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-I1, 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 UM 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 LC3-1I/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 uM) 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 DIV and 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 um. (E) Colocalization of GFP-LC3 dots with putative lysosomes in thesomaof |
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/SQSTMI, 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 wm/s in neu-
rons treated with NMDA, while it peaked at 0.2—0.3 um/s in the
control neurons (Fig. 4D), although the mean velocity did not
differ significantly between these two groups (0.36 + 0.03 Lm/s
for NMDA vs. 0.27 % 0.03 pm/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 anrnph:g;r nrrivir}r is ggngfajl}f

I PVP‘

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 eatly developmental
stages (postnatal days 10-14), the endogenous autophagic activ-
ity level might have been relatively high.?? Also, the autophagic
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cal roles in the maintenance of axons. Therefore, 0\&\ \@?" 2
we believe that the dynamics of autophagosomes S -.g
observed in cultured granule cells at least partly =)
reflect those naturally occurring in vivo. #
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each minus end points toward the nucleus. =3
Dynein is the major minus-end motor that trans- © 20 4 rL D 40,
ports various cargos on microtubules. Since the 2 =
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. e 2 > CJ NMDA
was greatly reduced by the dynein motor inhibitor | © 10 | Q' 20,
EHNA (Fig. 3A-C), the autophagosomes likely | @ )
traveled preferentially in a retrograde direction g ] g
via dynein motors. Autophagosomes were previ- o 0 T 0
ously reported to undergo bidirectional transport | < N ’
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in neurites following the deprivation of a nerve D Maximal instant. speed (um/s)
growth factor in SCG neurons and PC12 cells.®
The reason why autophagosomes did not show 7
vectorial movement in neurites (a mixture of Figure 4. Activity-dependent regulation of autophagosomes in granule cell axons. (A) In- |
axons and dendrites) of SCG neurons and PC12 creased number of autophagosomes in the axons of granule cells treated with NMDA. The
cells is unclear, but microtubules may be arranged number of GFP-LC3 dots per unit length in randomly selected distal axons was counted in
dfferently in newrites than i sotis, Tn, conteast granule cells treated with NMDA (300 pM) plus glycine (5 pM) for 24 h. The value in control
4 uriees . " n ¢ n ast, granule cells treated with APV (50 pM) was arbitrarily defined as 100%. **p <0.01,n=30 .
GFP-LC3 reportedly exhibited unidirectional, regions each. (B) Kymographs of autophagosomes in control and NMDA-treated granule
retrograde transport in purtative axons of cer- | cells. After treating GFP-LC3 granule cells with NMDA or APV (control) for 24 h, the posi-
ebellar granule cells in dissociated cultures when tions of the autophagosomes (26 for control and 28 for NMDA) in the axons were recorded
examined in a preliminary study."® Although the | 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- |
details were not described, small antegrade move- il : . :
i . L . togram of the maximal instantaneous speed of autophagosomes per frame. The maximal i
ment could be easily missed if tlm'e—lapse lmag- | instantaneous speed at which each autophagosome moved during the 5-min observation
ing was performed for a short duration or at long | period in control and NMDA-treated granule cell axons was plotted.

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
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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 furcher mutant mice, where a constiturive 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 uM APV (Ctrl) or 300 uM 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/SQSTM1 level was
reduced in granule cells treated with 300 uM 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 um/s; Fig. 2D) was slower than what can
be achieved using dynein motors (1-4 m/s),* it was similar to
that observed in rat kidney cells (0.05-0.24 pwm/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
Hm/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, Atg5" 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 earlier.”’ Briefly,
human embryonic kidney (HEK) 293T cells were transfected
with a mixture of four plasmids, pPCAGkGP1R, 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 57, 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 (Iavitrogen, 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-cellimaging. 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-pm-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 [tg/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/SQSTM]1 (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
Custoimi-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
doi:10.1016/j.athoracsur.2009.06.045
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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.
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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.

This study was supported by a Grant-in-Aid for Scientific
Research (C) of the Ministry of Education, Culture, Sports,
Science, and Technology. We express special thanks to
Nobuyuki Kabei, PhD for excellent technical assistance.
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ABSTRACT

Airway Management in a Patient with Cavernous
Hemangioma of the Hypopharynx and Larynx

Tomohiro SuHARA, Kiyoshi MoRIvAMA*,
Yuki Hosokawa, Kimiaki A1,
Junzo TAKEDA

Department of Anesthesiology, School of Medicine, Keio
University, Tokyo 160-8582
*Department of Anesthesiology, Kyorin University Faculty
of Medicine, Tokyo 181-8611

A 48-year-old woman was diagnosed with cavernous
hemangioma of hypopharynx and larynx, which
extended to the trachea and mediastinum. She was
scheduled for tracheostomy and open surgical excision
of hypopharynx hemangioma under general anesthesia.
On induction of anesthesia, we planned awake fiberop-
tic intubation according to the difficult airway algorithm

—621 —

of the American Society of Anesthesiologists. Under
continuous infusion of remifentanil at 0.1-0.2 ug -

kg™! - min~%, the patient became sedated while sponta-
neously breathing, and her pain and laryngeal reflexes
were reduced. Although tracheal intubation was suc-
cessfully accomplished without injuring the hypopha-
rynx hemangioma, tracheostomy was difficult because
of bleeding from the surgical site. After 3hr of surgery
with 1,880 g of blood loss, the surgeons quitted tra-
cheostomy and the patient was transferred to the inten-
sive care unit. Her airway was managed with endotra-
cheal tube for 7 days, and open surgical excision of
hypopharynx hemangioma was performed on day 7.
The patient was successfully extubated on day 9 with
the support of non-invansive positive pressure
ventilation. Awake fiberoptic intubation under remifen-
tanil infusion is safe and useful approach for patients
with airway hemangioma.

key words : airway hemangioma, awake fiberoptic
intubation, remifentanil
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Laudanosine has No Effects on Respiratory Activity but
Induces Non-Respiratory Excitement Activity in Isolated
Brainstem-Spinal Cord Preparation of Neonatal Rats

Shigeki Sakuraba', Yuki Hosokawa', Yuki Kaku?, Junzo Takeda', and Shun-ichi
Kuwana®

' Department of Anesthesiology, Keio University, Tokyo, Japan,

shigekisakuraba@gmail.com
?  Department of Physiology, Uekusa University, Chiba, Japan

Abstract Laudanosine, a degradation of neuomuscular blocking agent atracurium, crosses the
blood-brain barrier and is indicted to trigger seizures at high concentration. In Xenopus Oo-
cytes expressing nicotinic acetylcholine receptors (nAChRs), laudanosine has activating and
inhibiting effects on nAChRs depending on its concentration. nAChRs is related to respiratory
activities and thus, in the present study, we analyzed effects of iaudanosine on central respira-
tory activities using isolated brainstem-spinal cord preparation of neonatal rats. The rhythmic
inspiratory burst activity of the C4 spinal ventral root was recorded using a glass suction
electrode as an index of respiratory rate. After superfusion with mock cerebrospinal fluid
(CSF), the preparation was superfused with mock CSF containing laudanosine 1, 10 or
100 uM for 60 minutes. Laudanosine 1, 10 and 100 pM (n = 10 in each) did not induce any
effects on C4 respiratory rate. In all 10 preparations, laudnosine 100 uM induced non-
respiratory excitement activities that are possibly same as seizure observed in vivo study.

1 Introduction

Laudanosine is a metabolite of the neuromuscular blocking agent atracurium (Fodale
and Santamaria 2002). It crosses the blood-brain barrier and accumulates in the cere-
brospinal fluid (CSF) (Eddleston et al. 1989; Tassonyi et al. 2002), although neuro-
muscular blocking agents do not cross the blood-brain barrier. In the in vivo, lauda-
nosine penetrated into CSF induces excitement (Lanier et al. 1985; Beemer et al.
1989) and seizure (Chapple et al. 1987).

Although laudanosine has no muscle relaxation effects via muscular nicotinic
acetylcholine receptor (nAChR), laudanosine induces the dual mode of action on
neuronal nAChR; it inhibits 04p2 and a7 neuronal nAChRs expressed in Xenopus
Oocytes at high concentration, whereas it activates o432 neuronal nAChRs at low
concentrations (Chiodini et al. 2001). nAChR subunits 04p2 and a7 expressed in
ventrolateral medulla modulate respiratory activities (Hatori et al. 2006).

Therefore, we investigated the effects of laudanosine on respiratory activities us-
ing isolated brainstem-spinal cord preparation of neonatal rats.

I. Homma et al. (eds.), New Frontiers in Respiratory Control, 177
Advances in Experimental Medicine and Biology 669, DOI 10.1007/978-1-4419-5692-7_35,
© Springer Science+Business Media, LLC 2010
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2 Methods

This study was approved by the Animal Ethical Committee of Teikyo University
Experiments were performed on the brainstem-spinal cord preparation of neonatal
Wistar rat (0—4 days old; » = 30). The surgical procedure used to make these prepa-
rations has been described in detail elsewhere (Sakuraba et al. 2003). Briefly, the rats
were deeply anesthetized with diethyl ether, and the brainstem and cervical spinal
cord were isolated in a chamber filled with oxygenated mock CSF. Then, the cere-
bellum and pons were ablated. The isolated preparation was continuously superfused
at the rate of 3.5-4.5 mL/min in a 2-ml recording chamber with the ventral side up-
wards. The preparation was superfused at 26°C with control mock CSF equilibrated
with a 95% O, and 5% CO, (pH = 7.5). The composition of the mock CSF was (in
mM) 118 NaCl, 3 KCl, 1.5 CaCl,, 1 MgCl,, 25 NaHCO;, 1.2 NaH,POy, and 30 glucose.

Inspiratory discharges of respiratory motor neurons were monitored by extracel-
lular recording with glass suction electrodes applied to the proximal cut end of C4
ventral roots of spinal nerves, and amplified with a differential AC amplifier (Model
1700, A-M systems, Carlsborg, WA, USA) and integrated (time constant: 100 ms).
Axoscope software and Digidata 1200B interface (Axon Instruments, Foster, CA,
USA) were used to collect data for off-line analysis.

C4 respiratory rate were calculated from the total number of bursts within a 4-
min period before switching the superfusate. After the preparation was superfused
with control mock CSF for 20 min and C4 activity reached a steady state, the control
superfusate was replaced by a test solution: mock CSF containing laudanosine at 1,
10 and 100 puM (Sigma, St. Louis, MO, USA) for 20 min, followed by a washout
period using the mock CSF for 40 min. C4 respiratory rate was counted at 0 min
(control), 10 min and 20 min after superfusion with mock CSF containing lauda-
nosine.

Changes in C4 respiratory rate were compared by using one-way analysis vari-
ance followed by Dunnet test. 7 < 0.05 was considered significant. Data are ex-
pressed as mean + SD.

3 Results

Laudanosine 1, 10 and 100 pM (» = 10 in each) did not induce any effects on C4
respiratory rate (Fig. 1). Laudanosine 100 pM induced non-respiratory excitement
activities in all 10 preparations (Fig. 2).
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Fig. 2 Representative recording of non-respiratory excitement activities induced by lauda-
nosine 100 uM (B). Laudanosine 1uM (A) and 10 uM do not induce such activities

4 Discussion

Laudanosine does not induce any changes in respiratory activities. However, it is
unclear that it is due to its no effects on central respiratory control or due to its inter-
active effects on several kinds of receptors because laudanosine is indicated to have
effects not only on nAChRs but also on SK channel, opioid receptors and so on.
Further pharmacological studies to prevent its potential interactive effects on several

receptors are needed.
On the other hand, high concentration of laudanosine induces non-respiratory ex-

citement activities like vecuronium bromide and apamin, SK channel antagonist,
reported in the previous studies using the same preparation (Onimaru et al. 1996;
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Sakuraba et al. 2003). Therefore, laudanosine may induce non-respiratory excitement
activities through neuronal nAChRs or SK channel. Although vecuronium bromide
suppresses respiratory activities (Sakuraba et al. 2003), apamin induces no effects on
respiratory activities (Onimaru et al. 1996). SK channel expresses on many neurons
and inhibits neuron activities by hyperpolarization. Thus, laudanosine-induced non-
respiratory excitement activity in the present study is more possibly through SK
channel. ‘

In conclusion, laudanosine has no effects on respiratory activities but high con-
centration of laudanosine induces non-respiratory excitement activities.
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Abstract JM-1232(-), a newly manufactured isoindole derivative, shows sedative effect at a
lower concentration compared with propofol. In the present study, we analyzed the response
of the central respiratory activity to JM-1232(-). The brainstem-spinal cord of a newborn rat
was isolated and was continuously superfused with oxygenated artificial cerebrospinal fluid
(ACSF). Rhythmic inspiratory burst activity was recorded from C4 spinal ventral root using a
glass suction electrode. We measured C4 burst rate and amplitude of integrated C4 activity.
After obtaining a control recording, the preparation was superfused with ACSF containing
JM-1232(-) at 10, 100 or 500 pM for 10 min. The application of both 10 and 100 pM JM-
1232(-) did not decrease C4 burst rate significantly. However, 500 uM JM-1232(-) reduced C4
burst rate. On the contrary, C4 burst amplitude was not affected by the application of JM-
1232(-) for 10 min at any concentrations. In conclusion, JM-1232(-) at a low concentration
(but presumably higher than hypnotic dose), did not depress the central respiratory activity,
whereas at a high concentration depression was seen.

1 Introduction

JM-1232(-), a newly manufactured isoindole derivative, shows sedative effect at a
low concentration and possesses a wide therapeutic index compared with propofol
(Kanamitsu et al. 2007). The drug can be used without emulsion because of its wa-
ter-soluble property (Kanamitsu et al. 2007).

Recently, several studies have showed the effect of JM-1232(-) on nociceptive
stimuli (Nishiyama et al. 2008; Chiba et al. 2009) and shivering (Masamune et al.
2009). However, there has been no thorough investigation of JM-1232(-)-induced
respiratory depression. In the present study, we analyzed the response of the central
respiratory activity to JIM-1232(-).

I. Homma et al. (eds.), New Frontiers in Respiratory Control, 115
Advances in Experimental Medicine and Biology 669, DOI 10.1007/978-1-4419-5692-7 23,
© Springer Science+Business Media, LLC 2010
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Fig. 1 Representative recordings of the integrated C4 activity (Integ. C4) before, during,
and after superfusion with 10, 100 or 500 pM JM-1232(-) The horizontal bars indicate the
duration of superfusion with JM-1232(-)

2 Methods

All procedures were conducted in accordance with the institutional guidelines re-
garding the care of the animals.

Data were obtained from 20 newborn Wistar rats (0—4 days old). Generation of the
isolated brainstem-spinal cord preparation has been described in detail elsewhere
(Kuwana et al. 1998). In brief, the rats were anesthetized with diethyl ether and the
brainstem caudal to the caudal cerebellar artery and cervical spinal cord were iso-
lated in a chamber filled with oxygenated artificial cerebrospinal fluid (ACSF). The
cerebellum and pons were ablated. Each preparation was placed ventral side up in a
recording chamber (volume, 2 ml) and superfused (flow 4 ml - min~ "y with control
ACSF equilibrated with a control gas mixture (5% CO, in oxygen; pH7.4). Its tem-
perature was maintained at 25-26°C. The composition of the ACSF was (in mM):
126 NaCl, 5 KCl, 1.25 NaH,PO,, 1.5 CaCl,, 1.3 MgSOy, 26 NaHCO; and 30 glu-
cose. C4 ventral root activity was recorded using a glass suction electrode, amplified
with a conventional alternating current amplifier (AVH 11, Nihon Kohden, okyo,
Japan), and integrated (time constant: 100 m sec). We measured C4 burst rate as an
index of the inspiratory rate (Murakoshi et al. 1985) and the integrated amplitude as
an index of the tidal volume (Eldridge 1971).

After obtaining the recording with control ACSF, the preparation was superfused
with ACSF containing JM-1232(-) (Maruishi Pharmaceutical Co. Ltd., Osaka, Japan)
at 10, 100 or 500 uM for 10 min followed by washout for 20-30 min using control
ACSF.
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Table 1 Effect of JM-1232(-) on C4 burst activity

Concentration (UM) n Control IM-1232(-) Washout
10 6 C4 burst rate (min™") 8.1+14 79+1.5 79+ 1.4
C4 burst amplitude (V) 0.50+0.13 0.53+£0.13 0.51+£0.12
100 8  C4 burst rate (min~") 8.6+29 64+2.1 9.2+4.1
C4 burst amplitude (V) 0.55+0.09 0.55 +0.09 0.51 £ 0.10
500 6 C4 burst rate (min™) 94+ 1.4 54+19° 6.8+32
C4 burst amplitude (V)  0.50+0.11 0.47+0.14 0.46 £ 0.14

‘P < 0.01

All recorded signals were fed into a personal computer after analog/digital conver-
sion (Power Lab/4sp, ADInstruments, Castle Hill, Australia) for subsequent analysis
(Chart version 5, ADInstruments, Castle Hill, Australia). Analysis of the respiratory
parameters was performed off-line. Respiratory parameters obtained before the su-
perfusion of the ACSF containing drugs were defined as control values. C4 burst rate
and amplitude were compared using a one-way analysis of variance, followed by a
Dunnett test. All statistical analyses were conducted using Graph-Pad Prism 3.0
software (Graph-Pad Software Inc., San Diego, CA). All values were reported as the
mean + SE and all P values < 0.05 were considered significant.

3 Results

Representative recordings of integrated C4 activity before, during and after superfu-
sion with JM-1232(-) -containing ACSF are shown in Fig. 1. The application of 10
uM JM-1232(-) for 10 min did not decrease C4 burst rate significantly (98 + 5% of
control rate) (Table 1). C4 burst rate slightly decreased by superfusion of ACSF
containing 100 pM JM-1232(-) for 10 min (75 + 8% of control rate), but this de-
crease was not significant (Table 1). However, the application of 500 uM JM-1232(-)
for 10 min significantly reduced C4 burst rate (56 + 5% of control rate) (Table 1). C4
burst amplitude was not changed by the application of JM-1232(-) for 10 min at any
concentrations (Table 1).

4 Discussion

We have demonstrated that the threshold of respiratory depression in JM-1232(-)
should lie between 100 or 500 uM.

The peak blood concentration in in vivo rats was 0.78 uM when 0.76 mg JM-
1232(-), which corresponds to the hypnotic dose, was given intravenously. Therefore,
the peak brain concentration should be lower than 0.78 uM. On the other hand, pro-
pofol concentration in the brain tissue of rat in vivo was reported to be approximately
80200 uM when an anesthetic dose of propofol was given intravenously (Shyr et al.
1995). Thus, the concentration of JM-1232(-) in the brain tissue after the injection
of an anesthetic dose may be lower than that of propofol. Conversely, in the
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brainstem-spinal cord preparations, only 5 M propofol induced respiratory depres-
sion (Kashiwagi et al. 2004), whereas 500 uM JM-1232(-) only 44% reduction in
respiratory rate. Moreover, the application of flumazenil, a benzodiazepine receptor
antagonist may reverse JM-1232(-)-induced respiratory depression by the following
reasons. First, JM-1232(-) was reported to act through the benzodiazepine site of y-
amino butyric acid type A receptors (Masamune et al. 2009). Second, flumazenil
reverse the antinociceptive effect of IM1232(-) (Nishiyama et al. 2008; Chiba et al.
2009). Considering previous report and our results, JM-1232(-) seems to have a
wider safety margin in respiratory depression than propofol.

In summary, JM-1232(-) at a low concentration (but presumably higher than hyp-
notic dose), did not depress the central respiratory activity, whereas at a high concen-
tration depression was seen.
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Rationale: Compensatory lung growth has been well described as
a phenomenon in many animal models, but still little is known about
the nature, extent, and modulation of such growth. We hypothesized
that compensatory lung growth may at least in part recapitulate
developmental lung growth, and factors known to be important
during normal lung development, such as thyroid transcription factor
1 (TTF-1), may be reactivated during compensatory lung growth.
Objectives: To investigate the role of TTF-1 in correlation with the
morphological changes during compensatory lung growth.

Methods: Sequential changes in TTF-1 expression and morphology
were examined in the residual right lung after left pneumonectomy in
9-week-oid mice. The effect of temporary knockdown of TTF-1 on
compensatory lung growth was also evaluated.

Measurements and Main Results: TTF-1 was transiently but significantly
elevated at an early stage in compensatory lung growth. Morpholog-
ically, a process resembling septation in lung development may have
been initiated during this period in the vicinity of the alveolar duct.
Furthermore, temporary knockdown of TTF-1 transiently but signifi-
cantly delayed the early phase of compensatory lung growth.
Conclusions: These results indicate the influential role of TTF-1 in
modauiating, and possibly initiating, the early phase of compensatory
lung growth. Morphologically, compensatory lung growth may at
least in part resemble developmental growth.

Keywords: thyroid transcription factor 1; septation; alveolar duct

Lung resection continues to be the primary treatment for many
types of lung diseases, including cancer and inflammatory lung
diseases. One of the most important factors that determine the
level of resectability is the residual lung function. We know
clinically that after lung resection in adults the residual lung in-
creases in volume to some extent, but this is considered to be
primarily hyperinflation with minimal recovery and possibly even
deterioration in lung function (1). On the other hand, in children,
recovery in lung function after lung resection has been reported
{2). Ti is well esiablished that alveoli muitiply after birth up until
about 8 years of age (3), and in addition, adult lungs transplanted
into immature recipients have been reported to show hyperplastic
growth (4). These results suggest that it may be possible, at least
in part, to restore or augment compensatory growth capability
even in adult lungs.

Compensatory lung growth after lung resection has been
reporied in many animai models, inciuding mice (3, 6). Compen-
satory lung growth has been well described as a phenomenon, but
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AT A GLANCE COMMENTARY
Scientific Knowledge on the Subject

Compensatory lung growth has been well described in many
animal models as a phenomenon, but still little is- known
about the nature; extent, and modulation of such growth.

What This Study Adds to the Field

Here we show that expression of thyroid transcription
factor 1, a factor known to be indispensable in normal
‘lung development, significantly infliences the early phase
of compensatory lung growth in adult mice, and that mor-
phologically, a process resembling septation in lung de-
velopment may be initiated during this period in the
vicinity of the alveolar duct. : :

still little is known about the nature, extent, and modulation of
such growth. The involvement of multiple factors, such as
epidermal growth factor (7), hepatocyte growth factor (8),
keratinocyte growth factor (9), and vascular endothelial growth
factor (10), has been implicated in compensatory lung growth, but
what triggers and what drives compensatory lung growth is still
not clear. Although still controversial, it has been postulated that
compensatory lung growth may at least in part recapitulate de-
velopmental lung growth (11). If so, compensatory lung growth
may occur via partial reactivation of normal developmental path-
ways, and factors known to be important during normal lung
development, such as thyroid transcription factor 1 (TTF-1),
may be reactivated during compensatory lung growth. The re-
ported reappearance of TTF-1 in regions of regenerating lung after
lung injury supports the possibility that TTF-1 plays a role in
alveolar cell growth and differentiation and that TTF-1 may be
a critical factor in the restoration of alveolar structures that
accompanies recovery from functional loss after lung diseases or
lung injury (12).

To our knowledge, the role of TTF-1 in compensatory lung
growth has not been closely investigated. In the present study,
we show that TTF-1 expression was transieatly elevated at an
early stage in compensatory lung growth and that morpholog-
ically, a process resembling septation during lung development
may have been initiated during this period in the vicinity of the
alveolar duct. Furthermore, temporary knockdown of TTF-1
delayed the early phase of compensatory lung growth, indicat-
ing its influential role in modulating and possibly initiating the
early phase of compensatory lung growth.

METHODS

Animal Experiments

Specific pathogen-free, 9-week-old, inbred male C57BL/6 mice, weighing
approximately 20 g, were purchased from CLEA Japan, Inc. (Tokyo,



