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To date, the beneficial effects of inhibiting TLR4 sig-
naling have been shown in some experimental acute injury
models using TLR4 mutant mice [6] and a lipid A analogue
[10]. Since previous investigations have revealed no effect
of TAK-242 on the function of the extracellular compo-
nents (MD2 and CD!14) and intracellular adaptor proteins
(MyD88, TIRAP, TRIF and TRAM), the inhibitory effects
of TAK-242 are considered to be due to the inhibition of
signaling mediated by the intracellular domain of TLR4,
such as the TIR domain [11, 25]. Mutational analysis using
TLR4 mutants indicated that TAK-242 inhibits TLR4
signaling by binding to Cys747 in the intracellular domain
of TLR4 [26]. Because of the small molecular size of
362 Da, TAK-242 can penetrate into tissues and cells and
act directly on intraceilular signaling pathways. TAK-242
inhibited MyD88-independent pathways as well as
MyD88-dependent pathways and its inhibitory effect was
largely unaffected by LPS concentration and types of
TLR4 ligands [26]. TAK-242 had no effect on the LPS-
induced conformational change of TLR4-MD-2 and TLR4
homodimerization. Therefore, TAK-242 might be effective
in a variety of clinical settings.

The inflammatory cascade in ALIVARDS is initiated by
several inflammatory mediators, including pro-inflamma-
tory cytokines and chemokines [27]. For example, TNF-¢
and IL-1 are early response cytokines that are produced in
response to inflammatory stimuli, such as LPS or other
microbial products [28]. In this study, TAK-242 strongly
inhibited the production of these cytokines that promote the
production of other mediators by macrophage, endothelial
cells, fibroblasts, and epithelial cells.

In this study, we administered TAK-242 15 min before
the intratracheal instillation. We previously showed that
TAK-242 inhibited LPS lethality when administered 1 h
before or simultaneous with intravenous LPS [121. In this
study, we examined whether TAK-242 is similarly effec-
tive on intratracheal stimuli. The time point of treatment
was chosen because TAK-242 is supposed to be distributed
in the whole body within 15 min.

Neutrophils have been recognized as important con-
tributors to the pathogenesis of ALI/ARDS [29-31].
In addition, LPS is known to induce a large influx of
neutrophils into the alveolar space [32]. In rodents, the two
most important chemokines for neutrophil recruitment into
the lung are KC and MIP-2 [15]. Since the production of
these chemokines was significantly inhibited in the groups
treated with TAK-242, we speculated that TAK-242 might
attenuate neutrophil accumulation mainly via this inhibi-
tory effect. In addition, TAK-242 treatment reduced the
level of MPO, a parameter of neutrophil activation, in BAL
fluid. It was indicated that TAK-242 might inhibit not only
neutrophil accumulation, but also activation or degranula-
tion in the alveolar space.

Since TAK-242 reduced the level of MPO in BAL fluid,
treatment with TAK-242 has been suggested to inhibit not
only neutrophil infiltration, but also activation or degran-
ulation in the alveolar space. However, whether the effect
of TAK-242 on neutrophil activation occurs through a
direct effect on neutrophils or via an inhibitory effect on
pro-inflammatory cytokines and chemokines remains to be
determined.

Another limitation of our study was that we used LPS,
not live bacteria, as an insult to induce lung injury. The
TLR4 signaling pathway is important for host defense,
especially against Gram-negative bacteria, as shown by the
impaired defense of TLR4 mutant mice with pneumonia
arising from infection with Klebsiella pneumoniae [33] and
Bordetella bronchiseptica [34]. However, not all studies
have shown that TLR4 is essential for adequate pulmonary
host defense. For example, TLR4 mutant mice showed no
difference in bacterial clearance following intranasal
inoculation with Legionella pneumophilia, compared with
a related substrain wild type for TLR4 [35]. TLR4 mutant
mice also showed reduced inflammatory responses with no
impairment in their ability to eliminate E. coli from the
lungs [36]. Therefore, TLR4 may not be necessary for lung
host defense against all Gram-negative bacteria, and we
think that the inhibitory effects of TAK-242 on TLR4
signaling observed in the present study were not overesti-
mated by our use of a lung injury mode! induced by LPS,
and not live bacteria. In addition, we did not examine the
effect of TAK-242 at later time points, because we focused
on its effect on acute phase of lung injury. A preliminary
experiment showed, however, a significant difference in
the cell count in BAL fluid that was collecied 12 h after
LPS challenge [mean & | SEM for the mice without
TAK-242 treatment: 22.0 + 1.1 (x10* per mL), whereas
for those treated with 3.0 mg/kg of TAK-242: 8.5 £ 3.2
(x10* per mL); P < 0.01]. It was suggested that TAK-242
treatment might exert a beneficial effect on LPS-induced
lung injury at later time points, which will be a subject of
future investigation.

In conclusion, TAK-242 suppressed the LPS-induced
production of inflammatory mediators, neutrophil recruit-
ment in the lung, and the development of lung injury in a
murine lung injury model. Neutrophils are responsible for
both host defense against bacterial pathogens and tissue
injury by releasing elastase and reactive oxygen species.
In the clinical practice, most of the patients with ALI are
treated with antibiotics. We think that, at least when bac-
terial activity is controlled by antibiotic therapy, blockade
of the TLR4 signaling pathway might attenuate neutrophil-
mediated lung injury rather than worsen bacterial infection.
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Pancuronium, 4mg/2mi 9.5 10 33
Atracurium 54.1 58 19.0
Atracurium, 50mg/5ml
Mivacurium, 10mg/5ml 55 8 2.6
Mivacurium, 20mg/10ml
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Vecuronium and Suxamethonium are also Useful Neuromuscular Blocking Agents,
in Addition to Rocuronium

Junzo TAKEDA
Department of Anesthesiology, School of Medicine, Keio University

Rocuronium became available on the market in 2007 in Japan, and it was about ten years behind
the rest of the world. The use of rocuronium is increasing quickly in Japan. However, vecuronium
and suxamethonium are still being used in the world now. Rocuronium has outstanding features such
as rapid onset and, no accumulation, and it comes in the form of a ready-to-use solution, but it has a
similar duration to vecuronium, a higher risk of anaphylactic reactions, possible accumulation by long-

term injection in patients in intensive care, and few data in pediatric patients. Suxamethonium is su-

perior as a neuromuscular blocking agent in rapid sequence induction, in anesthesia for cesarean sec-

tion and in emergency situations. It could still be considered that vecuronium and suxamethonium

are also useful agents, in addition to rocuronium.

Key Words : Rocuronium, Vecuronium, Suxamethonium, Anaphylactic reactions, Rapid sequence

induction
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Dynein- and activity-dependent retrograde
transport of autophagosomes in neuronal axons

Kiyoshi Katsumata,? Jun Nishiyama,' Takafumi Inoue,®* Noboru Mizushima,* Junzo Takeda? and Michisuke Yuzaki'*
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Abbreviations: Azg, autophagy-related genes; PBS, phosphate-buffered saline; P, postnatal day; NMDA, N-methyl-D-aspartic acid;

APV, D-2-amino-5-phosphono-valeric acid; EHNA, erythro-9-[3-(2-hydroxynonyl)] adenine; BafA, bafilomycin Al

Theaccumulation of autophagosomeswithinaxons s often observed inaxonopathies associated with various neurological
disorders, including those following excitotoxic insults. Nevertheless, the life cycle of autophagosomes in axons is not well
understood. In the present study, we used microexplant cultures of cerebellar granule cells from GFP-LC3 transgenic mice
to perform time-lapse imaging of LC3-positive dots in identified axons. Since these GFP-LC3 dots were never observed
in granule cells on an Atg5-null background, they were considered to represent autophagosomes. Under physiological
conditions, the autophagosomes showed bidirectional and saltatory movement with a bias towards one direction. Such
vectorial movement was largely blocked by the dynein motor inhibitor EHNA (erythro-9-[3-(2-hydroxynonyl)] adenine),
suggesting that the autophagosomes moved towards the soma, where most lysosomes are located. Interestingly,
the application of the glutamate analog N-methyl-D-aspartic acid (NMDA) as an excitotoxin increased the number of
autophagosomes in axons, while it did not significantly change its movement characteristics. These results suggest that
autophagosomes play important roles in axons and are dynamically regulated under physiological and pathological

conditions.

Introduction

Macroautophagy (which we will refer to as autophagy hereafter)
is a regulated catabolic mechanism whereby cells degrade their
own proteins and organelles in response to nutrient starvation.!
Many autophagy-related genes (Azg) have been identified in
yeast, and most of these genes are thought to play similar roles
in mammalian cells.? Two ubiquitin-like systems, the Azgl2 and
Arg8 (LC3 in mammals) systems, are crucial for autophagy; mice
deficient for Azg5 or Atg7, both of which are necessary for the
Argl2 and/or Atg8 conjugation systems, die during neonatal peri-
ods of starvation because of a lack of autophagy.>* Although the
basal level of autophagic activity is relatively low in the brain, the
neuron-specific knockout of Atg5 or Azg7 results in a slow neu-
rodegeneration in a cell-autonomous manner.¢ Interestingly, the
first sign of neurodegeneration in these mice is the accumulation
of aberrant membrane structures in swollen axons,”® indicating
that the autophagic pathway serves unidentified but important
physiological functions within axons. Although whether the
autophagic pathway exerts anti- or pro-death roles in neurons
under pathological conditions remains unclear,” the accumula-
tion of autophagosomes within axons is often associated with var-
ious neurodegenerative disorders,'™"! such as Alzheimer disease,!?
Huntington disease," Parkinson disease' and excitotoxic rodent

*Correspondence to: Michisuke Yuzaki; Email: myuzaki@a5.keio.jp
Submitted: 11/09/09; Revised: 01/19/10; Accepted: 01/20/10

models.”¢ Despite the potential importance of autophagy in
axons, the entire life cycle of autophagosomes in axons is not well
understood; how autophagosomes are trafficked and fuse with
lysosomes, which are mainly located in cell bodies distant from
the axons, remains largely unclear.

Recently, taking advantage of green fluorescent protein
(GFP)-labeled LC3 as a reliable marker of autophagosomes,”
the life cycle of autophagosome has begun to be characterized
using real-time imaging in neurons and neuronal cell lines. In
primary superior cervical ganglion (SCG) neurons and PCI2
cells, autophagosomes were initially observed in neurites but
then underwent retrograde and antegrade transport to the cell
body following nutrient deprivation.' In contrast, a preliminary
report showed that GFP-LC3 underwent retrograde transport in
the axons of cerebellar granule neurons in dissociated cultures.”
One confounding factor in these studies may be the inclusion of
both dendrites and axons in these analyses, since it is often dif-
ficult to differentiate axons from dendrites on the basis of mor-
phology alone. In addition, the CNS axons, which extend for a
long distance, are considerably different from the axons of PNS
and PC12 cells. Furthermore, when transiently overexpressed,
GFP-LC3 can be incorporated into protein aggregates indepen-
dent of autophagy.?® To circumvent these problems in the pres-
ent study, we adopted microexplant cultures of newborn mouse

Previously published online: www.landesbioscience.com/journals/autophagy/article/11262
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formed bundles, which were always immunopo-
sitive for tau-1 but immunonegative for MAP2
in the region distant from the microexplant
core, whereas a small portion of short tangential
neurites near the microexplant core were immu-
nopositive for MAP2 (Fig. 1A). We observed a
small number of GFP-LC3 puncta within the
axons (Fig. 1A) and soma (Fig. 1B) of the gran-
ule cells under normal (without nutrient depri-
vation) conditions. This finding is consistent
with earlier reports that the basal autophagic
activity is low in neurons’® To confirm that
the GFP-LC3 dots represent autophagosomes,

we prepared cultures from neuron-specific Azg5

cultures for wild-type and Atg5">/"%; nestin-Cre mice.

Figure 1. LC3-positive autophagosomes in the axons of granule cells in microexplant cul-
tures. (A) Inmunostaining of microexplant cultures prepared from GFP-LC3 transgenic mice
on postnatal day 8. The cultures were fixed at 8 days in vitro and immunostained for an
axonal marker tau-1 (blue) and a dendritic marker MAP2 (red). Long and thin neurites in the
region distant from the microexplant core were considered axons as they were immunopo-
sitive for tau-1 but immunonegative for MAP2. The axons shown in the white boxes on the
left panels are enlarged in the right panels. The white arrows indicate the GFP-LC3 dots in
the axons. Scale bars, 50 pm (left), 1 wm (right). (B) Absence of GFP-LC3 dots in the soma of
Atg5-null granule cells. Representative images of granule cells prepared from GFP-LC3 (left)
and GFP-LC3; Atg5™/"; nestin-Cre (right) mice are shown. Scale bar, 10 pm. (C) Absence of
GFP-LC3 dots in the axons of Atg5-null granule cells. The total number of GFP-LC3 dots was
counted in 10-pm lengths randomly selected on at least 10 axons from three independent

knockout mice expressing GFP-LC3 by cross-
ing GFP-LC3 transgenic mice with Azg5iovfox;
nestin-Cre mice’ As expected, small GFP-LC3
puncta were essentially missing in the soma
(Fig. 1B) and axons (Fig. 1C) of granule
cells in microexplant cultures prepared from
GFP-LC3; Atg5%*8%; nestin-Cre transgenic
mice. Although rare, relatively large and high-
intensity GFP-LC3 dots, which appear to be
protein aggregates, were observed in the soma of
a few GFP-LC3; Atg5%*%; nestin-Cre neurons.

cerebellar cortex, in which the granule cells migrate with eas-
ily identified axons. In addition, by preparing the cultures from
GFP-LC3 transgenic mice, we were able to monitor the autopha-
gosomes and their kinetics in the granule cell axons in a reliable
manner. Under physiological conditions, we found that autopha-
gosomes moved in a salutatory manner; that is, they moved and
stopped repeatedly, and sometimes changed direction, with a bias
towards one direction. This vectorial movement was dependent
on a dynein motor. Although the application of the glutamate
analog N-methyl-D-aspartic acid (NMDA) as an excitotoxin
increased the number of autophagosomes in the axons, it did not
significantly change their movement characteristics.

Results

In vitro model for monitoring the dynamics of autophagosomes
in neuronal axons. To monitor the dynamics of autophagosomes
in the axons of homogenous CNS neurons, we utilized cerebel-
lar microexplant cultures, in which almost all the neurons are
granule cells thar differentiate synchronously in vitro.” In addi-
tion, the granule cells reportedly migrate from microexplants,
guided by a leading process that later forms a parallel fiber axon

www.landesbioscience.com
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Similar GFP-LC3 dots, which were immunopo-
sitive for ubiquitin, were observed in some neu-
rons of GFP-LC3; Atg5™ neonates.’ Taken together, these results
indicate that small GFP-LC3 dots observed in microexplant
granule cell cultures correspond to autophagosomes and that this
system serves as a good model for analyzing autophagosomes in
axons. '

Dynamics of autophagosomes in axons. We next performed
time-lapse imaging of the GFP-LC3 autophagosomes within the
axons of granule cells using microexplant cultures. To follow the
movement of the autophagosomes while minimizing phototoxic-
ity and photobleaching, we took images every 10 s for a total dura-
tion of 5 min (Fig. 2A, Suppl. movie). To analyze the dynamics
of the movements, we constructed a kymograph by plotting
the position of each autophagosome as a function of time; the
initial and final positions of each autophagosome were defined
as zero and positive, respectively (Fig. 2B). Interestingly, while
some GFP-LC3 autophagosomes moved continuously during the
observation period (blue arrowheads, Fig. 2B), others stopped
after their initial movement (blue arrows) or moved in a saluta-
tory manner (orange arrowheads). Furthermore, the autophago-
somes occasionally moved in a direction opposite to that of the
final destination (red arrows, Fig. 2B). The distance that each
autophagosome traveled in each 10-s frame ranged from -2.0 pm
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to +4.9 Lm, with an average of 0.50 + 0.03 pm A
(mean + SEM, n = 840 frames; Fig. 2C). The
maximal speed at which each autophagosome
moved during the 5-min observation period
ranged from 0.07 m/s to 0.49 pm/s, with an
average of 0.25 + 0.02 pm/s (mean *+ SEM,
n = 28; Fig. 2D). These results indicate that
the autophagosomes observed in axons are
not static, but that they move dynamically by
changing speeds and sometimes directions.
Dynein-dependent retrograde transport
of autophagosomes in axons. Although the
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along microtubules to its minus ends. Thus, to

examine the direction and the motor respon-
sible for the movement of autophagosomes in
axons, we treated microexplant cultures with
a dynein ATPase inhibitor, erythro-9-[3-(2-
hydroxynonyl)] adenine (EHNA; 50 uM),*
for 4 h, which reportedly has little effect on
the antegrade axonal transport.”> The kymo-
graphic analysis indicated that this treat-
ment significantly reduced the movement of
the autophagosomes in the axons (Fig. 3A).
The mean distance that the autophagosomes
moved during the 5-min observation periods
was significantly shorter in cultures treated

Figure 2. Movement of LC3-positive autophagosomes in axons. (A) Representative time-

lapse images of GFP-LC3 dots in axons of granule cells. The arrows indicate autophagosomes |
moving along the axons of GFP-LC3 granule cells in microexplant cultures. Scale bar, 1 um. (B) |
Kymographs of autophagosomes in axons. The positions of 28 autophagosomes in the axons '
of GFP-LC3 granule cells were recorded every 10 s and plotted against time. The initial and

final positions of each autophagosome were defined as zero and positive, respectively. Sev-
eral movement patterns of the autophagosomes are shown by the arrows and arrowheads
(see Results). The interval between the time-lapse image frames was 10 s. (C) Frequency
histogram of the instantaneous speed of each autophagosome per frame. The instantaneous |
speed was measured by dividing the distance that each autophagosome traveled per 10-s
frame and was plotted as a histogram of the occurrence. The arrow indicates the final direc-
tion of the movement; the frequency distribution was skewed towards this direction. (D)
Frequency histogram of the maximal instantaneous speed of autophagosomes per frame. |
The maximal instantaneous speed at which each autophagosome moved during the 5-min
observation period was plotted as a histogram of the occurrence.

with EHNA (4.3 + 0.53 pm, n = 26) than

in those treated with DMSO (15.1 £ 1.7 pim, n = 28; p < 0.01
according to the Mann-Whitney U test; Fig. 3B). Similarly, the
maximal speed at which each autophagosome moved during the
5-min observation was significantly slower in cultures treated
with EHNA (0.13  0.02 im) than in those treated with DMSO
(0.25 £ 0.02 um; p < 0.01 according to the Mann-Whitney U
test; Fig. 3C). EHNA treatment did not inhibit the movement
of DsRed-tagged synaptophysin, which is mainly transported by
antegrade motors in the axons (Fig. 3D), confirming the spe-
cific effects of EHNA on retrograde motors. Autophagosomes are
known to target lysosomes, where their contents are degraded. As
reported earlier,'>* the lysosomal marker lamp-1 was virtually
missing in axons and was localized mainly in the soma, partially
overlapping with the GFP-LC3 dots (Fig. 3E). Altogether, these
results indicated that although the autophagosomes moved bidi-
rectionally in axons, they traveled preferentially in a retrograde
direction via dynein motors to the neuronal cell body, where the
lysosomes are located. Although dynein may also be involved in
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the fusion between autophagosomes and lysosomes, its major role
in axons is likely retrograde transport of autophagosomes back to
the cell body where lysosomes were mainly located.

Neuronal activity-dependent change in the kinetics of
autophagosomes in neuronal axons. The accumulation of
autophagosomes within axons has been reported in various neu-
rodegenerative disorders, which are associated with excitotoxic-
ity.!®"" Thus, we next investigated the effect of NMDA treatment
on the dynamics of autophagosomes in axons. Microexplant cul-
tures were incubated in a medium containing 300 pM of NMDA
plus 5 UM of glycine or the selective NMDA antagonist D-2-
amino-5-phosphonovaleric acid (APV; 50 M) as a control for
24 h. Under these conditions, the lactose dehydrogenase (LDH)
levels increased in the NMDA-treated cultures (11 = 2% of total
LDH content, n = 4) to a greater extent than in the control cul-
tures (4.0 £ 0.1% of total LDH content, n = 4; p < 0.01 accord-
ing to the Student’s t test). Similarly, the number of GFP-LC3
dots increased by approximately 2.5-fold in the axons of NMDA-
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Finally, to further examine whether NMDA
treatment increased the de novo formation of
autophagosomes, we performed immunoblot-
ting analysis with anti-LC3 antibody; a lipi-
| dated form of LC3, LC3-II, has been shown to
. be a specific autophagosomal marker in mam-

mals.” We found that the ratio of LC3-II to
! its unlipidated form LC3-I was significantly
! increased in lysates prepared from cultured
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| granule cells treated with 300 pM of NMDA
. plus 5 pM of glycine for 24 h (p < 0.05, n =
5; Fig. 5A and B). When fusion of autopha-
gosomes and lysosomes was blocked by incu-
bation with a medium containing 200 nM of
bafilomycin Al (BafA)?® for the last 4 h, the
. LC3-II/LC3-I ratio was significantly increased
' in both control and NMDA-treated granule
cells (p < 0.01 vs. control without BafA, n = 5;
Fig. 5A and B). Importantly, the LC3-II/LC3-I

ratio was significantly higher in NMDA/BafA-

marker lamp-1 (red) and GFP-LC3 (green).

Figure 3. EHNA treatment inhibited the movement of autophagosomes in axons. (A) Kymo-
graphs of autophagosomes following EHNA treatment. After treating the GFP-LC3 granule
cells with EHNA (50 pM) for 4 h, the positions of 26 autophagosomes in the axons were
recorded every 10 s and plotted against time. (B) Total distance that the autophagosomes
travelled in control and EHNA-treated granule cell axons during 5-min periods. (C) Fre-
quency histogram of the maximal instantaneous speed of autophagosomes per frame. The
maximal instantaneous speed at which each autophagosome moved during the 5-min ob-
servation period in control and EHNA-treated granule cell axons was plotted. **p < 0.01. (D)
Representative time-lapse images of DsRed-tagged synaptophysin in axons of granule cells. |
Cerebellar explant cultures were infected with lentivirus encoding DsRed-synaptophysin

at7 DIVand imaged at 14 DIV after treatment with or without EHNA for 4 h. Red arrows
indicate DsRed-synaptophysin fluorescence and blue arrowheads indicate synaptic buttons. |
Scale bar, 1 pm. (E) Colocalization of GFP-LC3 dots with putative lysosomes in the soma of
granule cells. GFP-LC3 granule cells were fixed and double-immunostained for a lysosomal

treated cells than in NMDA-treated cells (p <
0.01, n = 5; Fig. 5A and B), a result indicating
that NMDA-induced increase in the LC3-II/
LC3-I ratio was caused by enhancement of
the autophagic influx, not by inhibition of
autophagic degradation.?®* Furthermore, the
level of p62/SQSTML, a selective substrate of
autophagy used as an indicator of autophagic
degradation activity,?! was reduced by NMDA
treatment (Fig. 5C). These results are consis-
tent with increased GFP-LC3 dots in axons of
granule cells (Fig. 4) and support the view that
NMDA treatment increased the de novo for-

treated granule neurons (p < 0.01 according to the Mann Whitney
U test; Fig. 4A). Time-lapse imaging of the GFP-LC3 dots in
the axons revealed that the population of fast-moving autopha-
gosomes tended to increase in the axons of NMDA-treated neu-
rons (Fig. 4B), although most autophagosomes moved relatively
slowly in both NMDA-treated and control neurons; thus, the
mean distances that the autophagosomes traveled did not dif-
fer significantly between these two groups (Fig. 4C). Similarly,
the maximal speed at which each autophagosome moved during
the 5-min observation periods peaked at 0.4-0.5 pum/s in neu-
rons treated with NMDA, while it peaked at 0.2—-0.3 pm/s in the
control neurons (Fig. 4D), although the mean velocity did not
differ significantly between these two groups (0.36 + 0.03 pm/s
for NMDA vs. 0.27 % 0.03 wm/s for control, p > 0.1 according
to the Mann-Whitney U test). Thus, although whether NMDA
treatment increased the overall trafficking of autophagosomes
remains unclear, it seemed to stimulate the movement of at least
a proportion of the autophagosome population. These results
indicate that excitotoxic stimuli, as mimicked by NMDA treat-
ment, increased the number of autophagosomes in axons not by
inhibiting their movements.
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mation of autophagosomes in granule cells.

Discussion

Although the accumulation of autophagosomes within axons is
often observed in axonopathies associated with various neuro-
logical disorders, the life cycle of autophagosomes in axons is not
well understood.!®"" In the present study, we used microexplant
cultures of cerebellar granule cells from GFP-LC3 transgenic
mice to perform time-lapse imaging of LC3-positive autophago-
somes in well-defined CNS axons.

Dynamics of autophagosomes in axons under physiologi-
cal conditions. The basal autophagic activity level is generally
considered very low in the brain in vivo.>¢ Nevertheless, we con-
stantly observed a small number of GFP-LC3 dots in the axons
of cultured granule cells under normal conditions. This result
might be explained by the difficulty that arises when using the
thin slices required for an electron microscopic analysis to detect
the small number of autophagosomes in long axons running in
various directions. In addition, since the granule cells that were
used in this study correspond to those at early developmental
stages (postnatal days 10-14), the endogenous autophagic activ-
ity level might have been relatively high.?? Also, the autophagic
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activity level might have been somewhat increased
because of the culture conditions, under which
some nutrients were missing. Nevertheless, few
autophagosome-like double membrane structures
have been reported in the axons of wild-type
Purkinje cells neurons in vivo.”** In addition, the
carliest sign of neurodegeneration in neuron-spe-
cific Arg5 or Atg7 knockout mice is alocal swelling
of the axons around their terminals,”® indicating
that autophagic activity plays crucial physiologi-
cal roles in the maintenance of axons. Therefore,
we believe that the dynamics of autophagosomes
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ports various cargos on microtubules. Since the
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The reason why autophagosomes did not show

vectorial movement in neurites (a mixture of
axons and dendrites) of SCG neurons and PC12
cells is unclear, but microtubules may be arranged
differently in neurites than in axons. In contrast,
GFP-LC3 reportedly exhibited unidirectional,
retrograde transport in putative axons of cer-
ebellar granule cells in dissociated cultures when
examined in a preliminary study.”” Although the
details were not described, small antegrade move-
ment could be easily missed if time-lapse imag-
ing was performed for a short duration or at long

Figure 4. Activity-dependent regulation of autophagosomes in granule cell axons. (A) In- |
creased number of autophagosomes in the axons of granule cells treated with NMDA. The |
number of GFP-LC3 dots per unit length in randomly selected distal axons was counted in
granule cells treated with NMDA (300 1M) plus glycine (5 uM) for 24 h. The value in control |
granule cells treated with APV (50 uM) was arbitrarily defined as 100%. **p < 0.01, n=30
regions each: (B) Kymographs of autophagosomes in control and NMDA-treated granule
cells. After tréating GFP-LC3 granule cells with NMDA or APV (control) for 24 h, the posi-
tions of the autophagosomes (26 for control and 28 for NMDA) in the axons were recorded |
every 10 s and plotted against time. (C) Total distance that the autophagosomes traveled

in control and NMDA-treated granule cell axons during 5-min periods. (D) Frequency his-
togram of the maximal instantaneous speed of autophagosomes per frame. The maximal
instantaneous speed at which each autophagosome moved during the 5-min observation |
period in control and NMDA-treated granule cell axons was plotted. i

i

intervals. Recently, autophagosomes have been
shown to travel bidirectionally with a net move-
ment towards the microtubule-organizing center in HeLa cells*
and rat kidney cells.* Furthermore, the movement of autopha-
gosomes and its fusion with lysosomes, which are located around
the centrosome, was also reduced by EHNA and other reagents
blocking dynein motors in these cells.?** Therefore, the pres-
ent study has not only confirmed earlier studies reporting that
autophagosomes show dynamic movements in neurons, but has
also established the view that autophagosomes undergo bidirec-
tional transport with a bias towards the soma, where most lyso-
somes are located (Fig. 3D), in the CNS axons as well as in other
non-neuronal cells.

Autophagosomes under pathological conditions. The appli-
cation of NMDA>*¢ or kainate> to neurons reportedly results in
an increase in the number of autophagosome-like structures and
the accumulation of the lipidated form of LC3, which is asso-
ciated with autophagosomal membranes, in neurons. Although

382

Autophagy

the mechanisms underlying this phenomenon are still unclear,
either an enhancement in the de novo formation of autophago-
somes or a decrease in the clearance of existing autophagosomes
might be responsible. For example, the decreased clearance of
autophagosomes is associated with several neurodegenerative
disorders, such as Alzheimer disease'? and Parkinson disease."
In contrast, in /urcher mutant mice, where a constitutive activ-
ity of the 62 glutamate receptor causes the neurodegeneration
of cerebellar Purkinje cells,”*® the earliest sign of abnormal-
ity was the accumulation of autophagosomes in Purkinje cell
axons without a reduction in the clearance of autophagosomes.?
Recently, autophagosome formation in /urcher have been shown
to be caused by excessive cation influx into Purrkinje cells.®* The
present findings that NMDA treatment increased the number of
GFP-LC3 dots in axons (Fig. 4) and enhanced the de novo for-
mation of autophagosomes (Fig. 5) also support the view that
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Figure 5. The effect of NMDA treatment on the production and
degradation of autophagosomes. (A and B) Cultured granule cells
were treated with 50 pM APV (Ctrl) or 300 tM NMDA plus 5 uM glycine
(+NMDA) for 24 h. The cells were treated with (+) or without (-) 200 nM
bafilomycin A1 (BafA) for the last 4 h and subjected to immunoblot
analysis using anti-LC3 and anti-actin antibodies. Representative im-
ages (A) and quantitative analysis (B) were shown. The actin level was
shown as a control. Each bar represents the mean + SEM (n = 5) *p <
0.05, **p < 0.01. (C) Immunoblot analysis of granule cells treated with
NMDA using anti-p62/SQSTM1 antibody. The p62/5QSTM1 level was
reduced in granule cells treated with 300 pM NMDA plus 5 uM glycine
(+NMDA) for 24 h, a result indicating an increased autophagic activity.
The actin level was shown as a control.

excitotoxic insults, which accompany cation influx, induce the
formation of autophagosomes in axons.

Although the maximal movement of the autophagosomes in
the axons (0.07-0.49 pum/s; Fig. 2D) was slower than what can
be achieved using dynein motors (1-4 wm/s),*! it was similar to
that observed in rat kidney cells (0.05-0.24 pm/s).” Similarly,
although the responsible motors are unclear, ER subcompart-
ments and RNA granules have been shown to travel bidirection-
ally in the dendrites of hippocampal neurons at speeds of 0.2-0.3
Mm/s.*? The slow movement of autophagosomes observed in axons
may result from the occurrence of intermittent pauses or direc-
tional switching. Thus, if the formation of autophagy is further
increased under pathological conditions in neurons that have long
axons, the slow speed of the retrograde movement could become
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the rate-limiting step of the turnover of autophagosomes. Indeed,
the loss of dynein function reportedly causes neurodegeneration
by reducing the rate of the autophagic clearance of misfolded pro-
teins.®® Interestingly, although lysosomes are mainly located near
the nucleus of neurons under normal conditions, they were also
observed in the axons of /urcher Purkinje cells,”® suggesting that
under some conditions, lysosomes may be formed at or trans-
ported to axons and may help the clearance of autophagosomes
locally. Further studies are warranted to clarify the mechanisms
by which the number and movement of autophagosomes and
lysosomes are controlled in axons under physiological and patho-
logical conditions.

Materials and Methods

Animals. GFP-LC3 transgenic mice (B57BL/6]) were generated
as described previously” and crossed with neural cell-specific
Atg5 deficient mice (Azg5%8; nestin-Cre, 129xB57BL/6]).
Genotyping for the GFP-LC3, Atg5ﬂ‘”‘ and the Cre gene has been
described previously>”” ICR mice were purchased from SLC
(Hamamatsu, Japan). All procedures relating to the care and
treatment of the animals were performed in accordance with the
NIH guidelines. The animals were killed by decapitation after
anesthetization with tribromoethanol.

Virus preparation and cerebellar infection. The expression
plasmid of pPDGF-synaptophysin-EGFP were kindly provided
by Dr. Y. Goda (University College London, London, UK). The
cDNA encoding EGFP in the plasmid was replaced by that of
DsRed-Monomer (DsRed) (Clontech, 632466) and subcloned
into pCL20cMSCV vector* to produce pCL20cMSCV-synap-
tophysin-DsRed. Vesicular Stomatitis Virus-G protein (VSV-G)
pseudotyped lentiviral vectors were provided by St. Jude Children’s
Research Hospital (Memphis, TN, USA). Virus particles were
produced according to the method described eatlier.®” Briefly,
human embryonic kidney (HEK) 293T cells were transfected
with a mixture of four plasmids, pCAGkGPIR, pCAG4RTR2,
pCAG-VSV-G and pCL20cMSCV-synaptophysin-DsRed, by
a calcium phosphate precipitation method. Sixteen hours after
transfection, the cells were washed with phosphate-buffered
saline (PBS) twice and then cultured for an additional 24 h. The
medium containing virus particles was harvested 40 h after trans-
fection, filtered and centrifuged at 25,000 rpm for 90 min. The
virus particles were finally suspended in PBS (pH 7.4), frozen
in aliquots, and stored at -80°C. The titers of virus stocks were
measured by transducing HEK 293T cells. Cerebellar microex-
plant cultures were infected with lentivirus at 7 d in vitro and
incubated for additional 7 d for live-cell imaging.

Cell cultures. Cerebellar microexplant cultures were pre-
pared as described previously.*® Briefly, the cerebella from 5- to
7-day-old GFP-LC3 or GFP-LC3; Atg5%¥/%*; nestin-Cre trans-
genic mice were isolated, freed from meninges and the choroid
plexus using fine forceps, and cut into small pieces (30-50 pm)
with scissors in ice-cold Hanks” balanced salt solution (Nacalai
Tesque, 17460-15). The microexplants were washed three times,
plated on 18-mm coverslips (Fisher Scientific) coated with poly-
L-ornithine hydro bromide (Sigma, P4638), and maintained at
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37°C with 5% CO, in a serum-free culture medium consisting
of Neurobasal medium (Invitrogen, 21103-049) supplemented
with 2.5 mM L-glutamine (Nacalai Tesque, 16919-55), 2.5%
B-27 (Invitrogen, 0050129SA), and 0.01% penicillin/streptomy-
cin. The cultured cells were used for experiments at 5-7 days in
vitro.

Primary cultures of cerebellar granule cells were prepared from
ICR mice on postnatal day 5-7, as described previously.#” Cells
were plated at a density of 2 x 10° cells on 35 mm-diameter dishes.
Cells were maintained at 37°C with 5% CO, in a serum-free
culture medium consisting of Neurobasal medium (Invitrogen,
21103-049) supplemented with 2.5 mM L-glutamine (Nacalai
Tesque, 16919-55), 2.5% B-27 (Invitrogen, 0050129SA), and
0.01% penicillin/streptomycin. The cultured cells were used for
experiments at 5—7 days in vitro.

Immunocytochemistry. Cultures were washed once in PBS
and fixed with 4% paraformaldehyde for 20 min. After rinsing
with PBS, the cells were permeabilized with 0.2% Triton X-100
in PBS with 2% normal goat serum and 2% bovine serum albu-
min for 1 hat4°C. Immunocytochemical staining was performed
using antibodies against microtubule-associated protein 2 (1:500;
Millipore, AB5622), taul (1:100; Millipore, MAB3420) and
lamp-1 (1:100; Stressgen, VAM-EN001), followed by incubation
with Alexa 488- and Alexa 546-conjugated secondary antibodies
(1:1,000; Molecular Probes). The stained cells were viewed using
a fluorescence microscope (Nikon) or a confocal laser-scanning
microscope (Fluoview; Olympus).

Live-cell imaging. For the time-lapse imaging experiments, the
cover slips were transferred to an experimental chamber, washed
three times, and resuspended in artificial cerebrospinal fluid solu-
tion (110 mM NaCl, 5 mM KCl, 1 mM CaCl,, 10 mM glucose
and 20 mM HEPES, pH 7.3 with KOH). Cells were maintained
at 35°C by heating the experimental chamber (Medical systems
corp, TC-202). The fluorescence of GFP-LC3 was visualized
under an inverted microscope (Olympus, IX-70) and a 60x objec-
tive (NA 1.42; Olympus) using standard filter sets and a mercury
lamp. Sequential images were acquired with a cooled CCD cam-
era (Hamamatsu Photonics, ORCA-ER) equipped with a motor-
ized filter wheel (Sutter Instrument, Lambda 10-2) controlled
by the TI Work Bench software (written by T. Inoue). Images
were taken every 10 s for 5 min. The distance each GFP-LC3 dot
moved between two frames was measured using TI Work Bench.

The mean number of autophagosomes was calculated by count-
ing the number of GFP-LC3 dots in 30 randomly set 10-um-long
axon regions that were located farther than 200 pm from the
microexplant core.

Western blot analysis. Cultured granule cells were solubilized
in TNE buffer (50 mM NaF, 1% NP-40, 20 mM EDTA, 1 uM
pepstatins, 2 Ug/ml leupeptin, 10 pg/ml aprotinin, 0.1% SDS,
50 mM Tris-HCI, pH 8.0) for 1 h at 4°C. Soluble and insoluble
fractions were separated by centrifugation at 11,500 xg for 20
min. Both fractions were incubated in SDS-PAGE sample buf-
fer for 5 min at 95°C. After centrifugation, the supernatant was
loaded onto SDS-polyacrylamide gels. The proteins were trans-
ferred to polyvinylidene difluoride membranes (Immobilon-P,
Millipore), allowed to react with antibodies against LC3 (1:500)
(Nanotool, 0231-100), p62/SQSTMI (1:100) (Progen, GP62-C)
or actin (1:500) (Sigma, A4700). Proteins were visualized using
the chemiluminescence detection system ECL Plus (Amersham
Pharmacia).

Chemicals. EHNA (erythro-9-[3-(2-hydroxynonyl)] adenine)
(Sigma, E114), NMDA (N-methyl-D-aspartate) (Sigma, M3262),
glycine (Sigma, 15527), APV (D-2-Amino-5-phosphono-valeric
acid) (Sigma, A5282), and bafilomycin Al (Wako, 023-11641)
were used in this study.

Data analysis. The results are presented as the means + SEM,
and a p value < 0.05 was considered significant. The data were
evaluated using an unpaired Student’s t test. Nonparametric data
were evaluated using the Mann-Whitney U test using Statview
software (SAS Institute Inc.,).
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Regional Spinal Cord Cooling Using a
Countercurrent Closed-Lumen Epidural Catheter

Hideyuki Shimizu, MD, PhD, Atsuo Mori, MD, PhD, Tatsuya Yamada, MD, PhD,
Akiko Ishikawa, MD, Hideyuki Okano, MD, PhD, Junzo Takeda, MD, PhD, and

Ryohei Yozu, MD, PhD

Departments of Cardiovascular Surgery, Anesthesiology, and Physiology, Keio University, Shinjuku-ku, Tokyo, Japan

We developed a method of regional spinal cord cooling
by using an epidural catheter containing cold saline in its
isolated counter-current lumen. We describe the clinical
application of this innovative procedure to the preven-
tion of paraplegia during surgery for thoracic and thora-
coabdominal aortic aneurysms.
(Ann Thorac Surg 2010;89:1312-3)
© 2010 by The Society of Thoracic Surgeons

araplegia associated with surgery for thoracic and

thoracoabdominal aortic aneurysm remains a dev-
astating complication. We previously demonstrated the
ability of regional spinal cord cooling using a custom-
designed epidural catheter to prevent ischemic spinal
cord injury in experimental studies using pigs [1, 2]. We
applied this novel system in a clinical setting.

Technique

Patients

Six patients (4 men, 2 women; aged 57 to 80 years) with
aneurysms of the descending thoracic (5 patients) or
thoracoabdominal (1 patient) aorta underwent elective
surgery using our novel cooling method between Sep-
tember 2008 and January 2009. The cause of aortic disease
was atherosclerotic aneurysm (n = 3), aortic dissection
(n = 2), and pseudoaneurysm after infection (n = 1). Four
of the 6 patients had prior operations on the abdominal
aorta (n = 2), the transverse aorta (n = 1), and both (n =
1). The Institutional Review Board of Keio University
Hospital approved the study, and written, informed con-
sent was obtained from each patient to participate in all
procedures associated with the study.

Continuous Cord Cooling System Using a
Custom-Designed Epidural Catheter

A custom-designed polyurethane epidural catheter (Uni-
tika, Tokyo, Japan) (Fig 1), an external circuit tube, and a
pump with a hollow fiber heat exchanger (Senko-Ika Co,
Ltd, Tokyo, Japan) comprised a circuit (Fig 2). The catheter
(16-gauge outer diameter; length, 30 cm) has two ends that
form the inlet and outlet of a single U-shaped closed lumen
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inside it. The direction of the flow of saline infused from the
inlet reverses at the tip of the catheter and flows out of the
outlet. The temperature of the saline is reduced to 12°C to
13°C by a cooling unit, infused into the inlet of the coun-
tercurrent catheter and then circulated by an external roller
pump at an approximate flow rate of 60 mL/min.

Percutaneous Installation of Cooling Catheter

The catheter was positioned percutaneously on the day
before surgery. Patients were placed in the prone position.
A local anesthetic was applied and then the skin on the
back was punctured with a special epidural Touhy-type
needle with a thin polyurethane outer-sheath (Unisis-
Unitika, Tokyo, Japan) through the paramedian approach at
level 1 to 2 of the lumbar spine. The needle was advanced
until the tip reached the epidural space and then removed
without moving the outer sheath. The cooling catheter was
introduced into the epidural space through the outer
sheath, and was advanced in the direction of the head as far
as it could contact the segment of the spinal cord that would
be under ischemic stress during aortic cross clamping.
Fluoroscopic guidance confirmed the proper placement,
after which the outer sheath was peeled off. The catheter
was affixed to the skin and left in situ until surgery.

Surgical Procedure, External Corporeal Bypass, and
Epidural Cooling Protocol

Surgery proceeded with patients in the right-sided lateral
position. A left thoracotomy was performed through an
appropriate intercostal space. The skin incision was ex-
tended toward the umbilicus, and the diaphragm was
divided in 1 patient with a thoracoabdominal aortic aneu-
rysm. Heparin sulfate was injected intravenously, and then
a femoro-femoral bypass with a centrifugal pump and a
membrane oxygenator was established for distal perfusion
during aortic cross clamping. We did not actively cool the
blood with an external heat-exchanger, although the rectal
temperature spontaneously dropped to 33.6°C to 36.2°C.
The aorta was cross clamped using the serial shift tech-
nique in 2 patients and was replaced with prosthetic grafts.
The intercostal arteries were reconstructed in a beveled
fashion in 4 patients, and the celiac and superior mesenteric
arteries were reconstructed using a branched graft in 1.
Regional spinal cord cooling was started 30 minutes before-
hand, continued during aortic cross clamping, and termi-
nated 30 minutes after unclamping. None of the patients
underwent cerebrospinal fluid drainage. Motor-evoked po-
tentials (MEPs) were monitored in all patients.

0003-4975/10/$36.00
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Results

The mean durations of aortic cross clamping and external
corporeal bypass were 52.0 = 18.7 and 65.3 = 19.5 minutes,
respectively. Motor-evoked potentials did not disappear
during or after aortic cross clamping in any of the patients,
and none of them died in the hospital. All patients recov-
ered full use of their lower limbs with no paraplegia or
paraparesis on the day of surgery. Complications, including
coagulopathy and cardiac events, did not arise.

Comment

Paraplegia remains the most serious complication asso-
ciated with thoracic and thoracoabdominal aortic aneu-
rysm. Hypothermia is one of the most reliable methods of
protecting the spinal cord from ischemia, but systemic
hypothermia confers several risks, including coagulopa-
thy, arrhythmia, and lung dysfunction. Cambria and
coworkers [3] described favorable clinical results of local
cooling by infusing iced saline into the epidural space
during aortic cross clamping. However, it might cause a
detrimental increase in cerebrospinal fluid pressure. To
avoid such adverse effects, we developed an alternative
technique for epidural cooling using a custom-designed
countercurrent catheter. We demonstrated in pigs that a
cooling catheter containing saline at a temperature of 4°C
circulating at a flow rate of 45 mL/min could cool the
spinal cord by 9.7°C without elevating cerebrospinal fluid
pressure. The spinal cord was protected from 45 minutes
of ischemia, induced by aortic cross clamping without
distal perfusion [1, 2]. Based on these results as well as
the outlet temperature of the circulating saline, we de-
termined the cooling conditions for clinical applications.

Fig 1. Epidural cooling catheter. Cold saline circulates in closed lu-
men of catheter, turning back at tip without leakage.
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Fig 2. Schematic illustration of continuous cord cooling system.
Closed loop circuit comprises epidural cooling catheter, circulating
pump, and hollow-fiber cooling unit.

We did not measure cerebrospinal fluid temperature and
pressure to avoid the complexity of installing another
catheter. However, such measurements might be helpful
to rigorously adjust cooling conditions for each individ-
ual. The combination of epidural cooling and cerebrospi-
nal fluid drainage might be a promising strategy.

We also developed a Touhy-style epidural needle with
an outer sheath that can be peeled off. This modification
allowed installation of the catheter into the epidural
space without laminectomy, similar to epidural pacing
lead placement against phantom pain control.

Although our patient cohort was small, the clinical
application of regional spinal cord cooling using a cus-
tom-designed countercurrent epidural catheter proved
successful as an additional protection against paraplegia.
Further clinical trials are warranted to confirm that this
technique protects against paraplegia during surgery for
thoracic and thoracoabdominal aortic aneurysms.
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Research (C) of the Ministry of Education, Culture, Sports,
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Nobuyuki Kabei, PhD for excellent technical assistance.
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