
lation of free 24S-OHC. Because ACAT inhibitor suppressed 

Fig. 6. The 24S-OHC-induced LD-like structures 
were different from OA-induced TG-rich LDs. A–C: 
SH-SY5Y cells were treated with 50 !M 24S-OHC or 
200 !M OA for 6 h (A), 16 h (B), or 24 h (C). A: Cells 
were also cotreated with 50 !M 24S-OHC and 50 !M 
OA for 6 h. Cells were thereafter stained with Nile red. 
Representative images are shown. Scale bar, 20 !m. B: 
The postnuclear supernatants were fractionated by 
using ultracentrifugation with different densities of 
sucrose. Equal aliquots from each fraction were sub-
jected to immunoblotting with appropriate antibodies 
as indicated. C: Cell viability was measured by MTT 
assay. **P < 0.01, when compared with cells with 
EtOH.

Fig. 7. The 24S-OHC induced atypical LD-like structures in SH-SY5Y cells. A–E: SH-SY5Y cells were treated with EtOH (A), 200 !M OA (B), 
50 !M 24S-OHC (C), 50 !M 24S-OHC with 50 !M OA (D), or 50 !M 24S-OHC with 5 !M F-12511 (E) for 6 h. Cells were subjected to elec-
tron microscopy. Representative images are shown. Scale bar, 0.5 !m. Arrows indicate ER. White asterisks indicate LD-like structures. Black 
star indicates swelling of ER lumen. Arrowhead indicates unknown multilamellar structure.
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Supplemental figure legends 

 

Figure S1 Chemical structures of 24S-OHC esters 

The molecular weight of each 24S-OHC ester is indicated. 

 

Figure S2 DART-MS spectra of synthesized 24S-OHC-PA and 24S-OHC-SA.  

Synthesized 24S-OHC esters (24S-OHC-PA and 24S-OHC-SA) were analyzed by DART-MS 

analysis. 

 

Figure S3 Bodipy 493/503 staining of 24S-OHC-induced LD-like structures. 

SH-SY5Y cells were treated with 50 PM 24S-OHC or 200 PM oleic acid for 6 h as in Figure 6A. 

Cells were stained with Bodipy 493/503 (green) and DAPI (blue). Representative images are 

shown. Bar, 20 Pm. 

 

Figure S4 Silver staining and MS analysis of LD-enriched fraction. 

SH-SY5Y cells were treated with 50 PM 24S-OHC or 200 PM oleic acid for 16 h as in Figure 

6B. The post-nuclear supernatants were fractionated by using ultracentrifugation with different 

densities of sucrose. The top fraction for each set of conditions was subjected to MS analysis. 

 

Figure S5 SCD1 inhibitor suppressed 24S-OHC-induced cell death in SH-SY5Y cells. 

SH-SY5Y cells were pretreated with SCD1 inhibitor for 15 min and were then treated with 50 

PM 24S-OHC for 24 h. Cell viability was measured by WST-8 assay. *, p < 0.05, when 

compared with cells with 24S-OHC without SCD1 inhibitor. 
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神経病理におけるイオンチャネルの役割と 
細胞内輸送の異常についての研究 

 
御園生裕明（脳科学研究科・教授） 

廣野守俊（研究開発推進機構・特任准教授） 
渡辺祥司（研究開発推進機構・特任助教） 

 
 
１．はじめに 
 
高次神経機能障害研究センターにおける当研究プロジェクトの目的は、神経機能障害における
電位依存性イオンチャネルおよびその細胞内輸送機構の役割を明らかにすることである。特
に、興奮性障害とアルツハイマー病に焦点を当て研究を行ってきた。 
 電位依存性イオンチャネルは神経細胞機能に不可欠の分子であり、その分子機能の阻害は重
篤な神経機能障害を引き起こす。実際にてんかんを含む多くの神経障害が、これらチャネル遺
伝子の異常から生じることが明らかになってきており、チャネロパシーという疾患概念が生ま
れている。本研究では、（１）小脳運動失調に関与する Ca2+依存性 BK チャネルによる、軸索
興奮性の制御メカニズム、（２）イオンチャネルの細胞内輸送メカニズムの解明とその病理的破
綻について研究を行い、いくつかの重要な成果を得た。また、（３）細胞内輸送に関わり、また
アルツハイマー病の病原因子であるタウについても研究を行い、正常な状態でのタウの軸索局
在化メカニズムと、病的な状態においてどのようにこのメカニズムが破綻するのかについて検
討を行った。 
 
 
２．研究の背景 
（１）BKチャネル遺伝子 KCNMA1を欠失したマウスは小脳性運動失調を呈する。またBKチ
ャネルの阻害がプルキンエ細胞の活動電位発火を顕著に変化させることから、その小脳におけ
る役割が特に注目されている。BKチャネルはプルキンエ細胞の細胞体と樹上突起に顕著に発現
している（Misonou et al., 2005, J. Comp. Neurol.）。BK チャネルが生理的な範囲の膜電位
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で開くためには細胞内 Ca2+濃度の上昇が必要であり、Ca2+変動がほとんど見られない軸索で
はなく、Ca2+チャネルが豊富な細胞体に局在していることは機能的な妥当性がある。しかし
われわれは独自に、BK チャネルがプルキンエ細胞の有髄軸索上で、ランビエ絞輪（node）の
近傍であるparanodal junctionに局在していることを見いだした（図１）。本研究では、「プル
キンエ軸索には Ca2+シグナリングが存在し、BK チ
ャネルによって、跳躍伝導の各点で局所的な活動電位
の制御が行われている」と仮説し、その検証を行っ
た。また、その機能障害によって軸索内活動電位伝搬
が以上を呈することを明らかにした。 
（２）細胞内小胞輸送はイオンチャネルや受容体な
ど、神経細胞機能に不可欠な膜タンパク質を輸送し、
シナプスや神経終末等の特異的な膜ドメインへと局在
化させる極めて重要な機構であり、その分子メカニズ
ムの研究が活発に行われている。またアルツハイマー病やハンチントン病の神経病理において
小胞輸送機構に異常が生じることが示唆されており、その詳細なメカニズムの解明は喫緊の課
題となっている。しかし、輸送小胞へのタンパク質の選別や、小胞を特定の膜ドメインに輸送
し融合させるメカニズムなど、その分子機構については未知の部分が多い。そこで本研究で
は、最先端の生細胞内蛍光イメージング技術を用いて、異なった膜ドメインに局在する様々な
イオンチャネル分子の細胞内小胞輸送を可視化・解析し、神経細胞における小胞輸送メカニズ
ムの研究を行った。特に、てんかんとの関わりが知られている２つの電位依存性K+チャネルに
ついて、これらのチャネルが細
胞膜に輸送されるメカニズムを
明らかにした。 
（３） 神経細胞内小胞輸送メ
カニズム研究の一端として、軸
索内輸送に関わっていると考え
られている微小管結合タンパク
質タウについての研究を行っ
た。タウは通常軸索に局在する
が、アルツハイマー病などの神
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経変性疾患では樹状突起への局在異常を示す（図２）。われわれは正常な状態でのタウの局在化
メカニズムを明らかにし、病的な状態においてどのようにこのメカニズムが破綻するのかにつ
いて検討を行った。 
  
 
３．結果 
 
（１）BK チャネルによる軸索内活動電位伝搬の制御 
軸索 BK チャネルの役割を検討するためには、軸索からの電気生理学的記録が必要になる。
我々は、細胞外電極からの刺激により軸索内で活動電位を惹起し、逆行性に軸索を伝導する活
動電位を細胞体より記録する手法を用いた（図３）。
この記録中に BK チャネルの阻害剤を途中の軸索に局
所投与することにより、BK チャネルが軸索内活動電
位伝導にどのような役割を持つかを検討することがで
きる。まず我々は、この手法で記録できる逆行性活動
電位の特性について調べた。その結果、軸索に高頻度
刺激を行うと、100 Hz 程度までは刺激によく追随し
た活動電位が記録できるが、それ以上の頻度では発火
に至らず、失敗する例（failure）が見られた。ここで
BK チャネルの阻害剤である paxilline および Penitrem 
A を局所的に軸索に投与すると、この failure が増え
る、すなわち発火に失敗する確率が増大することが明
らかになった（図４）。この結果は、有髄軸索の
paranode に局在する BK チャネルが、軸索内活動電位
の高頻度発火及び伝導を支えていることを示唆してい
る。 
 また、この軸索 BKチャネルによる制御が、プルキン
エ細胞の最終的な出力である、小脳核細胞へのシナプ
ス伝達に影響を与えているかどうかについても検討を
行った。この実験では、細胞外電極からの刺激により
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同様に軸索内に活動電位を惹起する。そして、シナプ
ス後細胞である小脳核細胞からシナプス後電位を記録
し、軸索の BK チャネルを局所的に阻害することによ
り、プルキンエ細胞から小脳核細胞への出力がどのよ
うな影響を受けるかについて検討した。その結果、軸
索 BK チャネルを阻害することにより、小脳核細胞におけるシナプス後電位が減少することが
分かった（図５）。小脳核細胞は複数のプルキンエ細胞軸索から入力を受けるので、軸索 BK チ
ャネル阻害により活動電位の failure が増大し、結果としてシナプス伝達が阻害されたと考えら
れる。以上の結果からわれわれは、軸索 BK チャネルは、小脳プルキンエ細胞の有髄軸索にお
ける高頻度発火に不可欠の役割を果たしていると結論した。  
 BK チャネルは通常、その開口に高濃度の Ca2+を必要とする。そのため、軸索に局在する
BK チャネルも、その近傍に Ca2+チャネルを必要とすると考えられる。そこでわれわれは、
Ca2+チャネル阻害剤を軸索上に局所投与し、逆行性の活動電位伝搬にどのような影響がある
かを調べることにした。もし軸索に Ca2+チャネルが局在し、BK チャネルに Ca2+を供給して
いるとすると、Ca2+チャネル阻害剤は BKチャネル阻害剤と同様に、軸索内活動電位の高頻度
発火を妨げるはずである。特定の種類の Ca2+チャネルを阻害するニッケルを局所投与して
も、同様の高頻度発火阻害がみられた。以上の結果から、軸索上には Ca2+チャネル、特にニ
ッケル感受性のチャネルが存在し、BKチャネルを介して活動電位を制御していることが示唆さ
れる。今後 Ca2+チャネルの分子種の同定を行う予定である。 
 さらに、われわれは予備実験として、脳虚血後に、小脳白質で軸索 BK チャネルが顕著に減
少する結果を得ている。今後このような変化が小脳失調の神経病理に関与するかについて検討
を行う予定である。 
 
（２）Kv チャネルの細胞内輸送の可視化 
神経細胞の細胞膜は、樹状突起（近位、遠位）、スパイン、軸索起始部、ランビエ絞輪、神経終
末などの、機能的に異なったいくつものマイクロドメインに分かれている。そしてイオンチャ
ネルや受容体といった機能分子は、それぞれが特異的な膜ドメインに局在することでその機能
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を果たす（図６）。われわれは、蛍光タンパク質を付加したイオンチャネルを培養海馬神経細胞
に一過性に発現させ、低温培養を行うことにより、チャネル分子をゴルジ体に集積させる手法
を開発した。さらに温度を生理的温度にもどすことで、チャネルを含む輸送小胞がゴルジ体か
ら一斉に出芽して、細胞内を運ばれていく様子を可視化し、速度や動きなどの性質を定量的に
解析することに成功した（図７）。この手法を用いて、てんかんなどの興奮性神経疾患に関与す

!

Jc t wz f u tH w

d r a Lr 16 6 6 ( 6BC C A A o

e )H- 4 t t do d H d

dH roMd r sdo e dcr H d d

+H d aH Jd Pp sr Rr

141



 

 

ることの知られている Kv2.1 と Kv4.2 チャネルの輸送メカニズムについて研究を行った。各チ
ャネルを輸送する小胞の速度を解析することにより、これらのチャネルが性質の異なる輸送小
胞に梱包され、特定の分子メカニズムにより、細胞内の異なった部位に運ばれていくことを示
唆する結果を得（図８）、学術誌に発表した（Jensen et al., 2014）。また、神経細胞が過興奮
状態に陥ると、これらの小胞輸送メカニズムが阻害されることを示唆する結果を得ている。今
後、このような異常が神経細胞の機能と病理に与える影響について研究を行う。 

 将来的には、アルツハイマー病原因子である異常型タウ（下記参照）や酸化ストレスにも着
目し、これらの病理因子がイオンチャネルの小胞輸送メカニズムにどのような異常を引き起こ
すかを明らかにしていきたい。 
 
（３）細胞内輸送に関わる微小管結合タンパク質タウの局在化と異常のメカニズム 
細胞内小胞輸送は主に微小管と微小管結合タンパク質（モータータンパク質と MAPs など）に
よって行われている。その中でもタウは軸索に特異的に局在する MAP であり、軸索内輸送と
の関わりが示唆されている。またアルツハイマー病ではタウが細胞体および樹状突起に高度に
蓄積凝集する（図２参照）。これらの知見から、アルツハイマー病の病理において、何らかの異
常がタウの局在の変化を引き起こし、それに伴って細胞内輸送が乱されて神経細胞の機能以上
が起こるという仮説も提唱されている。そこでわれわれは、研究グループ３の宮坂らと、①タ
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ウが軸索に局在化するメカニズムと、②アルツハイマー病においてそのメカニズムがどのよう
な異常をきたすのか、の２点について明らかにするために共同研究を行った。 
 まずわれわれは、蛍光タンパク質 GFP を付加したヒトタウを培養神経細胞に発現させ、タウ
局在化メカニズム研究のモデルとすることを試みた。しかし、内在性のタウは軸索に特異的に

検出されるにもかかわらず、GFP タウは主に細胞体と樹状突起に蓄積していた（図�）。これ
はヒトのタウを用いたことが原因ではなく、マウスタウをマウスの神経細胞に発現させても同
様であった。 
 そこで、内在性タウの局在化メカニズムについての知見を得る目的で、神経細胞の分化発達
に伴うタウの軸索への局在化を、免疫染色により詳細に解析した。その結果、タウの局在化
は、発達初期の軸索決定直後にすでに始まっていること、そしてタウの発現が神経細胞の発達
に伴い減少することを見いだした。これらの結果からわれわれは、タウの軸索への局在化は発
達初期に大部分が完了すると考え、現在神経細胞の発達初期にのみタウを発現させることを試
みた。発現誘導が可能な発現ベクターに GFP タウを挿入したもの作成し、内在性タウの発現と
同様の時期にのみ GFP タウを一過性に発現させた。その結果、GFP タウを軸索に特異的に局
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在化させることが可能になった（図１０）。 

 この結果は、タウの発現制御と軸索局在の間に緊密な関係があることを示唆している。すな
わち、タウ発現の破綻と異所的な発現によって、タウの局在が破綻する可能性がある。実際、
同じ発現誘導系を用いて、内在性タウの発現は低下している成熟細胞に GFPタウを一過性に発
現させると、恒常的に発現させた場合と同様に、GFP タウが細胞体と樹状突起に蓄積すること
が分かった（図１１）。以上のことから、われわれは、「タウの発現制御こそが、タウの軸索特
異的局在を決定する重要な因子の一つであり、その破綻によりタウの異常局在が引き起こされ
る」、という仮説を立てている。今後、タウ発現制御因子の探索、タウ軸索局在を発達初期に限
局するメカニズムの探索を行い、アルツハイマー病患者脳でこれらのメカニズムの破綻が実際
に観察されるかどうかを検証していく。 
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Background: Voltage-gated K! (Kv) channels are localized in specific dendritic subcompartments of neurons to regulate
dendritic excitability.
Results: Dendritic Kv channels are sorted and trafficked in distinct populations of post-Golgi transport vesicles.
Conclusion: Sorting of Kv channels and their subsequent trafficking by unique mechanisms are crucial for their specific
localizations within dendrites.
Significance: Our study reveals the existence of novel subcompartment-specific trafficking pathways for dendritic ion channels.

Proper membrane localization of ion channels is essential for
the function of neuronal cells. Particularly, the computational
ability of dendrites depends on the localization of different ion
channels in specific subcompartments. However, the molecular
mechanisms that control ion channel localization in distinct
dendritic subcompartments are largely unknown. Here, we
developed a quantitative live cell imaging method to analyze
protein sorting and post-Golgi vesicular trafficking. We focused
on two dendritic voltage-gated potassium channels that exhibit
distinct localizations: Kv2.1 in proximal dendrites and Kv4.2 in
distal dendrites. Our results show that Kv2.1 and Kv4.2 channels
are sorted into two distinct populations of vesicles at the Golgi
apparatus. The targeting of Kv2.1 and Kv4.2 vesicles occurred by
distinct mechanisms as evidenced by their requirement for spe-
cific peptide motifs, cytoskeletal elements, and motor proteins.
By live cell and super-resolution imaging, we identified a novel
trafficking machinery important for the localization of Kv2.1
channels. Particularly, we identified non-muscle myosin II as an
important factor in Kv2.1 trafficking. These findings reveal that
the sorting of ion channels at the Golgi apparatus and their sub-
sequent trafficking by unique molecular mechanisms are crucial
for their specific localizations within dendrites.

The somatodendritic compartment of neurons receives and
integrates incoming synaptic information. These physiological
processes are underpinned by a number of receptors and volt-
age-gated ion channels that are targeted specifically to this
compartment. The highly controlled expression of receptors

and ion channels and their accurate positioning within the den-
drites are therefore important for dendritic computation. How-
ever, despite this importance, the mechanisms underlying
intracellular trafficking and precise targeting of these mole-
cules remain poorly understood.

Previous studies suggest that membrane proteins localized in
dendrites are selectively delivered from the soma to the den-
drites by vesicular transport (1, 2) and are prevented from
entering the axon at the axon initial segment (3, 4). However, it
is still uncertain how receptors and ion channels are targeted to
more confined areas within the dendrites, such as proximal
dendrites, distal dendrites, and dendritic spines (5).

In the present study, we hypothesized that, within dendrites,
multiple biosynthetic trafficking mechanisms exist to target
membrane proteins to different and specific subcompartments.
To test this hypothesis, we focused on Kv2.13 and Kv4.2 chan-
nels based on their distinct localizations in dendrites. Kv2.1
channels are widely expressed in the mammalian brain where
they exhibit restricted localization on soma and proximal parts
of the dendrites (6). In contrast, Kv4.2 channels are expressed in
distal parts of the dendrites with increasing expression levels
from the soma (7). These Kv channels, therefore, serve as excel-
lent model proteins to study targeting to different subcompart-
ments of neuronal dendrites (8).

We first developed quantitative live cell imaging methods to
investigate whether different ion channels are sorted into dis-
tinct transport vesicles at the Golgi apparatus. Using Kv chan-
nels tagged with fluorescent proteins, we here demonstrate a
novel approach to synchronize the release of transport vesicles
from the Golgi apparatus by a modified temperature arrest
method. With this approach, we uncovered that Kv2.1 and
Kv4.2 channels are sorted into different types of transport ves-
icles, which display different movement dynamics and distribu-
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tions. The specific sorting into vesicles was found to be dictated
by previously reported peptide targeting motifs present in
Kv2.1 (9) and Kv4.2 (10). Quantitative analysis revealed that the
differential targeting of Kv2.1 and Kv4.2 post-Golgi transport
vesicles is mediated by distinct molecular mechanisms. Partic-
ularly, we identified a novel actin-myosin-based trafficking
mechanism for Kv2.1 of which disruption caused a marked
change in the expression of the channel. Our imaging study,
therefore, provides insight into how dendritic ion channels are
localized to specific subcompartments in neuronal cells. The
novel imaging technique introduced here also provides a basis
for future investigations of vesicular trafficking of a broader
spectrum of membrane signaling proteins in neurons.

EXPERIMENTAL PROCEDURES

cDNA Constructs—Kv2.1, Kv4.2, KChIP2, and Kv2.1 S586A
cDNAs were generous gifts from Dr. Trimmer. The coding
sequences of Kv2.1 and Kv4.2 were cloned into EGFP-C1 and
mCherry-C1 vectors from Clontech. Kv2.1 S586A was cloned
into the EGFP-C1 vector. mCherry-GalT was generated from
Venus-GalT (Addgene, Cambridge, MA). Green fluorescent
protein (GFP)-tagged microtubule-associated protein-2C
(MAP-2C) was a generous gift from Dr. Kaech (11). The Arf1
Q71I mutant was a generous gift from Dr. Jeyifous but was
originally constructed by the El-Husseini laboratory. The dom-
inant negative mutant of nonmuscle myosin IIB was provided
by Dr. Takashi Tsuboi. hCD4-hKv7.3CT in pcDNA3.1 was gen-
erated as reported (12). Small hairpin RNAs for rat myosin IIB
were designed as follows: 1, GGAAGAAAGCGATGGTCAA
(196 –214 bp in NCBI Reference Sequence accession number
NM_031520); 2, GCTGCAGTTTGGAAACATC (1058 –1076
bp); and 3, GCGAATGATCCGAGCTTTA (2243–2261 bp).
Control small hairpin RNA (shRNA) for luciferase was
GTGCGTTGCTAGTACCAAC. All of these sequences were
cloned into pBAsi-hU6 Pur vector (Takara Biotechnology,
Shiga, Japan) for mammalian expression.

Cell Culture and Transfection—Dissociated cultures of
embryonic rat hippocampal neurons (E18) were prepared from
female timed pregnant rats as described previously (13) with
minor modifications. All animal use was approved by the
institutional animal care and use committee. Neurons were
transiently transfected at 7–10 days in vitro (DIV) using Lipo-
fectamine 2000 transfection reagent (Invitrogen). In all experi-
ments with GFP-Kv4.2 and mCherry-Kv4.2, we co-expressed
the ! subunit KChIP2, which is required for efficient export of
Kv4.2 from the endoplasmic reticulum (14). For live cell imag-
ing, these plasmids were used at 1 "g/coverslip (diameter, 25
mm). In the experiments with shRNA, neurons were trans-
fected with an shRNA construct (0.25 "g/coverslip) together
with a GFP expression vector as a marker (0.5 "g/coverslip).

Drug Experiments—Latrunculin A (Invitrogen) was dis-
solved in DMSO and added to Hanks’ balanced salt solution to
a final concentration of 1 "M (0.1% DMSO). Colchicine (Sigma)
was also dissolved in DMSO. Neurons were imaged before and
5 min after the treatment. A working solution of blebbistatin
(50 "M; Tocris) was prepared from a 50 mM stock solution (in
DMSO) by rapidly mixing 2 "l of the stock solution with 300 "l
of Hanks’ balanced salt solution to prevent the formation of

fluorescent precipitates. The solution was briefly centrifuged to
remove any remaining precipitates and then added to the imag-
ing medium at 50 "M.

Immunofluorescence Staining—Neurons were fixed in 4%
paraformaldehyde, 4% sucrose, PBS and blocked in 4% milk,
Tris-buffered saline in the presence of 0.1% Triton X-100
(TBST). Neurons were incubated overnight with primary anti-
bodies and subsequently for 1 h with Alexa Fluor-conjugated
IgG-specific secondary antibodies (Invitrogen; 1 "g/ml), both
diluted in 4% milk, TBST. Primary antibodies used were anti-
MAP-2 mouse monoclonal antibody (Sigma-Aldrich; clone
AP-20; 1:2000), rabbit anti-Kv2.1 antiserum (at 1:5000) (15),
mouse anti-Kv4.2 monoclonal antibody (K57 from NeuroMab,
Davis, CA; 5 "g/ml), and rabbit anti-myosin IIB polyclonal anti-
body (Covance, Berkeley, CA).

Immunoprecipitation—Brains from adult Wistar rats were
homogenized in ice-cold homogenization buffer (10% sucrose,
5 mM EDTA, 2.5 mM EGTA, 10 mM NaCl, 10 mM KCl, 50 mM
Tris-HCl, pH 7.4) with protease inhibitors. The postnuclear
supernatant (1 mg/ml) was incubated in a solubilization buffer
(150 mM NaCl, 1% Triton X-100, 20 mM Tris-HCl, pH 7.9 with
protease inhibitors) on ice for 30 min. Extracts were then
cleared by centrifugation at 20,000 " g for 10 min to remove
insoluble material. The brain lysates were preincubated with
Dynabeads-Protein G (Invitrogen) for 1 h at 4 °C with agitation.
The precleared lysates were further incubated with 2.0 "g of 1)
mouse anti-Kv2.1 monoclonal antibody (K89 from NeuroMab),
2) rabbit anti-myosin IIB polyclonal antibody, 3) mouse anti-
Kv2.1 external antibody (K39 from NeuroMab), 4) rabbit anti-
Kv4.2 polyclonal antibody (Alomone Laboratory, Israel), or 5)
normal rabbit IgG (Santa Cruz Biotechnology, Santa Cruz, CA).
Dynabeads-Protein G were added, and the incubation was con-
tinued for 2 h. Dynabeads were collected using a magnetic stand
and washed four times in the solubilization buffer. Proteins
were eluted from the Dynabeads by incubating for 3 min at
70 °C in an SDS sample buffer (2% SDS, 5% 2-mercaptoethanol,
10% glycerol, 62.5 mM Tris-HCl, pH 6.8).

Pulldown Assay—We generated cytoplasmic N- (amino acid
residues 1–181) and C-terminal (431– 853) fragments of rat
Kv2.1 tagged with HaloTag (Promega, Madison, WI) and the
DDK tag (DYKDDDDK). These fragments and human non-
muscle myosin IIB (MyoIIB) were cloned into pFN18A (Pro-
mega) vector for bacterial expression. Escherichia coli Rosetta2
(DE3)/pLysS were transformed with the Kv2.1 fragments or
MyoIIB expression vector. Transformed E. coli cells were
grown at 30 °C in LB medium. When the culture reached mid-
log phase, protein expression was induced with 100 mM isopro-
pyl 1-thio-!-D-galactopyranoside for 3 h. Cells were then col-
lected at 10,000 " g for 5 min and then resuspended in a
solubilization buffer (25 mM Tris-HCl, pH 7.4, 300 mM NaCl, 1
mg/ml lysozyme, 0.5 mM EDTA, 10 mM 2-mercaptoethanol, 1%
Triton X-100, Complete protease inhibitor mixture EDTA-free
(Roche Applied Science). After 20-min incubation on ice,
MgCl2 (10 mM) and 50 units of Benzonase were added to the
lysate followed by 20-min incubation. The soluble fraction was
obtained as a supernatant after centrifugation at 20,000 " g for
10 min. A soluble fraction containing either the N- or the C-ter-
minal fragment was incubated with a HaloTag ligand with bio-
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tin (PEG-biotin) according to the manufacturer’s instruction
(Promega). This was then mixed with a bacterial lysate express-
ing MyoIIB or a lysate from HEK293 cells. The total protein
concentration in the reaction mixture was #6 mg/ml. After 2-h
incubation at room temperature, biotin-labeled proteins were
purified using 50 "l of streptavidin magnetic beads (Thermo
Scientific, Waltham, MA). Magnetic beads were washed three
times with 25 mM Tris-HCl, pH 7.4, 1% Triton X-100, Complete
protease inhibitor mixture EDTA-free. Bound proteins were
eluted with the SDS sample buffer, separated by 7.5% SDS-
PAGE, and then detected by Western blotting using anti-DDK
or MyoIIB antibody.

Western Blotting—Proteins were separated in 4 –15% SDS-
polyacrylamide gels and transferred to PVDF membranes. The
membranes were washed, blocked in PBS containing 4% nonfat
dry milk for 1 h, and then incubated with primary antibodies
overnight in the blocking buffer at room temperature. We used
mouse anti-Kv2.1 C-terminal monoclonal antibody (1 "g/ml;
K89 from NeuroMab), rabbit anti-myosin IIB polyclonal anti-
body (1:2,000; Covance), and anti-DDK antibody (1:2,000;
Medical and Biological Laboratories Co., Ltd., Japan). The
membranes were washed and probed with HRP-conjugated
secondary antibodies according to the manufacturer’s instruc-
tions. Immunoreactive bands were detected with enhanced
chemiluminescence (PerkinElmer Life Sciences) and visual-
ized by exposing the membranes to x-ray films (GE Health-
care). NeuroMab antibodies are available from the Univer-
sity of California Davis/National Institutes of Health
NeuroMab Facility supported by National Institutes of
Health Grant U24NS050606 and maintained by the Depart-
ment of Neurobiology, Physiology and Behavior, College of
Biological Sciences, University of California, Davis.

Temperature Block Procedure and Live Cell Imaging—Cul-
tured neurons were transfected with either GFP-Kv2.1 or GFP-
Kv4.2 and non-tagged mCherry, which served as a cell fill dye to
access the morphology of neurons and to identify axons. Three
hours after transfection, neurons were transferred to dishes
with Hanks’ balanced salt solution (Invitrogen) containing 10
mM HEPES, pH 7.3 and then incubated at 19.5 °C for 3–5 h.
After the temperature block, a coverslip with neurons was
transferred to an imaging chamber (Warner Instruments,
Hamden, CT) and imaged in Hanks’ balanced salt solution pre-
warmed to 37 °C. The temperature of the imaging solution was
kept at 35–37 °C using an Air Stream Incubator (Nevtek, Wil-
liamsville, VA), and the chamber temperature was continu-
ously monitored using a probe thermometer (Physitemp, Clif-
ton, NJ). Neurons were visualized under epifluorescence
illumination using an interline CCD camera installed on an
Axiovert 200M microscope (Zeiss, Thornwood, NY) with a
63" objective lens (1.4 numerical aperture). Time lapse images
were obtained with a typical CCD exposure time of 150 ms
using Axiovision software. Time lapse images were acquired
using either 1- (GFP-Kv2.1) or 5-Hz (GFP-Kv4.2) acquisition
rates. We chose cells that had morphological characteristics of
pyramidal neurons and of which the axon could be identified by
mCherry labeling. Simultaneous dual color imaging was carried
out by installing an image splitter (Andor Technology, South

Windsor, CT) in front of the CCD camera. Images were trans-
ferred as JPEG files to NIH Image software ImageJ.

Image Analysis—The velocity, processivity, and distribution
of transport vesicles were analyzed in live cell images. The anal-
ysis was restricted to anterograde moving vesicles in dendrites
($100 "m from the soma). We manually tracked individual
vesicles for the analysis using the Manual Tracking plug-in in
ImageJ. Signal intensity in each image frame was adjusted using
a best fit algorithm to compensate for photobleaching and to
reduce the background signal as well as to amplify the signal
from small vesicles. We chose processes that were thick (%1.5
"m) and distinguishable from the axon in an mCherry image
for each imaged neuron. Velocity measurements were per-
formed in the following steps. 1) Mobile vesicular structures in
the processes were selected from time lapse image stacks. 2)
The tracking was restricted to vesicles that showed at least
1-"m displacement through a minimum of five frames. Intra-
cellular puncta that appeared immobile through the time lapse
sequences were not tracked and included in the analysis. 3) The
net and maximum velocities of a vesicle were determined as
follows.

Vnet # Dtotal"ttotal (Eq. 1)

Vmax # Dmax"tinterval (Eq. 2)

Dtotal represents the distance the vesicle traveled during the
duration for which the vesicle was tracked (ttotal) in Equation 1.
Dmax represents the maximum displacement the vesicle
showed between two consecutive frames separated by an inter-
val (tinterval) in Equation 2. Velocities of individual vesicles were
averaged per neuron, and then these values were averaged
among 10 neurons. Alternatively, velocity distributions of all
vesicles analyzed were presented. For the measurement of pro-
cessivity, we determined the distance that vesicles traveled
without any cessation of movement. Obtained values were
averaged among 10 neurons.

Spatial distribution of vesicles in the dendrites was analyzed
as follows. We chose dendrites that were 1) thick, 2) were dis-
tinguishable from the axon, and 3) showed their entire length in
an image frame. We then measured the signal intensity of GFP
along the dendrites, from the base to the tip, using the line
profiling function of ImageJ. The signal intensity was divided by
that of mCherry to compensate for changes in volume and then
plotted against the distance. We then obtained the ratio of the
signal intensity near the tip over that at the base of the dendrite.
These values (distal enrichment indices) were averaged among
11 neurons and compared between GFP-Kv2.1- and GFP-
Kv4.2-expressing neurons.

Image subtraction used to assess the drug effects was per-
formed as follows (see also supplemental Movie 3). First, all
image frames of a live cell imaging set were averaged in ImageJ.
Then, this average image was subtracted from each image
frame to remove signals from the background and immobile
structures, like the Golgi apparatus, and to leave only that from
mobile vesicles. Maximum projection was then created from
the subtracted images to visualize trajectories of transport ves-
icles. The number of mobile anterograde vesicles that showed
more than 1-"m displacement in the dendrites of a cell was
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manually counted in the subtracted live cell images and aver-
aged among several neurons.

In the experiments with shRNA, images of immunofluores-
cence staining were acquired with a fixed exposure time. Signal
intensity was measured within the soma using ImageJ and
expressed as a percentage of the control (average signal inten-
sity in non-transfected neurons).

Photoactivated Localization Microscopy (PALM) Imaging
and Analysis—Tracking of individual actin molecules in fila-
mentous actin in living neurons was performed using PALM
(16). Cultured hippocampal neurons were transfected with
actin tagged with a photoactivatable red fluorescent protein
(PA-TagRFP). GFP-tagged markers of the axon initial segment
(GFP-AIS) or the proximal dendrites (GFP-Kv2.1) were co-ex-
pressed with actin-PA-TagRFP to identify axons and dendrites,
respectively. Imaging was conducted on an Olympus IX81
inverted microscope with a 100"/1.45 total internal reflection
fluorescence oil immersion objective. The temperature was
kept near 37 °C with an objective heater, and the imaging cham-
ber was covered to avoid evaporation. The live cell imaging
medium contained 120 mM NaCl, 3 mM KCl, 10 mM HEPES, 2
mM CaCl2, 2 mM MgCl2, and 10 mM glucose, pH 7.35. Fluores-
cence emission was detected with an iXon DV887ECS-BV
back-thinned EM-CCD camera (Andor Technology) placed
after the 1.6" magnification optic in the microscope body. The
16.0-"m pixels of the camera thus covered 100 nm in the imag-
ing plane. GFP was excited with a 488 nm argon ion laser and
PA-TagRFP with a 568 nm helium-neon laser. Photoactivation
of PA-TagRFP was achieved with a SpectraPhysics MaiTai
titanium sapphire laser tuned to 405 nm. Before PALM acqui-
sition, GFP-positive neurons were located in total internal
reflection fluorescence, and the background red fluorescence
was bleached. We acquired time lapse images of red fluores-
cence actin-PA-TagRFP photoconverted with low intensity
405-nm excitation. The molecules were then imaged during
consecutive frames before their stepwise disappearance in a
time lapse series of a total of 300 –1000 frames. Images of acti-
vated molecules were acquired every second (1 Hz) using
150-ms exposure. Molecules were localized by fitting a two-
dimensional elliptical Gaussian function to a 9 " 9-pixel array
surrounding the peak, and the locations were assembled into
tracks using freely available algorithms (17). All subsequent
analysis was written in Matlab. To identify potential molecules,
the raw data were bandpass-filtered and thresholded to select
only high intensity peaks. To ensure that orientation was reli-
ably measured, we limited analysis to molecules that were
tracked over distances exceeding 100 nm. The number of
tracked molecules was between 36 and 160. To determine the
orientation of actin filaments, the net angle of each track (see
red tracks from detected actin-PA-TagRFP molecules in Fig.
9E) was determined relative to the axis of either the dendrite or
the axon. The angle score was then generated for each angle by
computing the cosine of the angle.

Statistical Analysis—All data are presented as actual data
points, the mean & S.E., or a frequency distribution. Normality
of data was examined by Kolmogorov-Smirnov test. Maximum
and net velocities of GFP-Kv2.1 and GFP-Kv4.2 (cell averages)
and the processivity were compared by Student’s t test

(unpaired, two-tailed). Comparison of the numbers of mobile
vesicles in drug-treated neurons was done using the paired t test
(two-tailed). Mann-Whitney test was used for the comparison
of velocity distributions and that of spatial distributions of ves-
icles in the dendrites (the distal enrichment index). A p value
less than 0.05 was considered to be statistically significant in all
cases. It should be noted that one-way analysis of variance of
velocities of all groups with Tukey post hoc analysis also yielded
consistent results. Immunofluorescence data were analyzed
with the Kruskal-Wallis test and Dunn’s multiple comparison
post hoc tests. Actual p values are shown in the text and figure
legends except for those smaller than 0.0001 and for post hoc
tests. All statistical analyses were carried out with GraphPad
Prism software (La Jolla, CA).

RESULTS

Probing Post-Golgi Traffic in Neurons by Live Cell Imaging—
To investigate vesicular trafficking of Kv2.1 and Kv4.2 channels
in living neurons, we added a GFP tag to the N termini of chan-
nel polypeptides and verified their localization in cultured hip-
pocampal neurons. Consistent with the localization of endoge-
nous Kv2.1 and Kv4.2 channels (Fig. 1A), GFP-tagged Kv2.1 and
Kv4.2 were targeted to distinct subdomains in the dendrites of
neurons (Fig. 1B). It should be noted that GFP-Kv4.2 was co-
expressed with KChIP2 because it is trapped in the endoplas-
mic reticulum without a ! subunit (14, 18). GFP-Kv2.1 exhib-
ited a proximal and clustered localization, whereas GFP-Kv4.2
showed uniform dendritic localization toward distal parts of
the dendrites (Fig. 1C). Both GFP-Kv2.1 and GFP-Kv4.2 were
functionally intact as they elicited the delayed rectifier (Kv2.1)
(19) and transient A-type (Kv4.2) K! currents (18) as expected
when expressed in HEK293 cells (Fig. 1D). These findings dem-
onstrate that GFP-tagged Kv2.1 and Kv4.2 are assembled in
functional channels and that they are targeted to their respec-
tive subcellular locations in cultured neurons.

To investigate protein sorting at the Golgi apparatus, we
developed a method by which we could selectively detect and
analyze post-Golgi transport vesicles. The principle of the
method is as follows (see also Fig. 2A). First, neurons were
transfected and allowed to express GFP-tagged channel pro-
teins for 3 h. At this time point, the expression of GFP was
barely detectable. Then, neurons were incubated at 19.5 °C at
which temperature the exit of membrane proteins from the
Golgi apparatus is suppressed. Therefore, newly synthesized
GFP-tagged channels would be accumulated in the Golgi appa-
ratus. Indeed, after 3–5 h at 19.5 °C, we observed that GFP-
Kv2.1 and GFP-Kv4.2 were highly concentrated in perinuclear
organelles positive for a Golgi marker, the N-terminal fragment
of galactosyltransferase (amino acids 1– 60) tagged with
mCherry (mCherry-GalT) as shown in Fig. 2B. This accumula-
tion in the Golgi was not observed in neurons that were not
subjected to the low temperature incubation after transfection
(Fig. 2C). These results suggest that our temperature block
method trapped most of the newly synthesized GFP-Kv2.1 in
the Golgi apparatus with minimal levels of the protein in other
organelles and in the surface membrane.

We then promoted a synchronized release of GFP-tagged
channels from the Golgi apparatus in transport vesicles by
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shifting the incubation temperature to 37 °C. Analysis of the
released vesicles would reveal whether Kv2.1 and Kv4.2 are
sorted into distinct pools of transport vesicles at the Golgi appa-
ratus and whether they are trafficked by different mechanisms.
To initiate sorting of vesicles from the Golgi after the temper-
ature arrest, we incubated neurons for 15 min at 37 °C and
visualized by live cell imaging how GFP-positive puncta
appeared (see supplemental Movie 1 (GFP-Kv2.1) and supple-
mental Movie 2 (GFP-Kv4.2)). Occasionally, we observed
puncta emerging directly from perinuclear organelles, presum-
ably the Golgi apparatus (Fig. 2D). The mobile puncta in both
GFP-Kv2.1- and GFP-Kv4.2-transfected neurons were trans-
ported out from the perinuclear region and into dendrites.
However, this was particularly apparent with GFP-Kv4.2 as the
vesicles traveled far into dendrites (Fig. 2E).

To test whether these mobile puncta are indeed post-Golgi
transport vesicles, we co-expressed a mutant of Arf1 (Arf1
Q71I) that inhibits the release of vesicles from the Golgi appa-
ratus (20, 21). We found that co-expression of Arf1 Q71I dra-
matically reduced the number of mobile GFP-Kv2.1 and GFP-
Kv4.2 puncta. To better visualize the effect, we processed live
cell images using an image subtraction method to reveal trajec-
tories of mobile puncta (see Fig. 3A, supplemental Movie 3, and
“Experimental Procedures” for the image processing informa-
tion). Although control neurons exhibited a number of trajec-
tories for both GFP-Kv2.1 (Fig. 3B) and GFP-Kv4.2 (Fig. 3C),
neurons co-expressing Arf1 Q71I showed virtually no trajecto-

ries, indicating that the mobile puncta are post-Golgi transport
vesicles. Taken together, these results suggest that our temper-
ature block method is suitable for probing post-Golgi transport
vesicles, which mediate the transport of Kv2.1 and Kv4.2 chan-
nels, respectively.

Distinct Sorting of Kv2.1 and Kv4.2 Channels—We then quan-
titatively analyzed individual vesicles to determine whether
GFP-Kv2.1 and GFP-Kv4.2 are sorted into distinct transport
vesicles at the Golgi apparatus. As shown in supplemental
Movie 1 (GFP-Kv2.1) and supplemental Movie 2 (GFP-Kv4.2),
many GFP-positive vesicles were trafficked in the soma and
dendrites (Fig. 4A). We observed that GFP-Kv2.1 vesicles were
trafficked in both anterograde and retrograde directions,
whereas the majority of GFP-Kv4.2 vesicles appeared antero-
gradely transported.

GFP-Kv2.1 and GFP-Kv4.2 vesicles appeared to be trans-
ported at different velocities. To quantify the difference, we
tracked individual transport vesicles through several frames to
obtain their movement velocities. The average net and maxi-
mum velocities (see “Experimental Procedures” for definitions)
of GFP-Kv2.1 vesicles in individual neurons were 0.79 & 0.04
and 1.09 & 0.06 "m/s (n ' 10 cells), whereas those of GFP-
Kv4.2 vesicles were 3.17 & 0.14 and 3.85 & 0.13 "m/s (n ' 10
cells), respectively (Fig. 4B). The frequency distributions of the
net and maximum velocities of GFP-Kv2.1 vesicles were signif-
icantly smaller than those of GFP-Kv4.2 vesicles (p $ 0.0001,
n ' 60) (Fig. 4C). These results indicate that GFP-Kv2.1 and

FIGURE 1. Validation of GFP-tagged Kv2.1 and Kv4.2 channels for live cell imaging. A, localization of Kv2.1 and Kv4.2 channels endogenously expressed in
cultured hippocampal neurons 18 DIV. Scale bar, 20 "m. B, localization of GFP-tagged Kv2.1 and Kv4.2 channels. Neurons were transfected at 10 DIV, fixed at
18 DIV, and immunostained for GFP and MAP-2. Scale bar, 10 "m. C, fluorescence detection of GFP-Kv2.1 (green trace) and GFP-Kv4.2 (red trace) channel
expression from base to tip of dendritic branches. D, macroscopic currents of GFP-Kv2.1 and GFP-Kv4.2 recorded from transfected HEK293 cells. Scale, 1 nA and
50 ms.
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GFP-Kv4.2 are sorted into different populations of post-Golgi
transport vesicles. We noted that these velocity values are com-
parable with values reported previously for vesicular carriers
(22–25) and with those of vesicular stomatitis virus G (VSVG)-
GFP post-Golgi vesicles in our experiments (Fig. 4, D and E).

Next, we investigated the spatial distribution of GFP-Kv2.1
and GFP-Kv4.2 vesicles. The distribution of GFP signal along
dendrites was measured in neurons that were incubated for 30
min at 37 °C following the temperature block (Fig. 5A). The
fluorescence intensity was normalized to that of co-expressed
mCherry for volume correction. Then the intensity in the distal
50-"m segment of the dendrites was divided by that in the
proximal 50-"m segment to assess the enrichment of GFP-
positive vesicles in distal dendrites. We found that the spatial
distribution of GFP-Kv2.1 vesicles was more restricted to the

proximal segment than that of GFP-Kv4.2 vesicles as evidenced
by the significant difference in the distal enrichment indices
between GFP-Kv2.1 and GFP-Kv4.2 vesicles (Fig. 5B). This fur-
ther indicates that they are sorted and transported in distinct
pools of vesicles.

To directly test whether neurons sort Kv2.1 and Kv4.2
channels in different vesicles, we co-expressed mCherry-tagged
Kv4.2 with GFP-Kv2.1 for simultaneous dual color live cell
imaging. GFP-Kv2.1 and mCherry-Kv4.2 were present in non-
overlapping populations of transport vesicles that moved inde-
pendently of each other (Fig. 5C and supplemental Movie 4).
We also measured the fluorescence intensity along a line drawn
in a proximal segment of a dendrite (20 "m). Peaks of fluores-
cence signals corresponding to vesicles containing GFP-Kv2.1
or mCherry-Kv4.2 did not overlap (Fig. 5D). Similar results

FIGURE 2. A temperature block assay to probe post-Golgi vesicular trafficking of membrane proteins. A, the principle of the method using temperature
block. N, nucleus; ER, endoplasmic reticulum. B, effects of the temperature block. Transfected neurons were incubated for 3–5 h at 19.5 °C and imaged at room
temperature. The Golgi marker, galactosyltransferase tagged with mCherry (GalT), was co-expressed. C, without the temperature block procedure, GFP-Kv2.1
channels escape to the surface membrane. Neurons were transfected and imaged 5 h later. D, emergence of mobile puncta from the Golgi apparatus. When
sorting was restored after the temperature block, mobile puncta emerged from the Golgi apparatus. Time lapse images from GFP-Kv2.1-transfected neurons
are shown. E, visualization of mobile puncta. After changing the incubation temperature to 37 °C, GFP-Kv4.2 signal started to invade dendrites but not the axon,
indicating the synchronized formation of post-Golgi transport vesicles. The image of cell fill mCherry represents the morphology of the neuron. Scale bars, 10
"m.
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were obtained with neurons from at least three different cul-
tures (n ' 10). It should be noted that only GFP-Kv2.1 vesicles
appeared in the axon (Fig. 5C, arrow), consistent with the local-
ization of Kv2.1 in the axon initial segment (9, 26). These data
demonstrate that neurons strictly sort GFP-Kv2.1 and mCherry-
Kv4.2 into different populations of transport vesicles at the
Golgi apparatus.

Specific Sorting of Kv2.1 and Kv4.2 Dictated by Peptide Motifs—
Previous studies have identified peptide motifs in the cytoplas-
mic C-terminal tails of Kv2.1 and Kv4.2 in which mutations
result in mislocalization of the channels without apparent
changes in their surface expression (9, 10). However, it is not
known how these peptide motifs contribute to the specific
localizations of Kv2.1 and Kv4.2 in dendrites. We hypothesized
that mutation in Kv2.1 and Kv4.2 peptide motifs would alter
their localizations due to disrupted sorting and subsequent
post-Golgi trafficking. To test this, we analyzed Kv2.1 S586A
(9) and Kv4.2 LL/AV (10) tagged with GFP. Kv2.1 S586A muta-

tion resulted in uniform localization of the channel throughout
the dendritic membrane (9) unlike the clustered localization of
wild-type Kv2.1 in the soma and proximal dendrites (Fig. 6A).
In the Kv4.2 LL/AV mutant, the replacement of the dileucine
targeting motif with Ala and Val resulted in both axonal and
somatodendritic localization (Fig. 6B) (10).

We performed live cell imaging of these mutant channel sub-
units using our temperature block method to assess their sort-
ing and post-Golgi traffic (supplemental Movies 5 and 6). We
found that the vesicles carrying GFP-Kv2.1 S586A showed a
marked change in the velocity distribution as compared with
that of wild-type GFP-Kv2.1. The maximum (Fig. 7A) velocity
distribution was significantly greater from that of wild-type
GFP-Kv2.1 vesicles (p $ 0.0001, n ' 60). In addition, average
maximum velocity in individual neurons (3.12 & 0.20 "m/s)
was significantly greater (p $ 0.0001, n ' 10). In contrast,
the velocity distribution of the vesicles carrying GFP-Kv4.2
LL/AV was significantly (p ' 0.0006, n ' 60) shifted to

FIGURE 3. Post-Golgi vesicular trafficking of Kv2.1 and Kv4.2. A, image processing procedure used for the analysis of vesicular motility. First, all image frames
of a live cell imaging set (leftmost image) were averaged in ImageJ. This average image (second left image) was then subtracted from each image frame to
remove signals from the background and immobile structures, like the Golgi apparatus, and to leave only that from mobile vesicles (second right image).
Maximum projection was then created from the subtracted images to visualize trajectories of transport vesicles (rightmost image). B and C, mobile puncta
represent post-Golgi transport vesicles. Formation of mobile puncta was inhibited by co-expression of Arf1 Q71I, indicating that these puncta represent
post-Golgi transport vesicles. After temperature block, neurons expressing GFP-Kv2.1 (B) and GFP-Kv4.2 (C) were imaged without (Control) or with Arf1 Q71I.
By an image subtraction method (see “Experimental Procedures”), trajectories from moving puncta were extracted to represent the effect of Arf1 Q71I. Scale
bars, 10 "m.
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slower velocities than that of wild-type Kv4.2 vesicles (Fig.
7A). The average maximum velocity in individual neurons
(3.22 & 0.16 "m/s) was also significantly slower (p ' 0.006,
n ' 10). These results indicate that the PRC motif and the
dileucine motif act as specific sorting signals for Kv2.1 and
Kv4.2, respectively.

In addition, we found that the spatial distributions of mutant
GFP-Kv2.1 S586A and GFP-Kv4.2 LL/AV vesicles were dis-
rupted. The distal enrichment index of GFP-Kv2.1 S586A was
significantly increased (p ' 0.008, n ' 6) compared with wild-
type Kv2.1 (1.91 & 0.35 versus 0.80 & 0.07), indicating that the
vesicles carrying the targeting mutant are not restricted to the
proximal dendrites but transported more distally in the den-
drites. Furthermore, unlike wild-type GFP-Kv4.2, post-Golgi
vesicles containing GFP-Kv4.2 LL/AV were readily detected in
both the dendrites and in the axon (Fig. 7B), which was further

evidenced by line scan analysis (Fig. 7C). Together, these results
indicate that specific sorting mediated by the peptide motifs is
crucial in the targeted transport of vesicles and therefore in the
specific localization of Kv2.1 and Kv4.2.

Kv2.1 and Kv4.2 Are Trafficked by Distinct Mechanisms—
The different velocities of Kv2.1 and Kv4.2 vesicles suggest that
they are trafficked by distinct molecular mechanisms in den-
drites. Therefore, we addressed the mechanisms underlying
their vesicular trafficking. First, we investigated whether the
actin cytoskeleton would be involved in the transport of Kv2.1
vesicles because an actin-myosin transport system was previ-
ously demonstrated to mediate short range transport of iono-
tropic glutamate receptors in dendrites (27, 28). Therefore, by
use of an actin-depolymerizing toxin, latrunculin A (LatA), we
examined whether intact actin filaments are required for the
movement of Kv2.1 vesicles.

FIGURE 4. Characterization of post-Golgi transport vesicles. A, mobile vesicles appeared after the temperature block. The movements of vesicles in the
dendrites are illustrated by merging two image frames separated by a certain interval in two different colors: frame 1 (green) corresponds to time 0, and frame
2 (red) corresponds to 6 and 2 s later for GFP-Kv2.1 and GFP-Kv4.2, respectively. Scale bar, 5 "m. B, maximum and net velocities of vesicles carrying GFP-Kv2.1
and GFP-Kv4.2 in individual neurons. Velocities of individual vesicles were averaged per cell, and then these values were averaged in 10 cells. The horizontal bars
indicate the averages. *, p $ 0.0001. C, frequency distributions of the maximum and net velocities of GFP-Kv2.1 vesicles and GFP-Kv4.2 vesicles. D and E,
velocities of vesicular stomatitis virus G (VSVG) vesicles were measured for comparison with values acquired for Kv2.1 and Kv4.2 vesicles. Scale bar, 10 "m.
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Neurons transfected with GFP-Kv2.1 were subjected to tem-
perature block and then imaged before and after a 5-min treat-
ment with 1 "M LatA. We verified that this treatment effec-
tively reduced the level of filamentous actin as evidenced by a
substantial reduction in phalloidin staining (100 & 16% in con-
trol versus 24 & 2% in LatA-treated cells, n ' 3). This acute
LatA treatment dramatically attenuated the motility of GFP-
Kv2.1 vesicles (Fig. 8A, upper panel, and supplemental Movie

7). In contrast, the motion of GFP-Kv4.2 vesicles was not sig-
nificantly affected by LatA (Fig. 8A, lower panel).

To quantify the effect of LatA, we analyzed live cell images
using the image processing method (see “Experimental Proce-
dures” and Fig. 3A). The processing allowed us to count the
number of post-Golgi vesicles in dendrites under different con-
ditions for quantification. Before LatA treatment, many trajec-
tories of GFP-Kv2.1 vesicles were detected in proximal den-

FIGURE 5. Kv2.1 and Kv4. 2 in distinct transport vesicles. A, spatial distributions of vesicles along the dendrites. Co-expression of GFP-Kv2.1 and GFP-Kv4.2
with cell fill mCherry (red in the lower panels) is shown. Scale bar, 10 "m. B, GFP fluorescence intensity in the dendrites was measured for each channel and
normalized to volume changes using mCherry fluorescence. The distal enrichment index was calculated as the normalized fluorescence intensity in the distal
50-"m segment of the dendrite divided by that in the proximal 50-"m segment of the dendrites. The distal enrichment index was significantly higher for
GFP-Kv4.2 vesicles than for GFP-Kv2.1 vesicles (*, p ' 0.0006; n ' 11). Data shown are the means & S.E. C, GFP-Kv2.1 and mCherry-Kv4.2 in non-overlapping
vesicles. The image represents the first frame in the time lapse image of a proximal dendrite. Scale bar, 10 "m. D, the fluorescence intensities of GFP-Kv2.1 and
mCherry-Kv4.2 vesicles plotted along a line (30 "m) drawn in the proximal dendrites.

FIGURE 6. Mislocalization of Kv2.1 and Kv4.2 mutants. A, the restricted and clustered localization of GFP-Kv2.1 (upper) is disrupted for the targeting mutant
GFP-Kv2.1 S586A (lower). Neurons were transfected at 10 DIV, fixed at 18 DIV, and immunostained for GFP. Scale bar, 10 "m. B, mutation of the dileucine motif
in Kv4.2 channels results in both axonal and dendritic localization. Neurons were transfected at 10 DIV, fixed at 18 DIV, and immunostained for GFP and MAP-2.
Arrows point to the MAP-2-negative axonal compartment. Scale bar, 20 "m.
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drites (Fig. 8B). However, after LatA treatment, virtually no
trajectories were visible (Fig. 8B and supplemental Movie 7).
Consistently, the number of mobile vesicles was significantly
reduced after LatA treatment (Fig. 8C). In contrast, depolymer-
ization of microtubules with colchicine (100 "M; 20 min) did
not elicit significant effects on the motility of GFP-Kv2.1 vesi-
cles (Fig. 8C). Interestingly, the motility of vesicles carrying
GFP-Kv2.1 S586A was not affected by LatA (Fig. 8C), further
supporting the notion that the PRC mutant is sorted into a
population of transport vesicles distinct from wild-type GFP-
Kv2.1 vesicles. These data suggest that the specific population
of post-Golgi vesicles carrying Kv2.1 depends on actin fila-
ments for their transport.

It was shown previously that dendritic localization of Kv4.2
channels depends on a kinesin motor protein (KIF17) that
transports cargo along microtubules (29). Consistently, upon
depolymerization of microtubules with colchicine, we found a
significant reduction in the number of moving GFP-Kv4.2 ves-
icles, whereas LatA did not cause any significant effect (Fig. 8, D
and E). Together, these results strongly indicate that Kv2.1 and
Kv4.2 channels are trafficked by distinct vesicular transport
mechanisms within the somatodendritic compartment of
neurons.

Unique Mode of Trafficking of GFP-Kv2.1 Vesicles and Its
Underlying Mechanism—Our finding that the distribution of
GFP-Kv2.1 vesicles was restricted to soma and the proximal
parts of dendrites was striking and novel. To understand the
basis of this, we first analyzed the processivity of individual

post-Golgi transport vesicles, a parameter defined by the dis-
tance each vesicle moves without cessation. The average max-
imum processivity of GFP-Kv2.1 vesicles in individual neurons
was significantly smaller than that of GFP-Kv4.2 vesicles (Fig.
9A). Interestingly, we also found that GFP-Kv2.1 vesicles
changed direction frequently, whereas most of the GFP-Kv4.2
vesicles moved unidirectionally toward either the soma or the
distal dendrites (Fig. 9, B and C). In the example shown in Fig.
9C, the net travel distance in 18 s was only about 1 "m even
though the vesicle traveled with a maximum velocity of 1.9
"m/s. These results suggest that the actin-based trafficking of
Kv2.1 is characterized by the intermittent and bidirectional
motions of transport vesicles.

Therefore, we speculated that filaments with diverse orien-
tations in this dendritic region could account for the unique
bidirectional motion of GFP-Kv2.1 vesicles. Proximal dendrites
contain numerous actin filaments (30), but their directionality
is unknown. To determine the orientation of individual actin
filaments, we used PALM (31) to track single molecules in live
cells (16, 17). We noted that actin polymerization at filament
barbed ends drives the flow of monomers along the filament
away from the site of polymerization (32). Thus, trajectories of
individual polymerized molecules reflect filament directional-
ity, and we used this to compare filament organization in dif-
ferent subcompartments of neurons (Fig. 9D). Neurons were
transfected with actin tagged with PA-TagRFP (33) and a
marker of the axon initial segment (GFP-tagged ankyrin
G-binding motif of Kv7.3 fused to CD4) (12). Tagged actin mol-

FIGURE 7. Missorting of Kv2.1 and Kv4.2 mutants. A, frequency distributions of the maximum velocities of vesicles carrying GFP-Kv2.1 S586A (left) and
GFP-Kv4.2 LL/AV (right). There was a significant difference in the velocity distribution between wild-type Kv2.1 and Kv2.1 S586A (p $ 0.0001) as well as between
Kv4.2 and Kv4.2 LL/AV (p $ 0.0001). B, mistargeting of vesicles carrying GFP-Kv4.2 LL/AV to the axons indicated by the arrowheads. Scale bar, 10 "m. C,
fluorescence intensity of GFP-Kv4.2 and GFP-Kv4.2 LL/AV along 23-"m segments of the axons.
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ecules were photoactivated, localized, and tracked as reported
previously (Fig. 9E) (16). The direction of movement was meas-
ured as the angle relative to the axis of the dendrite. We then
computed the cosine of each angle and used it as an angle score.
We predicted that if actin filaments are oriented randomly in
proximal dendrites then the average angle score would be zero.
On the contrary, if actin filaments are oriented uniformly along
the axis of the dendrite then the average angle score would be
significantly greater than 0 with a maximum value of 1. In addi-
tion, we computed the angle scores relative to a perpendicular
axis of dendrites in case actin filaments were oriented along this
axis. For comparison, we simulated randomly oriented actin
filaments with typical numbers of tracked particles (35–160)
and obtained the angle scores, which were virtually zero
(0.001 & 0.114 (mean & S.D.)). The mean angle score obtained
from actin filaments in the proximal dendrites was not signifi-
cantly greater than zero (p % 0.8), suggesting that actin fila-
ments are randomly orientated in this compartment of neu-
rons. Consistently, when the axis for angle score determination
was rotated 90°, the values were not significantly different from
zero (p % 0.9). In contrast, the mean angle score in the axon
initial segment was 0.194 & 0.052, suggesting an organized
arrangement of actin filaments consistent with a recent study
using electron microscopy (4). This score was significantly
higher than the values from proximal dendrites and random
simulations (Fig. 9F). These results suggest that actin filaments

are more uniformly oriented in the axon initial segment than in
the proximal dendrites. Taken together, these findings indicate
that the characteristic intermittent and bidirectional motion of
GFP-Kv2.1 vesicles in the somatodendritic compartment
results from their traffic along randomly oriented actin
filaments.

Role of Non-muscle Myosin II in GFP-Kv2.1 Trafficking—Our
data also provide evidence that non-muscle myosin II (myosin
II hereafter) is involved in the transport of Kv2.1 vesicles. Fig.
10, A and B, illustrate a significant reduction in the number of
mobile GFP-Kv2.1 vesicles after treatment with 50 "M blebbi-
statin, a specific myosin II inhibitor (34, 35). We furthermore
confirmed that a dominant-negative mutant of myosin IIB also
reduced the motility of GFP-Kv2.1 vesicles (10.2 & 1.7 in con-
trol versus 4.6 & 1.1 with the dominant negative, p ' 0.02).

Consistently, we found that endogenous Kv2.1 binds to en-
dogenous myosin IIB in native rat brain tissues using a co-im-
munoprecipitation assay (Fig. 10C). In a reciprocal approach,
an antibody against the extracellular epitope of Kv2.1 success-
fully co-immunoprecipitated myosin IIB. This binding was spe-
cific to Kv2.1 as endogenous Kv4.2 was not detected in the
immunoprecipitate of myosin IIB (Fig. 10D).

To determine whether the binding between Kv2.1 and
myosin IIB is direct, we performed a pulldown assay. Cyto-
plasmic N (1–186 amino acid residues) and C termini (431–
853) of rat Kv2.1 were tagged with HaloTag (36) and

FIGURE 8. Kv2.1 and Kv4. 2 channels are trafficked by distinct molecular mechanisms. A, neurons transfected with GFP-Kv2.1 or GFP-Kv4.2 were imaged
before (Control) and after a 5-min treatment with 1 "M LatA. The movements of vesicles are illustrated by merging two image frames separated by 8 s in two
different colors. Scale bar, 5 "m. B, trajectories from moving GFP-Kv2.1 vesicles before (Control) and after LatA treatment. Scale bar, 10 "m. C, the average
number of mobile GFP-Kv2.1 vesicles in the dendrites was significantly reduced after treatment with LatA (*, p $ 0.0001; n ' 10 cells), whereas there were no
significant changes in neurons treated with 100 "M colchicine (Col; n ' 5). The effect of LatA on GFP-Kv2.1 S586A vesicles was negligible (n ' 6). D, trajectories
from moving GFP-Kv4.2 vesicles before (Control) and after treatment with colchicine (Col). Scale bar, 10 "m. E, the average number of mobile GFP-Kv4.2 vesicles
was significantly reduced after treatment with colchicine (Col; n ' 5) but not with LatA (n ' 6).
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expressed in E. coli. The bacterial lysates were mixed with a
lysate either from E. coli expressing recombinant myosin IIB
or from HEK293 cells. Recombinant Kv2.1 fragments were
purified using a biotin ligand for HaloTag and a streptavidin
column. We found that recombinant myosin IIB as well as
endogenous myosin IIB from HEK293 cells was co-purified
with either of the Kv2.1 fragments (Fig. 10E). These results
indicate that myosin IIB can directly bind to Kv2.1 and that
the binding involves both N and C termini of Kv2.1.

To test the significance of myosin IIB in Kv2.1 trafficking, we
applied the temperature block to neurons transfected with
GFP-Kv2.1 and then treated them without or with blebbistatin
for 18 h. Control neurons showed typical clustering of GFP-
Kv2.1, indicating its surface expression. However, GFP-Kv2.1
signal appeared cytoplasmic in neurons treated with blebbista-
tin (Fig. 10E).

Furthermore, to investigate whether the trafficking of endog-
enous Kv2.1 also depends on myosin IIB, we used shRNA to
knock down myosin IIB and investigated its effect on Kv2.1. We
tested three different shRNAs and found that they all reduced
the expression levels of endogenous myosin IIB significantly as
evidenced by immunofluorescence staining (Fig. 11, A and B).
We then examined whether the expression of endogenous
Kv2.1 in the somatodendritic region is altered by the shRNAs.
Neurons were transfected with shRNA at 7 DIV, fixed at 9 DIV,

and immunostained for Kv2.1. We found that neurons trans-
fected with the shRNAs of myosin IIB had significantly lower
immunofluorescence signals than those transfected with a con-
trol shRNA or untransfected neurons (Fig. 11, C and D). As it
has been shown with a number of ion channels that trafficking-
defective channels are rapidly degraded (for example, see Ref.
14), the result indicates that the reduction of myosin IIB dis-
rupts Kv2.1 trafficking. Collectively, these results suggest that
myosin II has a unique role in the post-Golgi trafficking of
endogenous Kv2.1 in neurons.

DISCUSSION

In this study, we developed a novel imaging approach and
used it to probe protein sorting and vesicular transport of den-
dritic Kv channels in living neurons. Our approach, based on
the temperature block, resulted in the effective accumulation of
GFP-tagged channel proteins in the Golgi apparatus, thereby
allowing semipulse-chase imaging of the post-Golgi vesicular
trafficking of Kv channels. By combining this approach with a
number of quantitative analyses, we provided evidence that two
dendritic ion channels, Kv2.1 and Kv4.2, are precisely sorted
into distinct pools of transport vesicles that are targeted to
specific dendritic subcompartments by different molecular
mechanisms. Previous work has demonstrated that membrane
proteins targeted to either axonal or somatodendritic compart-

FIGURE 9. Unique motion of Kv2.1 vesicles and the organization of dendritic actin filaments. A, the average processivity of GFP-Kv4.2 vesicles in individual
neurons was significantly greater than that of GFP-Kv2.1 (p ' 0.006). The horizontal bars indicate the means. B, unidirectional motion of a Kv4.2 vesicle. A single
vesicle carrying GFP-Kv4.2 was imaged over 5 s. Positions of the vesicle at different time points are shown in different colors. The arrow indicates the original
position of the vesicle at time 0, and the arrowhead indicates the position in the last frame. Scale bar, 5 "m. C, bidirectional motion of Kv2.1 vesicles. Note the
net travel distance of #1 "m in 18 s. Scale bar, 5 "m. D, determination of actin filament orientation. If a fluorescent actin molecule moves to the left in a filament,
the right side of the filament is the plus-end. E, representative result of PALM imaging. Left panel, diffraction-limited image of PA-TagRFP-actin in proximal
dendrites. Middle panel, actin molecules with track lengths greater than 100 nm (red dots) are overlaid with GFP-Kv2.1. Scale bars, 2 "m. Right panel, the boxed
region in the middle panel is magnified to show the net direction of each actin molecule. Red dots represent the original positions of the actin molecules, and
lines indicate the net directions and the net distances. F, directions of motions were determined relative to the axis of the dendrites. Angle scores were
calculated as the cosine of these angles. Averaged angle scores obtained in proximal dendrites and AIS are shown. Angle scores were also calculated with the
axis rotated 90°. Data are presented with a box plot (the error bars indicate the 10th and 90th percentile). *, p ' 0.0002 with analysis of variance.
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ments, such as the transferrin receptor and neuroglia cell adhe-
sion molecule (NgCAM) are sorted in distinct populations of
transport vesicles (1), a result that has also been supported by
recent studies (37, 38). Our study further extends this compart-
ment-specific trafficking model to ion channels that are local-
ized to specific subcompartments within the dendrites. Based
on our findings, we propose a selective dendritic transport
model (Fig. 11E) in which proximal Kv2.1 and distal Kv4.2 are
sorted into unique populations of vesicles at the Golgi appara-
tus and delivered by distinct transport machineries.

The significance of the specific sorting in establishing the
distinct localizations of Kv2.1 and Kv4.2 is supported by our
experiments using localization mutants. We showed that the
mutants, which have been reported to mislocalize in neuronal
membranes (9, 10), were indeed impaired in the protein sorting
process. They appeared to be still efficiently packaged into
post-Golgi transport vesicles but not into their designated pop-
ulations. Consequently, these vesicles carrying missorted pro-
teins were transported to improper locations, such as the distal
dendrites for Kv2.1 S586A and the axon for Kv4.2 LL/AV. These
results indicate that sorting to a specific population of transport
vesicles at the Golgi apparatus is a crucial step in localizing these
Kv channels to specific dendritic subcompartments.

Interestingly, our studies also shed light on how efficiently
and precisely neurons sort dendritic ion channels into post-
Golgi vesicles. Ample evidence suggests that the binding of a
specific set of coat proteins to a peptide sorting signal is the
common mechanism whereby membrane proteins are concen-

trated and packaged into a specific population of vesicles at the
Golgi apparatus (39, 40). A recent study also reported that the
"1A subunit of adaptor protein-1 complex prevents somato-
dendritic proteins from being packaged into axonal transport
vesicles at the Golgi apparatus (41). Although we currently do
not know the molecular mechanism whereby dendritic Kv2.1
and Kv4.2 are separated into specific vesicular carriers, our
results that an Arf1 mutant inhibits the formation of both types
of vesicles indicate that adaptor protein-1 or other clathrin-
associated sorting proteins recruited by Arf1 (40, 42) might be
involved in the sorting events.

The velocities of post-Golgi transport vesicles obtained in
this study (0.5– 6 "m/s) are much greater than the values
reported for single myosin IIB molecules ($0.1 "m/s) (43) and
kinesin motors (up to 2 "m/s) (44), which have been measured
mostly in vitro. As our results with vesicular stomatitis virus
G-GFP showed velocities comparable with those measured
previously in living cells (22–25), we concluded that our mea-
surements are genuine. It should also be noted that the most
classical type of vesicular transport in neurons, the fast axonal
transport, has been shown to operate at the speed of #5 "m/s
(400 mm/day). Therefore, there may be unknown factors that
accelerate molecular motors, presumably their hydrolysis cycle
(45), in the native cellular environment. However, these remain
to be identified.

Previous studies have characterized mobile structures
positive for Kv2.1 in neurons using live cell imaging (46, 47).
However, because vesicles mediate the transport of membrane

FIGURE 10. The role of non-muscle MyoIIB in Kv2.1 trafficking. A, the motility of GFP-Kv2.1 vesicles is attenuated upon treatment with blebbistatin.
GFP-Kv2.1 vesicles were imaged before (Control) and after treatment with 50 "M blebbistatin for 5 min. Scale bar, 10 "m. B, the number of mobile GFP-Kv2.1
vesicles was significantly reduced (*, p ' 0.0006; n ' 7) upon treatment. C, interaction between Kv2.1 and MyoIIB. MyoIIB and Kv2.1 were immunoprecipitated
(IP) from brain lysate. Normal rabbit IgG was used as a control. The immunoprecipitates were subjected to Western blotting (Blot) using the anti-MyoIIB
antibody (left) and an antibody raised against the C terminus of Kv2.1 (middle). The arrowhead indicates the mouse IgG band. Right panel, co-immunoprecipi-
tation of myosin IIB by an antibody against the extracellular region of Kv2.1 (Kv2.1E). D, lack of Kv4.2 binding to myosin IIB. E, pulldown assay with recombinant
Kv2.1 fragments and MyoIIB. Left panel, the expression of Kv2.1 fragments in E. coli. Right panel, pulldown assay with Kv2.1 lysates and either the bacterial lysate
with myosin IIB (E. coli) or HEK293 cell (HEK) lysate. Control represents the pulldown of the myosin IIB bacterial lysate with the streptavidin column in the
absence of Kv2.1 lysate. Representative results from three independent experiments are shown. F, effect of blebbistatin on the steady-state localization of
GFP-Kv2.1. Neurons were transfected with GFP-Kv2.1 for 3 h, incubated at 19.5 °C for 3 h, and treated with 10 "M blebbistatin for 18 h. Cells were then fixed and
immunostained for GFP (green), Kv2.1 (red), and MAP-2 (blue). Scale bar, 20 "m.
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proteins between several compartments, such as from endo-
plasmic reticulum to Golgi or from the surface to endosomes,
simple live cell imaging does not provide direct insight into the
post-Golgi trafficking of Kv2.1. Our approach combining tem-
perature block with quantitative live cell imaging allowed us to
detect and analyze post-Golgi transport vesicles preferentially.
Here, we provided evidence that GFP-Kv2.1 is sorted into a
specific pool of vesicles at the Golgi apparatus that differs from
the vesicle population carrying GFP-Kv4.2. Furthermore, GFP-
Kv2.1 vesicles were trafficked by a unique mechanism involving
myosin IIB and actin filaments. The molecular interaction
detected between endogenous Kv2.1 and myosin IIB in brain
tissue suggests that this novel trafficking mechanism identified
for GFP-Kv2.1 also applies to the native channel. This was fur-
ther supported by the results that shRNAs for myosin IIB

caused significant changes in the expression of endogenous
Kv2.1.

The binding between Kv2.1 and myosin IIB appears to be
direct. This was evidenced by the results that recombinant
myosin IIB expressed in E. coli was able to bind to recombi-
nant cytoplasmic fragments of Kv2.1. This is comparable
with the direct binding of the KIF17 motor protein to Kv4.2
(29). Also, the binding may involve both cytoplasmic tails of
Kv2.1 as myosin IIB was co-purified with both of the frag-
ments. This is interesting in light of the previous work dem-
onstrating that the N and C termini of Kv2.1 can form a
polypeptide complex and facilitate Kv2.1 trafficking in het-
erologous cells (48).

It has been shown that Kv2.1 is also localized in the proximal
region of the axon, the AIS (9, 26). Although the S586A muta-

FIGURE 11. Significance of MyoIIB in Kv2.1 trafficking. A, knockdown of endogenous MyoIIB with shRNA. Neurons were transfected with shRNA and GFP at
7 DIV and fixed at 9 DIV for immunostaining of MyoIIB. Note that the GFP-positive neuron exhibits less immunofluorescence signal. Scale bar, 20 "m. B,
quantification of the effects of shRNAs. The immunofluorescence signal of MyoIIB was measured in neurons expressing shRNA for luciferase (Control shRNA) or
three independent shRNAs for rat MyoIIB (shRNA1–3). Non-transfected neurons were also used as controls. Asterisks indicate statistically significant differences
as compared with control with Kruskal-Wallis test and Dunn’s multiple comparison post hoc tests (*, p $ 0.05; **, p $ 0.01). Data shown are the means & S.E.
C, immunofluorescence staining of endogenous Kv2.1 in neurons transfected with MyoIIB shRNA together with GFP. Scale bar, 20 "m. D, quantification of the
effects of shRNAs on Kv2.1. Quantification and analysis were done as for B. Data shown are the means & S.E. E, the model. Selective transport mechanisms in
the somatodendritic compartment are shown. Kv2.1 and Kv4.2 are sorted into distinct populations of transport vesicles at the Golgi apparatus and transported
to specific subdomains of the dendrites by distinct transport mechanisms. N, nucleus; ER, endoplasmic reticulum.
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tion disrupted the proximal localization of Kv2.1 in dendrites, it
did not affect its restricted localization at the AIS (see Fig. 3A)
(9). This suggests that the mechanism that localizes Kv2.1 to the
AIS differs from the mechanism mediating the restricted soma-
todendritic localization of Kv2.1.

Our live PALM study provided evidence that actin filaments
are oriented randomly in proximal dendrites. This is consistent
with the random motion of Kv2.1 vesicles presumably mediated
by a myosin motor. Although we do not know exactly how long
actin filaments are, actin filament length in neurons varies
widely, ranging from a few micrometers to 100 nm (30, 49).
Therefore, motor molecules (and Kv2.1 vesicles) may have to
change tracks frequently in the proximal dendrites. The ran-
dom orientation and the short track length would cause fre-
quent stalls and changes of direction of Kv2.1 transport vesicles
in accordance with our observation. Alternatively, the myosin
motor itself may reverse direction as observed by single mole-
cule imaging of myosin IIB (43).

In summary, using quantitative imaging approaches, we
provide evidence that neurons sort dendritic ion channels
into multiple trafficking pathways, thereby resulting in des-
tination-specific targeting and localization. In addition,
these approaches would be useful in future studies to deter-
mine vesicular trafficking of other membrane signaling mol-
ecules in living neurons.
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Abstract The subcellular localization of neuronal mem-
brane signaling molecules such as receptors and ion

channels depends on intracellular trafficking mechanisms.

Essentially, vesicular trafficking mechanisms ensure that a
large number of membrane proteins are correctly targeted

to different subcellular compartments of neurons. In the

past two decades, the establishment and advancement of
fluorescent protein technology have provided us with

opportunities to study how proteins are trafficked in living

cells. However, live imaging of trafficking processes in
neurons necessitate imaging tools to distinguish the several

different routes that neurons use for protein trafficking.

Here we provide a novel protocol to selectively visualize
post-Golgi transport vesicles carrying fluorescent-labeled

ion channel proteins in living neurons. Further, we provide

a number of analytical tools we developed to quantify
characteristics of different types of transport vesicles. We

demonstrate the application of our protocol to investigate

whether ion channels are sorted into distinct vesicular
populations at the Golgi apparatus. We also demonstrate

how these techniques are suitable for pharmacological
dissection of the transport mechanisms by which post-

Golgi vesicles are trafficked in neurons. Our protocol

uniquely combines the classic temperature-block with
close monitoring of the transient expression of transfected

protein tagged with fluorescent proteins, and provides a

quick and easy way to study protein trafficking in living
neurons. We believe that the procedures described here are

useful for researchers who are interested in studying

molecular mechanisms of protein trafficking in neurons.

Keywords Hippocampal neurons ! Ion channels !
Live-cell imaging ! Post-Golgi vesicles ! Intracellular

transport ! Analysis and quantification

Introduction

Neurons are one of the most morphologically complex cell

types in the body due to their highly elaborated and bran-
ched network of dendrites and elongated axons, which

further develop multiple sub-compartments, such as den-
dritic spines, the axon initial segments, and the node of

Ranvier. Despite this complex composition, neurons are

capable of localizing a number of membrane signaling
molecules, such as neurotransmitter receptors and ion

channels, to specific destinations, thereby realizing unique

functions in each membrane sub-compartment (Lai and Jan
2006). This destination-specific distribution of signaling

molecules is largely achieved by the secretory trafficking

pathway as in other types of cells (Horton and Ehlers
2003b; Namba et al. 2011).

In the secretory pathway, receptors and ion channels are

synthesized in the rough endoplasmic reticulum (ER) and
transported to the Golgi apparatus for posttranslational
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processing. At the Golgi apparatus and in the trans-Golgi

network, membrane signaling molecules are packaged into
transport vesicles which can be targeted to a specific

compartment, either dendrites or the axon, by two different

trafficking mechanisms (Horton and Ehlers 2003b; Jensen
et al. 2011). In the first scenario, transport vesicles are

delivered to or near the final destination of the cargo pro-

teins. This ‘‘selective trafficking’’ has been shown to
underlie polarized dendritic localization of the transferrin

receptor. The transferrin receptor was found to reside in
transport vesicles which were delivered to dendrites and

excluded from the axon (Burack et al. 2000; Silverman

et al. 2001; Sampo et al. 2003). The second scenario is not
as simple. Here, transport vesicles are not targeted to a

specific membrane compartment but rather delivered non-

specifically. In this case, the specific localization of the
membrane protein is achieved by a downstream mecha-

nism. This downstream mechanism can be either (1)

compartment-specific exocytosis where insertion of the
protein occurs exclusively in a specific membrane com-

partment even though vesicles were delivered non-specif-

ically (Burack et al. 2000), or (2) compartment-specific
endocytosis where insertion of the protein initially occurs

non-specifically followed by endocytosis from the com-

partment which is not the final destination (Sampo et al.
2003). A number of studies have been conducted to

understand the trafficking mechanisms underlying polar-

ized membrane distribution of membrane proteins in neu-
rons. However, except from the fact that neurons can use

these distinct mechanisms in membrane protein targeting,

our knowledge on how they are utilized for a broader
number of membrane signaling proteins, is yet largely

unknown.

To address which trafficking pathway a given protein
takes, one needs to visualize and analyze how the protein is

trafficked dynamically from the Golgi apparatus, where

different trafficking pathways emerge. Here, we report a
new protocol to image selectively the post-Golgi vesicles

which traffics membrane proteins in living hippocampal

neurons. The membrane proteins were fluorescently
labeled and transiently expressed in neurons. Shortly after

the transfection, the expressed membrane proteins were

concentrated in the Golgi apparatus. This concentration
was achieved by close monitoring the temporal expression

profile of the proteins and by blocking their exit from the

Golgi apparatus with low-temperature incubation of the
neurons (Dotti and Simons 1990). When physiological

temperature was subsequently restored, the membrane

proteins were synchronously released from the Golgi
apparatus in transport vesicles. Live-cell imaging of these

vesicular carriers and quantitative analyses of their traffic

characteristics allowed us to dissect the mechanisms of
membrane protein trafficking in neurons. Our protocol

therefore provides a simple and easy way to probe the post-

Golgi trafficking of neuronal transmembrane proteins.
Here, we demonstrate the applicability of the protocol to

investigate the trafficking mechanisms using voltage-gated

potassium (Kv) channels. These ion channels exhibit a
diverse, yet precise pattern of localizations in defined sub-

compartments of the neuronal surface membrane (Misonou

and Trimmer 2004; Trimmer and Rhodes 2004; Vacher
et al. 2007) and therefore serve as excellent model proteins

to study the heterogeneity in neuronal trafficking mecha-
nisms. Using the protocol, we recently reported that

two Kv channels that are both localized to dendrites are

sorted in separate pools of post-Golgi transport vesicles and
trafficked by different molecular mechanisms (Jensen et al.

2014). Here, we wish to provide a detailed description of

our techniques and hope that the protocol serves the
research fields to advance our understanding of neuronal

protein trafficking mechanisms.

Materials and Methods

Primary Cultures of Rat Hippocampal Neurons

Our culture method is derived from the low-density culture
method described by Goslin and Banker (Goslin et al.

1998; Kaech and Banker 2006) with some modifications

(Misonou and Trimmer 2005; Jensen et al. 2014). Although
this is a co-culture system of neurons and glia in principle,

they need to be separately prepared and cultured as

described below. All animal use and procedures have been
approved by the institutional animal use committees.

Preparation of Culture Reagents

Hippocampal neurons were cultured in two types of culture

media: A plating medium consisting of modified Eagles
medium (MEM) containing 10 % (v/v) donor horse serum,

0.6 % (w/v) glucose, and 1 lg/ml penicillin and streptomycin,

and a maintenance medium consisting of MEM supplemented
with 0.6 % (w/v) glucose, the N2 supplement, 1 % B27

supplement (Invitrogen), and 1 mM sodium pyruvate.

Preparation of Astrocytes for Co-culture

with Hippocampal Neurons

The astrocytes used in the co-culturing were prepared from

cortices of newborn rat pups (P1 or P2). Pieces of cortical

hemispheres were dissected and incubated with 0.25 %
trypsin in Dulbecco’s phosphate buffered saline without

Ca2? and Mg2? (DPBS) for 20 min at 37 "C. The tissues

were collected by centrifugation, and cells were dissociated
in the plating medium. About 300,000 cells per dish were
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plated into 10 cm tissue culture dishes coated overnight

with 25 lg/ml poly-L-lysine and cultured for 7–10 days in
a humidified CO2 incubator at 37 "C. The astrocytes were

harvested with 0.05 % trypsin/EDTA when the cultures

reached 80 % confluence (i.e., 80 % of the tissue culture
dish surface area covered with astrocytes). Upon resus-

pension in the plating media supplemented with 10 %

dimethylsulfoxide (DMSO), the cells were frozen and
stored in 1 ml aliquots (1 ml from a 10 cm tissue culture

dish) in liquid nitrogen. One week prior to the preparation
of hippocampal neurons, astrocytes were thawed and

resuspended in the plating medium. Cells were collected by

centrifugation (at 1209g for 5 min), resuspended in 10 ml
of glial plating medium, and plated at 30,000 cells per well

in 6-well tissue culture plates which were coated overnight

with 25 lg/ml poly-L-lysine. The cells were cultured in the
plating medium for 7 days. One day before the preparation

of neurons, the culture medium was replaced with the

maintenance medium.

Preparation of Rat Embryonic Hippocampal Neurons

A timed pregnant rat was euthanized in a CO2 eutha-

nization chamber. E18 embryos were obtained from the

uterus, and their heads were collected in ice cold DPBS.
Brains were carefully isolated and placed in a new dish

with fresh DPBS on ice. Hippocampi were dissected and

kept on ice until the dissection of all hippocampi was
completed. Hippocampi were transferred to a 15-ml tube

and incubated with 0.25 % trypsin in 5 ml of DPBS for

15 min at 37 "C. The reaction was terminated by adding
5 ml of the plating medium. The hippocampi were centri-

fuged at 1209g for 5 min, and the supernatant was care-

fully removed. The hippocampal tissue was slowly
triturated (in the plating medium) using a 1-ml plastic

pipette tip until the tissue was completely dissociated

(about 20–25 strokes). Approximately 250,000–400,000
cells should be obtained from each hippocampus. Neurons

were plated onto 25-mm-diameter round glass coverslips

treated as follows. Prior to their use, coverslips were placed
in porcelains racks and washed overnight in 1 N nitric acid.

The next day coverslips were washed three times with

purified water and autoclaved. To separate neurons from
astrocytes in the co-culture, wax pedestals were added near

the edge of the coverslips. Then, they were coated over-

night with 1 mg/ml poly-L-lysine in 100 mM borate buffer
(pH 8.5) and washed. Six coverslips were placed in a

10-cm petri dish and covered with 12 ml plating media.

Neurons were plated at 50,000 cells per coverslip and
incubated 3–6 h in a humidified 5 % CO2 incubator at

37 "C. After the incubation, each coverslip was transferred

to a well of the 6-well plates with astrocytes (with neurons

facing down toward the astrocytes). Two days after the

plating, cytosine arabinoside was added to each well at a
final concentration of 5 lM to prevent proliferation of non-

neuronal cells.

Transient Transfection of Cultured Neurons

Neurons cultured for 7–11 days were transiently transfec-
ted using Lipofectamine 2000 (Invitrogen). Prior to trans-

fection, 1.5 ml of the culture media was transferred from
each well of 6-well plates into new 6-well plates. Cover-

slips were transferred to the new 6-well plates with the

neuronal side facing up. Lipofectamine 2000/cDNA
cocktails were prepared in MEM in accordance with the

manufacturer’s instructions. The amount of cDNA was

carefully optimized for each protein for appropriate
expression levels. Typically we used 0.5–1.0 lg cDNA and

2 ll of Lipofectamine 2000 reagent in 100 ll MEM per

coverslip. The transfection cocktail was added directly onto
the neurons, and neurons were incubated for 1.5 h in a 5 %

CO2 incubator at 37 "C. Subsequently, the coverslips were

transferred back to the original 6-well plates and the co-
culture with astrocytes was continued until neurons were

subjected to the temperature-block procedure.

Temperature-block Procedure and Live-cell Imaging

The timing of the temperature-block initiation was carefully
considered as membrane proteins exhibits different temporal

expression patterns (see details in ‘‘Results’’ section). The

temperature-block was performed by transferring coverslips to
35-mm dishes with pre-cooled (to 19.5 "C) Hank’s balanced

salt solution (HBSS, Invitrogen) containing 10 mM 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, pH
7.3). The dishes were then placed in a water bath set to a

temperature that made the HBSS temperature at 19.5 "C and

incubated for 3–5 h. Subsequently, to release neurons from the
temperature-arrest, coverslips were mounted in an imaging

chamber (Warner Instruments, Hamden, CT) with HBSS pre-

warmed to 37 "C, and the chamber was secured on a micro-
scope stage warmed up using an air stream incubator (Nevtek,

Williamsville, VA). The temperature of the imaging solution

was continuously monitored using a probe thermometer
(Physitemp, Clifton, NJ) and kept at 35–37 "C. Neurons were

visualized under epifluorescence illumination using an inter-

line-CCD camera installed on an Axiovert 200 M microscope
(Zeiss, Thornwood, NY) with a 63X objective lens (1.4 NA).

Time-lapse images (typically 40–100 frames) were taken at a

0.5–5 Hz acquisition rate with a typical CCD exposure time of
150 ms using Axiovision software. Only neurons with a

morphology characteristic of pyramidal neurons were selected

for imaging and the cells were kept on the imaging stage for
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maximum of 1 h. Images were exported as JPEG files to the
NIH Image software, ImageJ.

Image Analyses

Analysis of Vesicle Velocities

To obtain the velocity of transport vesicles, all frames from

a time-lapse image stack were imported in ImageJ and

analyzed using the ‘‘Manual Tracking’’ plug-in. Only

anterograde moving vesicles in the proximal region of
dendrites (\100 lm from the soma) were selected for

tracking analysis. To amplify the signal to noise ratio and

to compensate for photobleaching, the signal intensity in
each image frame was adjusted using a best-fit algorithm in

ImageJ. The analysis was restricted to dendrites, which

were thick ([1.5 lm) and distinguishable from the axon
when visualized using the mCherry cell-fill image (see

Fig. 3c). Six transport vesicles were selected per neuron

and tracked through the movie for a minimum of five

Fig. 1 Temperature-block to concentrate ion channel proteins in the
Golgi apparatus. a Localization of endogenous Kv2.1 and Kv4.2
channels. Cultured neurons were immunostained with specific
antibodies for each potassium channel protein. Scale bar, 20 lm.
b Expression and steady-state localization of GFP-tagged Kv2.1 (left)
and Kv4.2 (right). Transfected neurons were immunostained for a
dendritic marker MAP-2 and imaged for GFP signals and immunola-
beling. Scale bar, 20 lm. c Graphical presentation of our protocol.

d Accumulation of mCherry-Kv2.1 and GFP-Kv4.2 in perinuclear
structures by the temperature-block. Neurons transfected with these
tagged channel proteins were subjected to the temperature-block and
then imaged live at the room temperature. Scale bar, 10 lm. e Non-
overlapping distribution of mCherry-Kv2.1 and mAG fluorescent
protein with an ER localization signal (KDEL). Neurons were
transfected, subjected to the temperature-block and then imaged live
at the room temperature. Scale bar, 10 lm
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frames. The net and maximum velocities of a vesicle were

determined as follows.

Vnet ¼ Dtotal=ttotal ð1Þ

Vmax ¼ Dmax=tinterval ð2Þ

Dtotal represents the distance the vesicle traveled during the

duration for which the vesicle was tracked (ttotal) in Eq. (1).
Dmax represents the maximum displacement the vesicle

showed between two consecutive frames separated by an

interval (tinterval) in Eq. (2). Velocities of individual vesi-
cles were averaged per neuron, and then these values were

averaged among ten neurons. Alternatively, velocity dis-

tributions of all vesicles analyzed were presented and
analyzed.

Analysis of the Number of Mobile Vesicles

The image-subtraction method used to assess the drug

effects was performed as follows. First, all image frames
from a time-lapse image stack were averaged in ImageJ.

This averaged image was then subtracted from each of the

original image frames to remove signals from relatively
immobile objects, like the Golgi apparatus. This subtrac-

tion results in series of imaging frames where only mobile

objects are represented (as demonstrated in Fig. 4b). A
maximum projection from this set of subtracted imaging

frames was then created to visualize trajectories of trans-

port vesicles. The number of mobile anterograde vesicles,
showing more than a 1 lm displacement in the dendrites of

a cell was manually counted in the subtracted live-cell

images and averaged among several neurons. In this paper,
we analyzed the number of moving GFP-Kv2.1 and GFP-

HCN1 vesicles in the absence and presence of latrunculin
A (LatA; Invitrogen). LatA was dissolved in DMSO and

applied to the imaging solution at a final concentration of

1 lM. Neurons were imaged before and 5 min after the
treatment with LatA.

Analysis of the Travel Distance

Net travel distances were obtained from the subtracted

movies. Vesicles near the base of the dendrites were fol-
lowed to see how far they reached. The termination point

was the position where vesicles were immobile for at least

five frames. The maximum cut-off value is 100 lm due to
the size of the imaging area.

Statistical Analysis

All data are presented as actual data points, the mean ±

s.e.m, or as a frequency distribution. Normality of data was

examined by Kolmogorov–Smirnov test. Comparison of

the numbers of mobile vesicles in drug-treated neurons was
done using the paired t test (two tailed). ANOVA was used

to compare the velocity distributions of three groups. A

P value less than 0.05 was considered to be statistically
significant in all cases.

Immunofluorescence Staining

Neurons were fixed in 4 % paraformaldehyde/4 % sucrose/
PBS in 20 min. Then, washed in PBS and blocked in 4 %

milk/Tris-buffered saline in the presence of 0.1 % Triton

X-100 (TBST). Primary antibodies were applied during
overnight incubation at 4 "C. The primary antibodies

employed were; anti-MAP-2 mouse monoclonal antibody

(Sigma-Aldrich; clone AP-20; 1:2000), K89 anti-Kv2.1
mouse monoclonal antibody (NeuroMab, Davis, CA), K57

anti-Kv4.2 mouse monoclonal antibody (NeuroMab), a

mouse monoclonal antibody generated against tubulin
(Sigma, clone DM1A, 1:2000), and a mouse monoclonal

antibody against GM130 (BD Biosciences, clone 35,

1:500). Secondary antibodies were Alexa-conjugated IgG-
specific antibodies (Invitrogen; 1:2000). Both primary and

secondary antibodies were diluted in 4 % milk/TBST.

Neurons were mounted on microscope slides using Pro-
Long Gold antifade reagent (Invitrogen).

cDNA Expression Constructs

Kv2.1 (NM_013186), Kv4.2 (NM_031730) and KChIP2

(NM_020095) cDNA were generous gifts from Dr. James
Trimmer. The coding sequences were cloned into the EGFP-

C1 or mCherry-C1 vectors from Clontech (Moutain View,

CA). In experiments with GFP-Kv4.2, the beta subunit
KChIP2 were co-expressed to promote the surface expres-

sion of Kv4.2 channels (Shibata et al. 2003). mCherry-GalT

was generated from Venus-GalT (Addgene, Cambridge,
MA). Monomeric Azami Green fused with the signal pep-

tide and the ER-retention signal of calreticulin was pur-

chased from MBL (Nagoya, Japan). Wild-type Arf1, Arf1
Q71I, and GFP-tagged MAP2C were generous gifts from

Dr. Jeyifous and Dr. Kaech, respectively (Jeyifous et al.

2009; Kaech et al. 1996). GFP-HCN1 was a gift from Dr.
Siegelbaum (Santoro et al. 2011).

Results

Temperature-block of Newly Synthesized GFP-tagged
Ion Channel Proteins in the Golgi Apparatus

To study protein trafficking of neuronal ion channels, we
have used a low-density culture system of primary rat
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hippocampal neurons (Goslin et al. 1998). This culture

system is ideal for imaging of individual transport vesicles
due to their low-density plating and their optical clarity. All

experiments were performed on neurons cultured for

7–11 days.
Our goal with this protocol was to visualize post-Golgi

traffic of Kv channels that we tagged with fluorescent

proteins. Being able to image selectively post-Golgi vesi-
cles, we aimed to investigate (1) whether different Kv

channels are sorted into different transport vesicles, (2)
whether and how vesicles are targeted, and (3) the

molecular mechanisms by which the vesicles are trans-

ported and targeted in living neurons. Here, as target
examples, we employed two dendritic Kv channels, Kv2.1

and Kv4.2, which exhibits very distinct localizations in

neuronal dendrites (Fig. 1a) (Jensen et al. 2011). First, we
verified that addition of a fluorescent protein tag, like the

green fluorescent protein (GFP) would not impact the tar-

geting and localization of Kv2.1 and Kv4.2 channels in
hippocampal neurons. In consistence with previous studies

(Sheng et al. 1992; Murakoshi and Trimmer 1999; Mene-

gola et al. 2008), we found that these fluorescent protein-
tagged channels localized properly (Fig. 1b) like their

endogenous counterparts (Fig. 1a) at the steady-state

([24 h after transfection).
To probe selectively the population of post-Golgi

transport vesicles carrying ion channel proteins, we

employed the classical temperature-block technique (Mat-
lin and Simons 1983; Cid-Arregui et al. 1995) in combi-

nation with controlled transient expression of fluorescent

protein-tagged proteins (Fig. 1c). It has previously been
shown that incubating cultured neurons at 19.5 "C will

inhibit the export of proteins from the Golgi apparatus,

thereby trapping them in the organelle. Therefore, initiation
of a temperature-block around the time when newly syn-

thesized fluorescent protein-tagged Kv subunits are

detectable should result in trapping of the majority of GFP-
tagged proteins in the Golgi apparatus with only negligible

levels trafficked to later organelles such as the plasma

membrane. To determine the optimal time point to initiate
the temperature-block, we first monitored the temporal

expression of the fluorescent protein-tagged ion channel

proteins from the onset of transfection. Neurons were
transfected with cDNA encoding either GFP-tagged Kv2.1

or Kv4.2 channels using Lipofectamine 2000. Although we

were not able to quantify the expression levels because of
the low transfection efficiency of the method and variable

expression levels among cells, the signals of fluorescent

proteins (under the CMV promoter) became apparent typ-
ically between 2 and 3 h. We therefore chose the 3 h time

point to start the temperature-block. In our hands, initiation

of the temperature-block 3 h after transfection was appro-
priate for a number of membrane proteins other than Kv2.1

and Kv4.2, including HCN1 (see below), vesicular sto-

matitis virus G (VSVG) (Jensen et al. 2014), and the
transferrin receptor (data not shown). However, we rec-

ommend a verification of whether this time frame of tem-

perature-block is appropriate for other membrane proteins.
After the transfection period, we transferred glass cov-

erslips with neurons to dishes containing HBSS pre-cooled

to 19.5 "C. Hereafter, neurons were kept at this tempera-
ture for the temperature-block for 1–6 h using a cooled

circulating water bath. We found that 2–3 h of tempera-
ture-block was sufficient for effective accumulation of both

mCherry-Kv2.1 and GFP-Kv4.2 in perinuclear structures

(Fig. 1d), and that this accumulation was consistently
observed even after a 6 h incubation. We chose 3–5 h

temperature-block for the following experiments as

described in the ‘‘Materials and Methods’’ section.
These perinuclear structures were apparently distinct

from the ER, as accumulated mCherry-Kv2.1 did not

colocalize with monomeric Azami GFP containing the
signal peptide and the ER-retention signal of calreticulin

(Fig. 1e) (Karasawa et al. 2003). In contrast, GFP-Kv2.1

showed a partial colocalization with mCherry fused with
the N-terminal region (aa 1–60) of the human galactosyl-

transferase (GalT-mCherry) (Zaal et al. 1999), which has

been shown to localize in medial-trans cisternae of Golgi
stacks (Sciaky et al. 1997), as shown in Fig. 2a. We also

observed a partial colocalization of GFP-Kv2.1 and

GM130, a cis-Golgi matrix protein (Nakamura et al. 1995)
(Fig. 2b). The perinuclear accumulation of GFP-tagged

channels promoted by the temperature-block was not

observed in control cells kept at 37 "C during the incuba-
tion period (Fig. 2c). These results suggest that our tem-

perature-block protocol effectively accumulate fluorescent

protein-tagged Kv channel proteins in the Golgi apparatus.
Addition of a protein synthesis inhibitor, cyclohexa-

mide, during the temperature-block did not provide any

significant improvement in the Golgi accumulation (data
not shown). Therefore, we concluded that the translation

may be greatly reduced in neurons incubated at 19.5 "C in

HBSS, which does not contain any amino acids. Therefore,
the following experiments were performed without

cycloheximide.

Imaging of Post-Golgi Transport Vesicles Carrying

GFP-tagged Proteins

Given that the GFP-tagged Kv channels were highly

accumulated in the Golgi apparatus, we next tested whether

the protein trafficking could be restored after the temper-
ature-block. To this end, we performed time-lapse imaging

of neurons expressing GFP-Kv4.2 after the temperature

shift from 19.5 to 37 "C. We chose Kv4.2 in this experi-
ment because it is localized to distal dendrites as compared
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to the proximal localization of Kv2.1 (see Fig. 1a and b).
Therefore, the bulk transport of the fluorescent proteins

from the Golgi apparatus in the soma to distal dendrites

could be easily visualized as a gradual shift of the GFP
signals from the soma to dendrites if vesicular transport

from the Golgi recovers. We confirmed that GFP-Kv4.2 is

accumulated in the Golgi apparatus with mCherry-Kv2.1 as
shown in Fig. 3a and in the line-scanning analysis

(Fig. 3b). Likewise, immediately after the temperature-

block, GFP signals were observed mostly in the soma,
presumably in the Golgi apparatus (Fig. 3c). However,

after 15 min of incubation at 37 "C, GFP signals appeared
in more distal regions of the dendrites (Fig. 3c). Mea-

surement of GFP fluorescence intensity along a dendrite

revealed this time-dependent increase in fluorescent
intensity (Fig. 3d), indicating that vesicular trafficking of

GFP-Kv4.2 was restored after the temperature-block.

To visualize individual transport vesicles at a higher
spatial and temporal resolution, we performed time-lapse

imaging of neurons expressing GFP-tagged channels. Fig-

ure 4a (Control) shows an example of the time-lapse
images of GFP-Kv2.1 expressing neurons (see the

Fig. 2 Accumulation of ion channel proteins in the Golgi apparatus.
a Partial colocalization of GFP-Kv2.1 and GalT-mCherry after the
temperature-block. Neurons transfected with GFP-Kv2.1 and GalT-
mCherry were subjected to the temperature-block and then imaged
live at the room temperature. Scale bar, 5 lm. b Partial colocalization
of GFP-Kv2.1 and GM130 after the temperature-block. Neurons

transfected with GFP-Kv2.1 were subjected to the temperature-block,
fixed, and immunostained for GM130 and MAP-2 (in blue). Scale
bar, 10 lm. c Non-overlapping localization of GFP-Kv2.1 and GalT-
mCherry without the temperature-block at 6 h after transfection.
Scale bar, 10 lm (Color figure online)
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Supplementary Movie). After the temperature-block, cells

were incubated for 15 min at 37 "C to allow vesicles to
emerge from the Golgi apparatus. The images were

acquired every 6 s and overlaid with different colors to

visualize the displacement of transport vesicles. In the
composite image, immobile structures are shown in white,

whereas mobile structures exhibit distinct colors. These

mobile structures were not observed when neurons were
co-transfected with a mutant of Arf1 (Arf1 Q71I) (Fig. 4a),

which has been shown to block the fission of transport

vesicles from the Golgi apparatus (Dascher and Balch
1994; Jeyifous et al. 2009). Co-expression of wild-type

Arf1 did not exhibit any noticeable effects (Fig. 4a). These

results demonstrate that our protocol provides a way to
achieve synchronous release of transport vesicles from the

Golgi apparatus.

Analysis of Transport Vesicles

To test hypotheses regarding the nature of vesicular
transport, one needs to quantify specific properties of

transport vesicles such as velocity, travel distance and

motion. For this purpose, we have developed a number of

image processing methods to obtain quantitative measures

from the time-lapse image series. First, we utilized an
image-subtraction method (Fig. 4b). From our time-lapse

movies consisting of a number of frames, we generated an

averaged image. In this image, the signal intensity of
mobile vesicles is expected to be greatly reduced due to the

averaging, whereas that of immobile structures would not

be altered substantially. Next, the averaged image was
subtracted from each frame (of original time-lapse stack),

which resultantly removes the signals from immobile

structures (Fig. 4b). Therefore, the color-coded image
generated from the image-subtraction represents mobile

vesicles without the background of immobile structures

(Fig. 4b). To obtain an image representing the motility of
vesicles in a time-lapse movie, we generated a maximum

projection image from all the subtracted frames. This

resulted in the representation of trajectories of moving
transport vesicles (Fig. 4b). Using these processed images,

we applied different analytical applications to obtain

quantitative measures of vesicular trafficking as described
below.

Velocity of vesicles is a useful measure for statistical

comparison of vesicle characteristics. To obtain the

Fig. 3 Export of ion channels from the Golgi apparatus upon
releasing cells from the temperature-block. a Colocalization of
GFP-Kv2.1 and mCherry-Kv2.1 in the Golgi apparatus. b Fluores-
cence intensity of GFP-Kv4.2 and mCherry-Kv2.1 was measured over
the line indicated in a. c A representative neuron expressing mCherry
and GFP-Kv4.2. Neurons were subjected to the temperature-block

and then imaged live at two different time points (0 and 15 min) after
release from the block. Scale bar, 20 lm. d Quantification of GFP-
Kv4.2 fluorescence toward distal dendrites in neurons released from
the temperature-block. A line was drawn from soma and 40 lm into a
dendrite at two time points (0 and 10 min) after the temperature-
block. A representative trace is shown. Scale bar, 25 lm
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velocity, we tracked individual vesicles using the ‘‘Manual

Tracking’’ function of the software ImageJ in a time-lapse

sequence. For this, we used either the original images or
the processed images. Briefly, we tracked post-Golgi ves-

icles through several imaging frames (C5). With this, we

have obtained both average (or net) and maximum vesicle
velocities calculated according to the imaging frame

acquisition time. To demonstrate the power of the analysis,

we measured the velocities of vesicles carrying three
dendritic ion channels, GFP-Kv2.1, Kv4.2, and HCN1. It

should be noted that the velocities of GFP-Kv2.1 and

Kv4.2 vesicles have been already published (Jensen et al.
2014), but are re-analyzed and compared here with the

newly measured velocity of GFP-HCN1 vesicles to dem-

onstrate the usefulness of our method. Figure 5a shows that
GFP-HCN1 was also efficiently accumulated in the Golgi

apparatus like GFP-Kv2.1 with the temperature-block.

These results, in Fig. 5b, that the vesicles carrying different
dendritic ion channels exhibit distinct velocities, indicate

that these vesicles are different populations. Here, one

needs to pay attention to the fact that the velocities can

vary dramatically from 0.6 to 6 lm/s. Therefore, the
acquisition rate has to be carefully chosen for the mem-

brane protein studied (we used 1 and 5 Hz acquisition rate

for GFP-Kv2.1 and HCN1, and 5 Hz for GFP-Kv4.2).
From the vesicle trajectories, we obtained and measured

the net travel distance of vesicles (Fig. 5c). To do so, we

first identified vesicles near the base of dendrites and
tracked them to measure how far they can reach in the

dendrites. Dendrites were distinguished from the axon

using untagged mCherry as a cell-fill dye and based on
their morphology. The net travel distance was measured

from the base of dendrites to the point where the vesicle

becomes immobile for at least five frames. We analyzed
the mean travel distance of vesicles carrying GFP-Kv2.1

and those of GFP-Kv4.2 as shown in Fig. 5c and averaged

them in each cell. The analysis showed that the mean
travel distance of GFP-Kv4.2 vesicles (80 ± 12 lm) was

Fig. 4 Visualization and analyses of post-Golgi transport vesicles.
a Emergence of mobile puncta carrying GFP-Kv2.1 after the
temperature-block and its dependence to Arf1. Neurons were
transfected with GFP-Kv2.1 and an empty vector (Control), Arf1,
or Arf1 Q71I mutant. To demonstrate the mobility of the puncta,
time-lapse frames are color-coded at different time points (0, 6 and
12 s) after the temperature-block. Scale bar, 10 lm. b Image
processing of time-lapse image stacks. Example shown is from
imaging of post-Golgi vesicles carrying GFP-Kv2.1. First, an
averaged image representing all frames from a time-lapse image

stack was generated in ImageJ (not shown). This image was then
subtracted from each frame in the live imaging sequence (Original) to
remove signals from stationary objects. That processing resulted in a
live imaging sequence of mobile post-Golgi vesicles (Subtracted).
Color-coding of consecutive frames demonstrate the vesicle mobility
and reveal the direction of movement when these frames are overlaid
(Color-coded). Finally, a maximum projection image was generated
to obtain the movement tracks from individual post-Golgi vesicles
(Vesicle trajectories). Scale bar, 5 lm
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significantly greater than that of GFP-Kv2.1 vesicles

(24 ± 7 lm, P \ 0.05, n = 3 cells). Hence, the analysis
reveals that GFP-Kv2.1 and GFP-Kv4.2 vesicle popula-

tions are transported and targeted differently in neurons.

Pharmacological Intervention

Our ability to image selectively post-Golgi transport vesi-
cles also allows for dissection of the mechanisms under-

lying vesicular transport of a given protein using acute

pharmacological treatments. We have recently shown that
the motility of transport vesicles carrying GFP-Kv2.1

depends on intact actin filaments (Jensen et al. 2014),

evidenced by the attenuation of motility with an actin de-
polymerizing agent, latrunculin A (LatA) (Spector et al.

1983). Here, we tested whether the motility of vesicles

carrying HCN1 is also sensitive to LatA. LatA effectively
reduced the levels of actin filaments in neurons treated for

5 min at 1 lM (Fig. 6a and b). As shown in Fig. 6c, neu-

rons expressing either GFP-Kv2.1 or GFP-HCN1 showed a
number of vesicle trajectories. However, after the LatA

treatment, the numbers of mobile vesicles and vesicle tra-

jectories for GFP-Kv2.1 were significantly reduced in the

same cells (Fig. 6c). In contrast, GFP-HCN1 vesicle

motility did not change substantially before and after the
treatment (Fig. 6d). These results suggest that the transport

of HCN1 vesicles does not rely on intact actin filaments

and demonstrates the usefulness of our methods in studying
the characteristics and mechanisms of vesicular trafficking

in living neurons.

Discussion

Here, we present a protocol to study the post-Golgi traf-

ficking of transmembrane proteins in living cultured hip-

pocampal neurons. Our protocol relies on the combination
of low-temperature incubation (temperature-block) and

monitoring of transient expression of GFP-tagged proteins.

Although the temperature-block has previously been used to
study protein trafficking in neuronal cells (for example,

(Dotti and Simons 1990; Horton and Ehlers 2003a)), this

combination makes our protocol unique. In a relatively
simple manner, which is not based on extensive modifica-

tion of the protein of interest, we can efficiently probe post-

Golgi trafficking in living neurons. Using Kv channels as

Fig. 5 Analyses of post-Golgi transport vesicles carrying dendritic
ion channels. a Accumulation of GFP-HCN1 to perinuclear structures
with mCherry-Kv2.1 after the temperature-block. Scale bar, 20 lm.
b Velocities of post-Golgi transport vesicles. Post-Golgi vesicles were
tracked in several consecutive frames and the maximum velocities
calculated from the image acquisition rate. A distribution of
maximum velocities of vesicles carrying GFP-Kv2.1, GFP-Kv4.2,

and GFP-HCN1 is shown (for each protein; 6 vesicles were tracked in
10 different cells). c Measuring post-Golgi travel distances. By use of
the subtraction method we can obtain the net travel distance of
vesicles into dendrites. As demonstrated here, GFP-Kv2.1 vesicles
traffic with a mean travel distance of 24 ± 7 lm whereas that of
GFP-Kv4.2 vesicles is significantly greater (80 ± 12 lm) (P \ 0.05,
n = 3, unpaired t test). Scale bar, 10 lm
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model proteins, we demonstrated that newly synthesized
proteins become highly concentrated in the Golgi apparatus

during the temperature-block and that they were synchro-

nously trafficked out from the Golgi apparatus in transport
vesicles when neurons were released from the temperature-

block.

How can we be sure that the imaged vesicles truly
represent post-Golgi transport vesicles? First, we strictly

monitored the temporal expression of GFP tagged Kv

channels and initiated the temperature-block before sub-
stantial expression occurred to ensure that most of newly

synthesized GFP-tagged channels were trapped in the

Golgi compartment. As we observed most of the signals in
the Golgi apparatus, the vesicles we detected were mostly

from the Golgi apparatus but not from the ER, the plasma

membrane (endocytic vesicles), or other organelles. This is
further supported by the absence of mobile vesicles when

the Arf1 Q71I mutant was co-expressed, as Arf1 has been

shown to be critical for transport vesicles to emerge from
the Golgi apparatus (Dascher and Balch 1994; Jeyifous

et al. 2009). Collectively, these results suggest that we have

been able to probe post-Golgi trafficking preferentially
using the modified temperature-block method.

A number of modern techniques have recently been
developed to synchronize protein trafficking in a controlled

fashion by optical or chemical means (Rivera et al. 2000;

Boncompain and Perez 2013; Chen et al. 2013). In the
context of these techniques, we believe that our protocol is

a useful and complementary approach in dissecting post-

Golgi trafficking mechanisms for neuronal membrane
proteins. First, it is based on an approach compatible with

the use of simple GFP-tagged proteins, which currently

have been generated for many neuronal proteins in labo-
ratories around the world. Second, our method can readily

be applied to these proteins, and therefore provide a quick

and easy way to obtain preliminary data regarding post-
Golgi trafficking of a protein of interest. Thirdly, our

protocol synchronizes the protein trafficking at the level of

the Golgi apparatus. The recently developed state-of-the-
art techniques primarily synchronize protein trafficking at

the ER by taking advantage of cell’s intrinsic mechanism

of retaining aggregated proteins in the ER (Rivera et al.
2000; Al-Bassam et al. 2012; Boncompain and Perez 2013;

Chen et al. 2013). Therefore, our protocol would com-

plement these modern techniques in studying protein
sorting and post-Golgi trafficking and can also be

Fig. 6 Pharmacological dissection of post-Golgi trafficking. a Effect
of latrunculin A on actin filaments. Neurons were treated with 1 lM
latrunculin A for 5 min, fixed, and labeled with phalloidine (for actin
filament), anti-tubulin antibody, and Hoechst 33258 (DNA). Scale
bar, 20 lm. b Reduction of actin filaments evidenced by the
decreased phalloidine staining. Fluorescence signals were measured
in the somata and proximal dendrites, and normalized to the control.
*P \ 0.05 (n = 3). c Neurons were transfected with either GFP-

Kv2.1 or GFP-HCN1 and the experiment conducted after 3 h
temperature-block. Neurons were imaged before and after treatment
with 1 lM latrunculin A (LatA) for 5 min. Time-lapse series were
processed to obtain the number of mobile vesicles before and after the
treatment. Scale bar, 10 lm. d Disruption of actin filaments with
LatA was found to significantly reduce the number of moving vesicles
with GFP-Kv2.1 but not those with GFP-HCN1. *P \ 0.002 (n = 10)
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combined with them to further refine the control of protein

trafficking.
Although this protocol sufficiently worked to reveal the

post-Golgi trafficking of the dendritic ion channels, it may

not work for every protein of interest. Our protocol requires
the temperature-block to be started before GFP-tagged

proteins are expressed substantially and that they proceed

to the Golgi apparatus efficiently during the temperature-
block. Therefore, proteins that intrinsically require a long

time for folding and ER transit may not be suitable targets
for this procedure. Combining our method with photoac-

tivatable fluorescent proteins (Lippincott-Schwartz et al.

2003) may enable us to label these proteins in the Golgi
specifically and to probe their post-Golgi trafficking.

Another potentially useful combination would be with the

super-ecliptic pHluorin (Sankaranarayanan et al. 2000).
The synchronous post-Golgi trafficking achieved with our

protocol would facilitate the detection of surface insertion

of transmembrane proteins which are extracellularly tagged
with Super-ecliptic pHluorin.

It has become increasingly clear that trafficking to dis-

tinct neuronal compartments is a tightly controlled process
which constantly operates to ensure that proteins are at the

right place at the right time (Horton and Ehlers 2003b).

Trafficking is therefore not only a matter of understanding
how membrane proteins are delivered to the surface

membrane, but also, to reveal how it is regulated in

response to neuronal activity. Our protocol also allows for
such investigations as we can image and quantify how

vesicles behave in response to different activity-related

input. This opens up for a number of potential applications
which collectively will improve our current knowledge

within the field of neuronal protein trafficking.
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BK Channels Localize to the Paranodal Junction and
Regulate Action Potentials in Myelinated Axons of Cerebellar
Purkinje Cells

Moritoshi Hirono,1 Yasuhiro Ogawa,3 X Kaori Misono,2 Daniel R. Zollinger,3 X James S. Trimmer,4

Matthew N. Rasband,3 and Hiroaki Misonou1,2

1Graduate School of Brain Science, Doshisha University, Kyoto 619-0225, Japan, 2Department of Neural and Pain Sciences, Dental School, University of
Maryland, Baltimore, Maryland 21201, 3Department of Neuroscience, Baylor College of Medicine, Houston, Texas 77030, and 4Department of
Neurobiology, Physiology, and Behavior, University of California, Davis, Davis, California 95616

In myelinated axons, K ! channels are clustered in distinct membrane domains to regulate action potentials (APs). At nodes of Ranvier,
Kv7 channels are expressed with Na ! channels, whereas Kv1 channels flank nodes at juxtaparanodes. Regulation of axonal APs by K !

channels would be particularly important in fast-spiking projection neurons such as cerebellar Purkinje cells. Here, we show that BK/Slo1
channels are clustered at the paranodal junctions of myelinated Purkinje cell axons of rat and mouse. The paranodal junction is formed
by a set of cell-adhesion molecules, including Caspr, between the node and juxtaparanodes in which it separates nodal from internodal
membrane domains. Remarkably, only Purkinje cell axons have detectable paranodal BK channels, whose clustering requires the forma-
tion of the paranodal junction via Caspr. Thus, BK channels occupy this unique domain in Purkinje cell axons along with the other K !

channel complexes at nodes and juxtaparanodes. To investigate the physiological role of novel paranodal BK channels, we examined the
effect of BK channel blockers on antidromic AP conduction. We found that local application of blockers to the axon resulted in a
significant increase in antidromic AP failure at frequencies above 100 Hz. We also found that Ni 2! elicited a similar effect on APs,
indicating the involvement of Ni 2!-sensitive Ca 2! channels. Furthermore, axonal application of BK channel blockers decreased the
inhibitory synaptic response in the deep cerebellar nuclei. Thus, paranodal BK channels uniquely support high-fidelity firing of APs in
myelinated Purkinje cell axons, thereby underpinning the output of the cerebellar cortex.

Key words: action potential; axon; cerebellum; potassium channel

Introduction
Voltage-activated ion channels are uniquely situated in myelin-
ated axons of mammalian neurons (Lai and Jan, 2006). Voltage-
activated Na! (Nav) channels are localized precisely at the node
of Ranvier to generate action potentials (APs). Voltage-activated
K! (Kv) channels are also expressed at and near the node and

may regulate axonal APs (Rasband and Shrager, 2000; Devaux et
al., 2003; Pan et al., 2006). Among them, Kv7.2/7.3 channels are
localized at the node (Pan et al., 2006) and thought to regulate the
overall excitability of the nodal membrane (Schwarz et al., 2006).
In contrast, Kv1.1/1.2 channels are localized in regions flanking
the node called the juxtaparanode (Wang et al., 1993; Rhodes et
al., 1997; Rasband et al., 1998). Because this area is covered com-
pletely with the myelin sheath, juxtaparanodal Kv1 channels are
considered mostly inert under normal conditions (Kocsis and
Waxman, 1980) but can be functional during development and
when the myelin sheath is retracted in pathological situations,
such as multiple sclerosis (Poliak and Peles, 2003; Rasband,
2004). Here, we show that Slo1/BK channels are also found in
myelinated axons.

The Slo1/KCa1.1/BK K! channel is unique in its coincident
activation by changes in membrane potential and intracellular
Ca 2! concentration ([Ca 2!]i; Salkoff et al., 2006). The BK chan-
nel also has an exceptionally large single-channel conductance
compared with other K! channels (Salkoff et al., 2006). There-
fore, its expression in a specific neuronal compartment, in which
BK channels can be exposed to local increases in [Ca 2!]i, would
be expected to significantly affect the local membrane excitabil-
ity. BK channels are found predominantly in presynaptic termi-
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nals in brain neurons and less prominently in somata and
dendrites (Vacher et al., 2008; Trimmer, 2015). We and others
have shown that, in cerebellar Purkinje cells, BK channels are
highly expressed in the dendrites and soma (Misonou et al., 2006;
Sausbier et al., 2006). Studies using BK blockers and Slo1 knock-
out mice have suggested that, in Purkinje cells, somatodendritic
BK channels contribute to the afterhyperpolarization (AHP) in
the soma (Sausbier et al., 2004) and regulation of Ca 2! spikes in
dendrites in Purkinje cells (Faber and Sah, 2003; Swensen and
Bean, 2003; Womack and Khodakhah, 2004).

Here, we show that BK channels are also present in the my-
elinated axons of cerebellar Purkinje cells. Specifically, we show
that BK channels colocalize at paranodes with Caspr, an axonal
cell-adhesion molecule required for the paranodal axoglial junc-
tion (Einheber et al., 1997; Menegoz et al., 1997; Bhat et al., 2001).
The paranode differs from the juxtaparanode in that small mol-
ecules and ions may be more accessible to the paranode (Mierzwa
et al., 2010), such that paranodal ion channels would be fully
functional under normal physiological conditions. Based on
these findings, we tested whether paranodal BK channels regulate
APs in Purkinje cell axons. Our results suggest that paranodal BK

channels have a significant role in the myelinated axons of Pur-
kinje cells to support reliable high-frequency conduction of APs.

Materials and Methods
Antibodies against BK channels. The production and validation of mono-
clonal antibodies (mAbs) against Slo1/KCa1.1/BK have been described
previously (Misonou et al., 2006). Briefly, L6/48 and L6/60 mAbs against
the mouse Slo1 (mSlo) channel subunit were raised against a GST–mSlo1
fusion protein corresponding to amino acids 690 –1196 of mSlo1 (Gen-
Bank accession number AAA39746). Within this fragment, L6/48 binds
within amino acids 859 –1169, and L6/60 binds within amino acids 690 –
715 (Fig. 1). Conditioned media from hybridoma clones were screened
by chemiluminescence ELISA against COS-1 cells expressing full-length
human Slo1 (Meera et al., 1997) and then further selected based on
immunofluorescence labeling of COS-1 cells transfected with the same
human Slo1 cDNA. Both mAbs were validated against BK channel
knock-out mice (Misonou et al., 2006). The L6 mAbs can be obtained
from the University of California, Davis/National Institutes of Health
NeuroMab Facility (Davis, CA).

Immunolabeling. All animal use procedures were in strict accordance
with the Guide for the Care and Use of Laboratory Animals described by
the National Institutes of Health and approved by institutional animal

Figure 1. Paranodal localization of BK channels in the rat cerebellum. A, Non-uniform compact localization of BK channels in axons in the granule layer of the cerebellum. Rat cerebellar sections
were immunolabeled with the L6/60 mouse mAb against BK (Slo1.1, red) and an antibody against an axonal marker, unphosphorylated neurofilament (Axon, green). Insets show magnified views
of the immunolabeling. Scale bar, 50 !m. B, Two mAbs against BK recognize two distinct epitopes. Immunoblot of recombinant full-length BK channels and fragments representing residues
859 –1169 and residues 664 – 865, probed with L6/60 and L6/48 mAbs. C, The compact localization of BK channels in axons verified by immunolabeling with two distinct mAbs (L6/60, red; L6/48,
green). Scale bar, 5 !m. D, Double immunolabeling with L6/60 (red) and an anti-Caspr antibody (green) showing their colocalization in the paranode. Scale bar, 5!m. E, Immunolabeling for Nav1.6
(green) is present in the gap between the paired paranodal BK channel immunolabeling (red). Scale bar, 5 !m.
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use committees. Sprague Dawley rats, wild-type C57BL/6 mice, and
Caspr-deficient mice (Gollan et al., 2003) were used. Animals were anes-
thetized with 60 mg/kg pentobarbital (intraperitoneal) and perfused
briefly with a saline solution, followed by 4% paraformaldehyde in 0.1 M

phosphate buffer, pH 7.4. Sagittal brain sections (40 !m thick) were
prepared as described previously (Rhodes et al., 1997; Hermanstyne et
al., 2010). Brain sections were permeabilized with 0.1% Triton X-100 in
Tris-buffered saline (10 mM Tris, pH 7.5, and 0.15 M NaCl). Sections were
blocked with 10% goat serum and then incubated overnight at 4°C with
L6/60 mAb (IgG2a) or L6/48 mAb (IgG1) (each at 10 !g/ml) and mouse
mAbs raised against Kv1.2 (K14/16, IgG2b, 1 !g/ml), Caspr (K65/35,
IgG1, 1 !g/ml), and Nav1.6 (K87A/10, IgG1, 5 !g/ml; all from the Uni-
versity of California, Davis/National Institutes of Health NeuroMab Fa-
cility), a mouse mAb cocktail neurofilament H (BioLegend), rabbit
polyclonal antibodies against "IV spectrin (Yang et al., 2004), or rabbit
polyclonal antibodies against parvalbumin (Merck Millipore). Sections
were then incubated with species-specific or mouse IgG subclass-specific
Alexa Fluor-conjugated secondary antibodies (Invitrogen). Fluorescent
images were taken with a 24-bit CCD camera installed on a Carl Zeiss
Axiovert 200M microscope with a 63", 1.3 numerical aperture (NA) lens
and Apotome, using Axiovision software. Most of the images are maxi-
mum projection images from multiple optical sections.

Preparation of brain membrane fraction. Crude brain membrane frac-
tions and detergent-resistant fractions were prepared from rats and mice
as described previously (Schafer et al., 2004; Ogawa et al., 2006). Either
whole brains or isolated cerebella were homogenized in ice-cold homog-
enization buffer containing 0.32 M sucrose, 5 mM sodium phosphate, pH
7.4, and 1 mM sodium fluoride, containing 1 mM phenylmethylsulfonyl
fluoride (PMSF), 2 !g/ml aprotinin, 1 !g/ml leupeptin, 2 !g/ml anti-
pain, and 10 !g/ml benzamidine (10 ml/g wet tissue weight). Crude
homogenates were then centrifuged at 600 " g for 10 min to remove
debris and nuclei. The resulting supernatant was centrifuged at 45,000 "
g for 60 min. This pellet was then resuspended in 2.5 ml of ice-cold
homogenization buffer per gram of brain used. Protein concentrations
were determined using the BCA method (Pierce).

Detergent-insoluble membrane fractions were isolated by solubilizing
brain membrane fractions in 1% Triton X-100 lysis buffer (20 mM Tris-
HCl, pH 8.0, 10 mM EDTA, 0.15 M NaCl, 10 mM iodoacetamide, 0.5 mM

PMSF, 10 mM sodium azide, and the same mixture of protease inhibitors
as described above) at a concentration of 1 mg/ml protein for 1 h on a
rotator at 4°C. The resulting lysate was centrifuged at 13,000 " g for 30
min to separate the detergent-soluble and -insoluble fractions.
Detergent-insoluble fractions were resuspended to 1 ml in lysis buffer
(without Triton X-100). The pellet suspension was then mixed with 1 ml
of 2 M sucrose. The resulting mixture was then overlaid with 2 ml of 1 M

sucrose and 1.5 ml of 0.2 M sucrose. Samples were then centrifuged for
19 h at 192,000 " g, and 0.4 ml fractions were then collected from the top
of the tube. Sucrose and protein concentrations were measured for each
fraction. Proteins were concentrated by overnight ethanol precipitation.
The pellets were then resuspended in 100 !l of reducing sample buffer,
boiled, and analyzed by SDS-PAGE and immunoblotting.

Immunoblotting. Proteins were separated on 7.5% SDS polyacryl-
amide gels (SDS-PAGE), transferred to nitrocellulose membrane, and
immunoblotted with L6/48 or L6/60, as described previously (Misonou
et al., 2005). The blots were incubated with HRP-conjugated secondary
antibodies (ICN Biomedicals), followed by enhanced chemilumines-
cence reagent (PerkinElmer Life and Analytical Sciences). Immunoreac-
tive bands were visualized by exposing the blot to x-ray film.

Slice preparation. Cerebellar slices were prepared from C57BL/6 mice
at postnatal day 25 (P25) to P35 of either sex as described previously
(Hirono et al., 2012). The mice were treated with CO2 and decapitated,
and their cerebella were removed rapidly. Parasagittal slices (250 !m
thick) of the cerebellar vermis were cut with a vibrating microtome
(VT1200S; Leica) in an ice-cold extracellular solution containing 252 mM

sucrose, 3.35 mM KCl, 21 mM NaHCO3, 0.6 mM NaH2PO4, 9.9 mM glu-
cose, 0.5 mM CaCl2, and 10 mM MgCl2 and gassed with a mixture of 95%
O2 and 5% CO2, pH 7.4. The slices were maintained at room temperature
for at least 1 h in a holding chamber, in which they were submerged in
artificial CSF (ACSF) containing the following (in mM): 138.6 NaCl, 3.35

KCl, 21 NaHCO3, 0.6 NaH2PO4, 9.9 glucose, 2 CaCl2, and 1 MgCl2
(bubbled with 95% O2 and 5% CO2 to maintain the pH at 7.4).

Electrophysiology. Individual slices were transferred to a recording
chamber attached to the stage of a microscope (BX51WI; Olympus) and
superfused with oxygenated ACSF. Purkinje cells were identified visually
under Nomarski optics with a water-immersion objective (60", 0.90
NA). After establishing the whole-cell patch clamp, the membrane
potential was held at approximately #65 mV under a current-clamp
mode with a patch pipette (2–3 M$) filled with the potassium
methanesulfonate-based internal solution containing the following (in
mM): 120 KCH3SO3, 25 KCl, 0.1 CaCl2 1.0 K-EGTA, 10.0 Na-HEPES, 3.0
Mg-ATP, and 0.4 Na-GTP, pH 7.4. To visualize the axon, Alexa Fluor 594
(40 !M) was added to the internal solution. Neurons with no or very
short axons were not used. To block synaptic transmissions, 10 !M

NBQX, 30 !M APV, 10 !M SR95531 [2-(3-carboxypropyl)-3-amino-6-
(4-methoxyphenyl)pyridazinium bromide], and 2 !M strychnine were
added to the ACSF throughout the recordings. To evoke antidromic APs
in Purkinje cells, a bipolar tungsten stimulating electrode was placed in
the white matter, and focal stimulation (30 – 60 V, 0.1– 0.2 ms) was ap-
plied to the axon at 0.067– 0.1 Hz. For recording of synaptic currents,
deep cerebellar nucleus (DCN) neurons were voltage clamped at #20 to
0 mV. Recordings were made from large neurons with somatic diameter
of %20 !m, most of which are thought to correspond to the glutamater-
gic projection neurons in the DCN (Telgkamp and Raman, 2002; Uusi-
saari et al., 2007). A patch pipette was filled with the cesium
methanesulfonate-based internal solution containing the following (in
mM): 140 CsCH3SO3, 5 CsCl, 0.1 CaCl2, 1.0 K-EGTA, 10.0 Na-HEPES,
0.6 QX-314, 3.0 Mg-ATP, and 0.4 Na-GTP, pH 7.4. IPSCs were evoked by
focal stimulation (30 – 60 V, 0.04 – 0.12 ms) through a bipolar tungsten
stimulating electrode or a concentric bipolar electrode (FHC) placed in
the white matter. Glutamate transmission was blocked by kynurenic acid
(1 mM) or 10 !M NBQX and 30 !M APV added to the ACSF. Alexa Fluor
594 (40 !M) was also added to the patch pipette solution to examine
morphology of recorded cells. Series resistance (10 –18 M$) was com-
pensated by 60 –70% and monitored with 2 mV hyperpolarizing voltage
pulse (30 –50 ms) every 15 s, and experiments were discarded if the value
changed &20%. Signals were recorded with a MultiClamp 700B ampli-
fier (Molecular Devices) and pClamp 10.3 software (Molecular Devices),
digitized, and stored on a computer disk for offline analysis. All signals
were filtered at 4 kHz and sampled at 10 –20 kHz. All experiments were
performed at room temperature (23–26°C).

Drug application for electrophysiology. Drugs were applied to the axon
in pressure pulses (3– 6 psi, 400 ms duration) at 0.5 Hz using a micro-
pressure ejection system (PV820 Pneumatic PicoPump; World Precision
Instruments) with a glass pipette (5–10 !m tip diameters). Iberiotoxin,
NBQX, paxilline, penitrem A, and SR95531 were obtained from Tocris
Bioscience. Alexa Fluor 594 was obtained from Invitrogen. Tetrodotoxin
(TTX) was obtained from Wako. All other chemicals were from Sigma.

Statistical analyses. Data are presented as the mean ' SEM, unless
noted otherwise. In electrophysiology experiments, the number of sam-
ple (n) indicates the number of cells used for recording. However, slices
from at least three different animals were used in each experiment. A t
value of p ( 0.05 was considered to be statistically significant. For mul-
tiple comparisons, two-way ANOVA was performed with post hoc mul-
tiple comparisons. All statistical analyses were performed using
GraphPad Prism (GraphPad Software).

Results
Axonal expression of Slo1/BK channels in the cerebellum
The BK channel is highly expressed in Purkinje cells of the cere-
bellum, in which the majority of BK immunoreactivity is found
in the soma and dendrites (Misonou et al., 2006). Here, using the
specific mouse mAb L6/60 (Misonou et al., 2006), we found that
Purkinje cells also express BK channels in their axons. Non-
uniform BK labeling is present in a subset of axons running in the
granule cell layer of the rat cerebellum (Fig. 1A). The inset images
(Fig. 1A, insets) show that BK channels are concentrated into two
small bands, with a clear gap between adjacent bands. The axonal
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expression of BK channels was confirmed with another anti-BK
channel mAb (L6/48) that binds to a region of the BK channel
distinct from the L6/60 mAb (Fig. 1B,C). The clear gap between
the opposed segments of BK channel immunoreactivity sug-
gested they are expressed in the paranodal region of myelinated
axons. Indeed, these BK-positive structures colabeled with anti-
bodies recognizing the axonal paranodal cell-adhesion molecule
Caspr (Fig. 1D). Furthermore, Nav1.6, the predominant nodal Nav
channel in adult rodents, was found in the nodal gap between BK-
labeled paranodes (Fig. 1E).

In addition to these axons in the granule cell layer, we also
detected the paranodal BK channel expression in the white mat-
ter of the cerebellum (Fig. 2A). However, BK channels were de-
tected in fewer than 10% of Caspr-positive paranodes (Fig. 2A), a
number consistent with the proportion of Purkinje cell axons in
cerebellar white matter, in which mossy fiber and climbing fiber
axons predominate (Palkovits et al., 1972). Moreover, prominent
paranodal BK labeling was observed near the site of origin of
Purkinje cell axons in the Purkinje layer (Fig. 2B). These consid-
erations led us to suspect that BK channels are expressed specifi-
cally in the paranodes of Purkinje cell axons. To test this
possibility, we triple immunolabeled cerebellar sections with
anti-BK channel mAb L6/60, an antibody against the Purkinje
cell marker parvalbumin, and an anti-Kv1.2 channel antibody
that labels the juxtaparanodal domains of myelinated axons. As
shown in Figure 2C, BK channels were restricted to the paranodes
of parvalbumin-positive axons, indicating the specific expression
of BK channels in Purkinje cell axons. Furthermore, paranodal
BK channels were not detected in myelinated axons in other areas of
the nervous system, including white matter tracts within the brain,
optic nerve, and sciatic nerve. These results suggest that BK channels
are found specifically in the paranodes of Purkinje cell axons.

Caspr-dependent localization of BK channels in the paranode
Paranodal proteins have biochemical properties similar to raft
proteins (Schafer et al., 2004). To determine whether BK chan-
nels in the cerebellum also have this property, we prepared
detergent-soluble and -insoluble fractions (Ogawa et al., 2006)
from the whole brain and the cerebellum of rat. As expected,
Caspr was recovered mainly in the detergent-insoluble fraction
from both whole-brain and cerebellar samples (Fig. 3A). This was
also observed for the glial paranodal protein Neurofascin-155
(Schafer et al., 2004) but not for axonal Neurofascin-186, which
localizes at the node (Davis et al., 1996; Fig. 3A). Furthermore, BK
channel and Caspr proteins from the cerebellum were found in
the low-density detergent-insoluble fractions isolated from su-
crose gradients (Fig. 3B). Thus, a subset of BK channels in the
cerebellum share similar biochemical characteristics with those
of other paranodal membrane proteins (Schafer et al., 2004;
Ogawa et al., 2006). Similar to other paranodal proteins (e.g.,
glycosylphosphatidylinositol-anchored contactin), a fraction of
the BK channels remained detergent insoluble in Caspr-deficient
mice (Gollan et al., 2003; Fig. 3C), indicating that some BK chan-
nels remain in raft-like structures independent of paranodal
junctions. Consistent with this idea, BK channels are modified
with palmitate (Jeffries et al., 2010), which is a posttranslational
lipid modification that promotes the partitioning of proteins into
detergent-insoluble lipid rafts (Levental et al., 2010).

To more directly examine the role of paranodal junctions in
regulating BK channel localization, we also performed immuno-
labeling to examine BK channel localization in the cerebellum of
Caspr-deficient mice. First, we confirmed the paranodal localiza-
tion of BK channels in the cerebellum of wild-type mice (Fig.
3D,E), indicating that the paranodal expression of BK channels is
a common property of rodent Purkinje cells. In contrast, Caspr-

Figure 2. Paranodal BK channels in rat Purkinje cells. A, Paranodal BK channel immunolabeling was detected only in a subset of Caspr-positive paranodes in the cerebellar white matter. Scale bar,
20 !m. B, Paranodal BK channels (red) were detected near the Purkinje cell soma. The axon is labeled using an antibody against unphosphorylated neurofilament H (green). Scale bar, 20 !m. C,
Paranodal BK channel immunolabeling (red) found on parvalbumin (PV; blue)-positive axons in the white matter. Juxtaparanodes are immunolabeled using antibodies against Kv1.2 (green). Scale
bar, 10 !m.
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deficient mice completely lacked BK channels at the paranodes
(Fig. 3E). Furthermore, despite the strong enrichment of BK
channels at the adult paranodal junction, BK channel enrichment
at paranodes lagged behind paranodal junction assembly during
development in mice. For example, although Caspr immunore-
activity already defines paranodes at P19, paranodal BK labeling
was not apparent until P23 and fully matured between P25 and
P30 (Fig. 4A). Together, these results suggest that the paranodal
clustering of BK channels is developmentally regulated by a
Caspr- and paranodal junction-dependent mechanism.

Axonal physiology of Purkinje cells in young adult
mouse slices
To determine whether paranodal BK channels regulate APs in
myelinated axons, we measured APs evoked in the axon before
and after local blockade of paranodal BK channels. Although
axonal patch recordings have been performed on Purkinje cell
axons of juvenile rats and mice (Clark et al., 2005; Khaliq and

Raman, 2005; Monsivais et al., 2005; Yang and Wang, 2013),
myelination of the Purkinje cell axons prevented similar mea-
surements in cerebellar slices from young adult mice older than
P25, when paranodal BK expression becomes prominent (Fig.
4A). Therefore, we took an alternative approach. We evoked APs
in the axon and recorded the resultant antidromic APs in the
soma. By applying BK channel blockers to the axon and examin-
ing their effects on antidromic APs, we tested whether paranodal
BK channels have significant roles in AP generation and conduc-
tion in the myelinated axons of Purkinje cells.

Purkinje cell somata were subjected to whole-cell patch-
clamp recording and infused with a fluorescent dye through the
patch pipette to label the axons. After finding a cell with a long
intact axon, a bipolar electrode was placed near the axon for
extracellular stimulation. The position of the electrode was ad-
justed for maximum and stable responses. APs were evoked in
distal axons with the extracellular electrode and recorded under
the whole-cell patch-clamp mode at the soma of Purkinje cells

Figure 3. Paranodal localization of BK channels depends on an intact paranodal junction. A, Biochemical characteristics of BK channels in the cerebellum. Membrane fractions were prepared from
rat whole brain (Whole) or cerebellum. Membrane preparations were incubated with 1% Triton X-100 for 30 min and separated into soluble (Sol) and insoluble (Insol) fractions by centrifugation.
The samples were subjected to immunoblotting and probed for BK channels, the paranodal membrane protein Caspr, and another paranodal protein, Neurofascin. Note that only the paranodal 155
kDa isoform of Neurofascin was detected in the insoluble fraction. B, Cofractionation of BK channels and Caspr. Detergent-insoluble fractions from the cerebellum were fractionated using
sucrose-density gradient centrifugation. Both BK channels and Caspr were detected in the low-density paranodal protein–lipid complex fraction. C, Detergent insolubility of BK channels in the
cerebella of wild-type (Caspr!/!) and Caspr-deficient (Caspr#/#) mice. Actin was used as a loading control. D, Paranodal BK channels in the mouse cerebellum. Mouse cerebellar sections were
immunolabeled for BK channels (red) and Caspr (green). Scale bar, 10 !m. E, BK channels are not detected at paranodes in Caspr-deficient mice with disrupted paranodes. Cerebellar sections from
wild-type (Caspr!/!) and Caspr-deficient (Caspr#/#) mice were immunolabeled for BK channels (green) and "IV-spectrin (red). Scale bar, 2 !m.
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(Fig. 4B), while keeping the somatic resting membrane potential
at approximately #65 mV. To verify that the recorded APs orig-
inated in the distal axon, we placed the stimulation electrode at
different distances from the soma to confirm a distance-
dependent delay in the onset of APs. When the stimulation was
given at 685 !m from the soma, there was a significant delay
between the stimulation and the onset of the AP recorded at the
soma (Fig. 4C). This delay was shortened, as the stimulation elec-
trode was moved closer to the soma. The average conduction veloc-
ity computed from the latency was 0.52 ' 0.05 m/s (n ) 21), a value
consistent with that reported previously (Clark et al., 2005).

Given that we could evoke and record antidromic APs from
Purkinje cells, we next investigated the properties of antidromic
APs in Purkinje cell axons, particularly their fidelity during high-
frequency firing. Cerebellar Purkinje cells typically fire at fre-
quencies above 50 Hz, such that we stimulated Purkinje cell
axons at 50, 100, 200, and 300 Hz. Surprisingly, we observed

substantial failures of APs at stimulation frequencies above 100
Hz (Fig. 4D,E). This was not attributable to reduced excitability
of the soma in our preparation, because APs were evoked without
failures even at 200 Hz when the extracellular stimulation was
applied to the soma (Fig. 4E,F); we do not know whether this
difference reflects a failure of stimulation or the nature of distal
axons (see Discussion). Nevertheless, our data show that the
maximum net frequency of antidromic AP firing was %120 Hz.

Paranodal BK channels modulate high-frequency firing in
Purkinje cell axons
To investigate directly the physiological role of paranodal BK
channels, we examined the effects of BK channel blockers on
antidromic APs. Because BK channels are also expressed in the
soma and dendrites of Purkinje cells, we pursued locally inhibit-
ing only axonal BK channels through focal application of BK
channel blockers. To demonstrate the precision and specificity of

Figure 4. Recording of antidromic APs as an experimental model to investigate the role of paranodal BK channels. A, Immunolabeling of developing mouse cerebella from P19 to P30 with the L6/60 (green)
and anti-Caspr antibody (red). Paranodal BK channel immunolabeling was absent in P19 but becomes apparent at P23. Scale bar, 10 !m. Insets show magnified views of the paranodes. B, Experimental setup
to evoke and record antidromic APs. C, Antidromic APs evoked by stimulating the white matter at different distances from the soma. The arrows indicate the stimulation artifact. The distance-dependent delay
indicates the antidromic nature of the signals. D, Antidromic APs evoked at different stimulation frequencies. The arrows indicate the stimulation, and the arrowheads show failures. E, The failure rate of APs at
different frequencies. APs were evoked in either the axon or the soma. Error bars indicate SEM (n )50). Data from the axonal stimulation were fitted with a Boltzmann sigmoidal curve. F, Reliable firing of APs
at the soma. Extracellular stimulation was given to the soma to evoke APs at the soma.
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the local drug application, we first locally applied the Na! chan-
nel inhibitor TTX (0.5 !M) in brief pulses to the axon using a glass
pipette and then evoked APs in the soma and the axon. As shown
in Figure 5A, both somatic and axonal stimulation evoked APs,
but only the antidromic APs were inhibited after local axonal
application of TTX. In contrast, somatic application of TTX
blocked both APs (Fig. 5A).

We next focally applied BK channel blockers to the axon and
examined their effects on antidromic APs. We found that the
membrane-permeable BK channel blocker penitrem A (10 !M;
Knaus et al., 1994) significantly increased the failure rate of anti-
dromic APs (from 0.11 ' 0.07 to 0.39 ' 0.06 at 100 Hz, p )
0.001, n ) 4; Fig. 5B,C). This effect was reversible, such that the
failure rate decreased to the control level after washing out the
drug for 10 min. We also tested other BK channel blockers, in-
cluding iberiotoxin (Galvez et al., 1990) and paxilline (Knaus et
al., 1994). Interestingly, the membrane-impermeable iberiotoxin
(250 nM) did not show significant effects on failure rates (from
0.02 ' 0.02 to 0.00 ' 0.00 at 100 Hz, p ) 0.956, n ) 4) of
antidromic APs (Fig. 6A). Consistent with the limited permeabil-
ity of the paranodal junction (Mierzwa et al., 2010), we speculate
that this may be attributable to the fact that paranodal BK chan-

nels are covered with glial membranes and not readily accessible
to the relatively large (4.2 kDa) iberiotoxin. In contrast,
membrane-permeable paxilline (10 !M) elicited an effect similar
to penitrem A, such that it increased the failure rate of antidromic
APs (from 0.09 ' 0.05 to 0.25 ' 0.13 at 100 Hz, p ) 0.015, n ) 6;
Fig. 6B), particularly at 100 and 200 Hz stimulation (Fig. 6C). The
increased failure was observed reliably in all cells examined (Fig.
6D). As a result, the maximum net firing rate decreased from
120.8 ' 14.1 to 87.6 ' 16.1 Hz (p ) 0.033, n ) 6; Fig. 6E).

Although we did not detect substantial levels of BK channels
in the internodal region, it is possible that the effects of BK block-
ers result, at least in part, from blocking internodal BK channels
expressed at levels sufficiently low to avoid detection in our im-
munolabeling experiments. To investigate this, we tested two
predictions. First, the activation of internodal BK channels would
cause shunting. Second, the activation of internodal BK channels
would decrease the membrane resistance and the length constant.
Therefore, inhibition of internodal BK channels would either
decrease the failure rate of antidromic APs or increase the con-
duction velocity. Our results shown above demonstrated clearly
that the former is not the case. We also did not observe any
changes in the conduction velocity during axonal BK channel

Figure 5. Increased failure of antidromic APs by BK channel inhibition. A, Verification of the specificity of local drug application. TTX was applied focally to either the axon or the soma as indicated
in the schematic diagram. Before TTX application, both somatic current injection and extracellular axonal stimulation evoked APs. After applying TTX at 0.5 !M for 5 min to the axon, only the
antidromic AP evoked by the axonal stimulation was attenuated, whereas the somatic application blocked both. Arrows show the timing of stimulation. B, Increased failure of antidromic APs by
penitrem A at 100 Hz. The arrowheads indicate failures. Before the drug application, there were a few failures of antidromic APs observed at 100 Hz stimulation. Application of penitrem A at 10 !M

to the axon for 5 min substantially increased failures. This effect was reversed by a 10 min washout of the drug. C, Pooled data (n ) 4). *p ) 0.001 (at 100 Hz), 0.002 (at 200 Hz), and 0.008 (at 300
Hz), respectively, for Control versus Penitrem A, and p ) 0.015 (at 200 Hz) and 0.046 (at 300 Hz) for Washout versus Penitrem A.
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inhibition (100.0 ' 9.8% in control vs 101.0 ' 11.2% after pax-
illine treatment, n ) 6), indicating that the contribution of inter-
nodal BK channels is minuscule. Together, these results show that
local (i.e., axonal) inhibition of BK channels reduces the fidelity
of axonal AP conduction and suggest that paranodal BK channels
support the high-frequency firing of Purkinje cell axons.

Potential involvement of voltage-gated Ca 2! channels in the
nodal region
Because BK channels generally require an increase in [Ca 2!]i to
be activated by depolarization within the physiological range of
membrane potentials (Barrett et al., 1982), they are often tightly
coupled with voltage-gated Ca 2! (Cav) channels (Grunnet and
Kaufmann, 2004; Liu et al., 2004; Berkefeld et al., 2006), which
provide Ca 2! for their activation. Ca 2! transients in unmyeli-
nated axons have been reported in several types of neurons (Lev-
Ram and Ellisman, 1995; Tsantoulas et al., 2013; Sargoy et al.,
2014), including immature Purkinje cells (Callewaert et al.,
1996). Thus, Cav channels may be nearby in either the nodal or
the paranodal membranes to participate in the activation of BK
channels. To test this possibility, we first determined whether
Ca 2! influx is necessary for reliable high-frequency firing of an-

tidromic APs. Recording was performed before and after apply-
ing ACSF without Ca 2! for 5 min. Importantly, the failure rate of
antidromic APs at 100 Hz increased significantly after the treat-
ment (from 0.11 ' 0.11 to 0.74 ' 0.13, p ) 0.001 at 100 Hz, n )
3; Fig. 7A,B). This effect was also reversible (Fig. 7A). These
results indicate that Ca 2! influx influences AP firing in the axon.
We next examined the effect of Ni 2!, which is a relatively broad
inhibitor of Cav channels (Tsien et al., 1988). We chose Ni 2! over
other more specific Cav blockers because Ni 2!-sensitive Cav
channels have been reported in the axon of Purkinje cells (Bender
and Trussell, 2009) and because Cav channels, like paranodal BK
channels, might be covered by glial membranes and less accessi-
ble to those large organic inhibitors. Interestingly, Ni 2! (100 !M)
showed an effect similar to paxilline and penitrem A and in-
creased the failure of antidromic APs when applied locally to the
axon from 0.51 ' 0.03 to 0.67 ' 0.07 at 200 Hz (p ) 0.030, n )
4; Fig. 7C–E). This also resulted in a significant reduction in the
maximum net firing rate of antidromic APs from 125.0 ' 15.0 to
88.3 ' 4.7 Hz (p ) 0.041, n ) 4; Fig. 7F). These results suggest
that Ni 2!-sensitive Cav channels support high-frequency firing
of APs in the axon and may provide Ca 2! for the activation for
paranodal BK channels.

Figure 6. Increased failure of antidromic APs by membrane-permeable, but not membrane-impermeable, BK channel blockers. A, No significant effect of iberiotoxin (250 nM) on the antidromic
APs at 100 Hz. B, Increased failure of antidromic APs by paxilline (10 !M) at 100 Hz. The arrowheads indicate failures. C, Pooled data for paxilline (n ) 6). *p ) 0.015 (at 200 Hz) and 0.001 (at 300
Hz). D, The failure rate at 200 Hz stimulation before and after the paxilline application. p ) 0.02. E, Decrease of the maximum net firing rate after the paxilline treatment. *p ) 0.03.
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Effect of the axonal BK channels on the output of the
cerebellar cortex
We have shown so far that axonal BK channels localized to the
paranodal region regulate axonal APs, evidenced by the effects of
BK channel blockers on antidromic APs. Purkinje cell axons di-
verge extensively in the white matter and form multiple synapses
on neurons in the DCNs. This extensive branching is thought to
make axonal APs intrinsically prone to failures (Bucher and
Goaillard, 2011; Debanne et al., 2011). Therefore, the regulation
of axonal APs by paranodal BK channels would affect the final
synaptic output of Purkinje cells to DCNs. To test this, we also
examined the effect of BK channel blockers on IPSCs in DCN
neurons evoked by stimulating Purkinje cell axons in the white
matter (Fig. 8A). The pipette solution contained cesium instead
of potassium to block K! channels in the postsynaptic DCN
neurons. Penitrem A was then applied locally to the cerebellar
white matter away from the DCNs. We predicted that increased
failures of APs in the axons by penitrem A would result in the
overall reduction of IPSCs rather than occasional failures of
IPSCs because these postsynaptic neurons receive inputs from
multiple Purkinje cell axons (Fig. 8B). Based on the results from
antidromic AP recordings, we chose to stimulate the axons at 100
Hz, at which frequency we observed a significant and consistent
increase of failures of antidromic APs by penitrem A (Fig. 5B,C)
and can reliably measure phasic IPSCs (Telgkamp et al., 2004). In
fact, we found that the local puff application of penitrem A to the
axon significantly (p ) 0.045, two-way ANOVA, n ) 10) de-
creased the amplitude of phasic IPSCs (Fig. 8C). Similar to the
effect on antidromic APs, this decrease was reversed after 15 min
washout of the drug (Fig. 8C). The effect of axonal BK channel

inhibition was the opposite of what was expected from the inhi-
bition of presynaptic BK channels, which would increase the
IPSC amplitude by extending Ca 2! influx. In contrast, the effect
was somewhat similar to that of reducing presynaptic Ca 2! entry
by baclofen (Telgkamp et al., 2004), indicating that the increased
AP failures in multiple axons by BK channel inhibition resulted in
the reduction of presynaptic Ca 2! influx in some presynaptic
boutons. These results suggest that BK channels specifically lo-
calized to paranodes of Purkinje cell axons regulate axonal APs
and the final output of the cerebellar cortex to the cerebellar
nuclei.

Discussion
Purkinje cells are the sole output of the cerebellar cortex. To
understand information processing in the cerebellar circuit, it is
important to understand the mechanisms regulating APs in their
myelinated axons. Here, we described a new regulatory mecha-
nism by paranodal BK channels for high-frequency and high-
fidelity axonal AP propagation. This novel paranodal localization
of BK channels was confirmed by two distinct mouse mAbs, in-
dicating that the labeling is genuine and that the specific localiza-
tion at Purkinje cell paranodes is not attributable to epitope
masking preventing labeling of BK channels at other sites. Be-
cause the effect of BK channel blockers was observed on axonal
APs in virtually all Purkinje cells analyzed (for an example, see
Fig. 6D) and on the integrated synaptic output (Fig. 8), the ma-
jority of Purkinje cell axons are likely to express BK channels.
Although several different K! channels have been found at the
node of Ranvier and in the juxtaparanodal region (Rasband and
Shrager, 2000; Devaux et al., 2003; Pan et al., 2006; Trimmer,

Figure 7. Increased failure of antidromic APs by inhibiting Ca 2! influx. A, The failure of antidromic APs was also increased by applying ACSF with no Ca 2! (ACSF w/o Ca 2!) to the axon. This
effect was reversed in normal ACSF (Normal ACSF). B, Pooled data (n ) 3). *p ) 0.001 (at 100 Hz) and 0.019 (at 200 Hz). C, Similar increase in the failure rate induced by Ni 2!. Ni 2! at 100 !M was
applied to the axon for 5 min. D, Pooled data (n ) 4). *p ) 0.03. E, The failure rate at 200 Hz stimulation before and after the Ni 2! application. p ) 0.04. F, Decrease of the maximum net firing
rate after the Ni 2! treatment. *p ) 0.04.
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2015), this is the first example of a K! channel in the paranode.
Paranodal BK channels may have been overlooked because they
appear to be present only in Purkinje cell axons.

Paranodes are organized by cell-adhesion molecules at the
axon– glia junction, which functions not only to electrically iso-
late internodal membranes from nodal membranes but also to
limit the lateral diffusion of ion channels in the axonal membrane
(Chang and Rasband, 2013). Among the cell-adhesion molecules,
Caspr is critical in forming these paranodal structures (Gollan et
al., 2003), and loss of Caspr results in mislocalization of jux-
taparanodal Kv1 channels (Bhat et al., 2001). In this study, we
found that the paranodal localization of BK channels was dis-
rupted in Caspr-deficient mice. Therefore, the paranodal local-
ization of BK channels in Purkinje cell axons depends on a
paranodal junction-dependent mechanism, although the pre-
cise molecular mechanism that clusters paranodal BK chan-
nels specifically in Purkinje cells remains to be elucidated.
Interestingly, mice with disrupted paranodal junctions have
preferential degeneration of Purkinje cell axons (Garcia-
Fresco et al., 2006). Loss of paranodal BK channels may con-
tribute to this Purkinje cell-specific axon degeneration
through excitoxic mechanisms.

Using specific BK channel blockers, we also provide evidence
that paranodal BK channels support high-frequency axonal AP
firing. To investigate the role of paranodal BK channels, we re-
corded antidromic APs evoked in the axon. These antidromic
APs exhibited substantial failures above a 100 Hz firing rate. The
fidelity of antidromic APs in our experiments is low compared
with those reported in previous studies using mouse cerebellar
slices, in which virtually no axonal AP failures were observed at
firing rates up to 200 Hz (Khaliq and Raman, 2005, 2006; Mon-
sivais et al., 2005). This may reflect differences in the age of ani-
mals used (juvenile in previous studies vs young adults in this
study) and/or the recording temperature. Alternatively, the ex-
tracellular stimulation of the myelinated axons in our experi-
ments might have occasionally failed to evoke APs. Nevertheless,
the significant increase in the failure rate of antidromic APs ob-
served after treatment with the BK channel blockers strongly sug-
gests that paranodal BK channels play pivotal roles in regulating
axonal APs in Purkinje cells.

We observed increased AP failures with two membrane-
permeable BK channel blockers, paxilline and penitrem A, but
not with membrane-impermeable iberiotoxin. Although we at-
tribute the lack of effect of iberiotoxin to its limited accessibility
to paranodal BK channels, it is also possible that iberiotoxin-
insensitive BK channels dominate the paranodal region, as is the
case with BK channels in the Purkinje cell somata (Benton et al.,
2013). It was also necessary to use the membrane-permeable BK
channel blockers at relatively high concentrations to observe
changes in the antidromic APs within several minutes. We spec-
ulate that this reflects the fact that the BK channels at paranodes
are covered with glial membranes and that these lipophilic block-
ers may be absorbed by these membranes and restricted from
effectively reaching the BK channels. The result that two different
and structurally dissimilar BK channel blockers, paxilline and
penitrem A, both elicited a similar increase in the failure rate
suggests that the effect results from specific inhibition of axonal
BK channels.

To further generalize our findings to orthodromic APs, we
also investigated the effects of BK channel blockers, as applied
locally to Purkinje cell axons, on the inhibitory synaptic trans-
mission between Purkinje cells and DCN neurons. We predicted
that, as BK channel blockers increase the failure of orthodromic
APs, synaptic transmission would be suppressed. In fact, we ob-
served a significant reduction of IPSC amplitude after focally
blocking axonal BK channels. Together, our results suggest that
axonal BK channels support high-frequency and high-fidelity fir-
ing of APs and their conduction in the myelinated axon of Pur-
kinje cells, thereby ensuring the output of the cerebellar cortex.

How does the BK channel support high-fidelity firing in the
axon? BK channels have rapid activation and deactivation kinet-
ics (Cui et al., 1997), which allow them to contribute to AHPs in
Purkinje cell somata (Womack and Khodakhah, 2002; Edgerton
and Reinhart, 2003; Swensen and Bean, 2003), in which an in-
crease of [Ca 2!]i in response to a single AP is sufficient to activate
somatic BK channels. Inhibition of somatic BK channels in Pur-
kinje cells reduces AHPs and yields increased AP firing (Edgerton
and Reinhart, 2003; Swensen and Bean, 2003; Womack et al.,
2009), presumably because of increased membrane depolariza-
tion after each AP. Therefore, if paranodal BK channels serve a

Figure 8. Reduction of IPSC amplitude in DCNs by local application of penitrem A to Purkinje cell axons. A, Schematic diagram showing the experimental setup. B, Prediction of the effect of
penitrem A. Blocking axonal BK channels would augment the propensity of failures of APs in the axon. Because single DCN neurons receive inputs from multiple Purkinje cell axons, occasional failures
of axonal APs would translate to a reduction of the amplitude of IPSCs rather than their failures. C, IPSCs recorded from DCN neurons before (Control) and after the application of penitrem A to the
white matter away from DCNs. Values were normalized to the first phasic IPSC in control. The blocker significantly reduced the overall amplitude of IPSCs evoked at 100 Hz. IPSCs recovered after a
5 min washout ( p ) 0.05 with 2-way ANOVA between Control and Penitrem A, n ) 10). *p ( 0.05 with post hoc analysis between Control and Penitrem A.
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similar role in the axon, BK channel inhibition would cause in-
creased axonal AP firing. However, the inhibition of axonal BK
channels decreased the firing of antidromic APs by increasing the
failure rate. In addition to nodal K! channels (Devaux et al.,
2003; Pan et al., 2006), large-conductance paranodal BK channels
might be critical to repolarize the nodal membrane to recover
Nav channels during high-frequency firing. In this scenario, in-
hibition of axonal BK channels would cause a slightly more de-
polarized nodal membrane potentials after each AP, thereby
slowing the recovery of Nav channels from inactivation and thus
reducing the availability of nodal Nav channels, resulting in an
increased failure rate (Yang and Wang, 2013). This is generally
consistent with the higher firing rates seen in dentate granule cells
in response to the gain of function for BK channels obtained in
the BK-"4 subunit knock-out mouse (Brenner et al., 2005).
Moreover, that BK channels located at different sites in the same
neuron can generate bidirectional effects on neuronal firing un-
der distinct conditions is consistent with complex roles for BK
channels in regulating excitability (Montgomery and Meredith,
2012). Future modeling studies may help clarify the ionic mech-
anism whereby paranodal BK channels support axonal APs in
Purkinje cells.

BK channels generally require Ca 2! for their activation by
physiological membrane potentials (Barrett et al., 1982), and a
recent report argues that Ca 2! is the primary determinant of BK
channel activation (Berkefeld and Fakler, 2013). However, there
exist distinct BK channel splicing isoforms, auxiliary subunits,
and interacting proteins that yield BK channels activated solely by
physiological membrane depolarization (Chen et al., 2005; Yan
and Aldrich, 2010). Therefore, it is possible that paranodal BK
channels do not require Ca 2!. Although highly localized in-
creases in Ca 2! have been observed at nodes of Ranvier of certain
axons (Zhang et al., 2010), more uniform Ca 2! transients are
seen in others (Zhang et al., 2006). We found that the broad-
spectrum Cav channel blocker Ni 2! showed an effect similar to
BK channel blockers in increasing the failure of antidromic APs.
These results suggest that R- and T-type Ni 2!-sensitive Cav
channels contribute to the regulation of axonal APs. This may be
consistent with the finding that Ni 2!-sensitive Cav channels are
expressed in the axon initial segment of Purkinje cells (Bender
and Trussell, 2009), because the nodal region often expresses a
similar repertoire of ion channels as found in the initial segment
(Chang and Rasband, 2013). Although the effects of Ni 2!, as well
as Ca 2!-free ACSF, might be mediated by other Ca 2!-sensitive
K! channels or Ca 2!-dependent processes, given the similar ef-
fect to BK blockers, we speculate that Cav channels supply Ca 2!

to paranodal BK channels and thereby contribute to the repolar-
ization of Purkinje cell axon nodal membranes.

In summary, the results described here demonstrate that para-
nodal BK channels regulate the function of Purkinje cell axons.
The regulation of individual axons by paranodal BK channels also
affects the synaptic transmission of Purkinje cells to DCNs, the
final output of the cerebellar cortex. Because we did not find
paranodal BK channels outside of the cerebellum, we speculate
that these paranodal BK channels may be a molecular specializa-
tion unique to the Purkinje cell axon, which confers on them
unique axonal physiology. Furthermore, the implication that Cav
channels are involved in regulating axonal APs suggests that
other Ca 2!-dependent processes may operate in myelinated ax-
ons to influence plasticity of axonal AP conduction in Purkinje
cells. The results presented here may contribute to a deeper un-
derstanding of the role of axonal Ca 2! in information processing
and cerebellar dysfunction.
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Monsivais P, Clark BA, Roth A, Häusser M (2005) Determinants of action
potential propagation in cerebellar Purkinje cell axons. J Neurosci 25:
464 – 472. CrossRef Medline

Montgomery JR, Meredith AL (2012) Genetic activation of BK currents in
vivo generates bidirectional effects on neuronal excitability. Proc Natl
Acad Sci U S A 109:18997–19002. CrossRef Medline

Ogawa Y, Schafer DP, Horresh I, Bar V, Hales K, Yang Y, Susuki K, Peles E,
Stankewich MC, Rasband MN (2006) Spectrins and ankyrinB constitute

a specialized paranodal cytoskeleton. J Neurosci 26:5230 –5239. CrossRef
Medline

Palkovits M, Magyar P, Szentágothai J (1972) Quantitative histological
analysis of the cerebellar cortex in the cat. IV. Mossy fiber-Purkinje cell
numerical transfer. Brain Res 45:15–29. CrossRef Medline

Pan Z, Kao T, Horvath Z, Lemos J, Sul JY, Cranstoun SD, Bennett V, Scherer
SS, Cooper EC (2006) A common ankyrin-G-based mechanism retains
KCNQ and NaV channels at electrically active domains of the axon.
J Neurosci 26:2599 –2613. CrossRef Medline

Poliak S, Peles E (2003) The local differentiation of myelinated axons at
nodes of Ranvier. Nat Rev Neurosci 4:968 –980. CrossRef Medline

Rasband, MN (2004) It’s “juxta” potassium channel! J Neurosci Res
76:749 –757.

Rasband MN, Shrager P (2000) Ion channel sequestration in central ner-
vous system axons. J Physiol 525:63–73. CrossRef Medline

Rasband MN, Trimmer JS, Schwarz TL, Levinson SR, Ellisman MH, Schach-
ner M, Shrager P (1998) Potassium channel distribution, clustering, and
function in remyelinating rat axons. J Neurosci 18:36 – 47. Medline

Rhodes KJ, Strassle BW, Monaghan MM, Bekele-Arcuri Z, Matos MF, Trim-
mer JS (1997) Association and colocalization of the Kvbeta1 and Kv-
beta2 beta-subunits with Kv1 alpha-subunits in mammalian brain K!
channel complexes. J Neurosci 17:8246 – 8258. Medline

Salkoff L, Butler A, Ferreira G, Santi C, Wei A (2006) High-conductance
potassium channels of the SLO family. Nat Rev Neurosci 7:921–931.
CrossRef Medline

Sargoy A, Sun X, Barnes S, Brecha NC (2014) Differential calcium signaling
mediated by voltage-gated calcium channels in rat retinal ganglion cells
and their unmyelinated axons. PLoS One 9:e84507. CrossRef Medline

Sausbier M, Hu H, Arntz C, Feil S, Kamm S, Adelsberger H, Sausbier U, Sailer
CA, Feil R, Hofmann F, Korth M, Shipston MJ, Knaus HG, Wolfer DP,
Pedroarena CM, Storm JF, Ruth P (2004) Cerebellar ataxia and Purkinje
cell dysfunction caused by Ca2!-activated K! channel deficiency. Proc
Natl Acad Sci U S A 101:9474 –9478. CrossRef Medline

Sausbier U, Sausbier M, Sailer CA, Arntz C, Knaus HG, Neuhuber W, Ruth P
(2006) Ca2! -activated K! channels of the BK-type in the mouse brain.
Histochem Cell Biol 125:725–741. CrossRef Medline

Schafer DP, Bansal R, Hedstrom KL, Pfeiffer SE, Rasband MN (2004) Does
paranode formation and maintenance require partitioning of neurofascin
155 into lipid rafts? J Neurosci 24:3176 –3185. CrossRef Medline

Schwarz JR, Glassmeier G, Cooper EC, Kao TC, Nodera H, Tabuena D, Kaji R,
Bostock H (2006) KCNQ channels mediate IKs, a slow K! current reg-
ulating excitability in the rat node of Ranvier. J Physiol 573:17–34.
CrossRef Medline

Swensen AM, Bean BP (2003) Ionic mechanisms of burst firing in dissoci-
ated Purkinje neurons. J Neurosci 23:9650 –9663. Medline

Telgkamp P, Raman IM (2002) Depression of inhibitory synaptic transmis-
sion between Purkinje cells and neurons of the cerebellar nuclei. J Neu-
rosci 22:8447– 8457. Medline

Telgkamp P, Padgett DE, Ledoux VA, Woolley CS, Raman IM (2004) Main-
tenance of high-frequency transmission at purkinje to cerebellar nuclear
synapses by spillover from boutons with multiple release sites. Neuron
41:113–126. CrossRef Medline

Trimmer JS (2015) Subcellular localization of K channels in mammalian
brain neurons: remarkable precision in the midst of extraordinary com-
plexity. Neuron 85:238 –256. CrossRef Medline

Tsantoulas C, Farmer C, Machado P, Baba K, McMahon SB, Raouf R (2013)
Probing functional properties of nociceptive axons using a microfluidic
culture system. PLoS One 8:e80722. CrossRef Medline

Tsien RW, Lipscombe D, Madison DV, Bley KR, Fox AP (1988) Multiple
types of neuronal calcium channels and their selective modulation.
Trends Neurosci 11:431– 438. CrossRef Medline
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