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ABSTRACT

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

Tomohiro SuHARA, Kiyoshi MORTYAMA *,
Yuki Hosokawa, Kimiaki A,
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
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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 laudanosine 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 pM for 60 minutes. Laudanosine 1, 10 and 100 uM (z = 10 in each) did not induce any
effects on C4 respiratory rate. In all 10 preparations, laudnosine 100 pM 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 a4P2 and a7 neuronal nAChRs expressed in Xenopus
Qocytes at high concentration, whereas it activates a4p2 neuronal nAChRs at low
concentrations (Chiodini et al. 2001). nAChR subunits 0482 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.

[. 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,PO,, 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 uM (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. P < 0.05 was considered significant. Data are ex-
pressed as mean + SD.

3 Results

Laudanosine 1, 10 and 100 pM (z = 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. 1 Effects of laudanosine | uM (A), 10 uM (B) and 100 uM (C) on C4 respiratory rate

Laudanosine 1uM

L bl
NN M

10min

Fig. 2 Representative recording of non-respiratory excitement activities induced by lauda-
nosine 100 uM (B). Laudanosine 1pM (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 uM JM-
1232(-) did not decrease C4 burst rate significantly. However, 500 pM 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

IM-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 JM-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,
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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 puM 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~") 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 KCI, 1.25 NaH,PO,. 1.5 CaCl,, 1.3 MgSO,, 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+15 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 6.4+2.1 92+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+ 14 54+19 6.8+3.2
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
pM 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 pM. On the other hand, pro-
pofol concentration in the brain tissue of rat in vivo was reported to be approximately
80-200 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 uM 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 JM1232(-) (Nishiyama et al. 2008; Chiba et al.
2009). Considering previous report and our results, JIM-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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Thyroid Transcription Factor-1 Influences the Early
Phase of Compensatory Lung Growth in Adult Mice
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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-old 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
modulating, 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). It is well established that alveoli multiply 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
reported in many animal models, including mice (5, 6). Compen-
satory lung growth has been well described as a phenomenon, but

(Received in original form August 21, 2009; accepted in final form February 24, 2010)

Supported by grant in aid from the Ministry of Education, Culture, Sports,
Science, and Technology-japan, and the School of Medicine, Keio University
fund for the promotion of science.

Correspondence and requests for reprints should be addressed to Eiji Ikeda, M.D., Ph.D.
Department of Pathology, Yamaguchi University Graduate School of Medicine, 1-1-1
Minami-Kogushi, Ube, Yamaguchi 755-8505, Japan. E-mail: ikedae@yamaguchi-
u.ac.jp

Am | Respir Crit Care Med Vol 181. pp 1397-1406, 2010

Originally Published in Press as DOI: 10.1164/rccm.200908-12650C on March 1, 2010
Intemnet address: www.atsjournals.org

AT A GLANCE COMMENTARY
Scientific Knowledge on the Subject

‘Compensatory lung growth has been well descnbed inmany
animal models-as a phenomenon, but still little is known
. about the nature, extent and modulatlon f such gmwth

:What This Study Adds to the Field

; Here we: show  that’ expressmn of ‘thyroid transcnptlon ;
- factor 1, a factor known to. be mdlspensable in normal
1 icantly influences the early phase
of comp_e ! atory hmg growth in adult mice, and that mor-
phologically, a _process resembling septation in lung de-
. velopment 'may be 1mt1ated durmg this penod in the
v1c1mty 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 transiently 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,
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Japan). The mice were kept in a 12-hour light/12-hour dark cycle with
free access to food and water. The mice were randomly assigned to three
experimental groups: left thoracotomy under mechanical ventilation
(THX group), left pneumonectomy under mechanical ventilation (PNX
group), or 9-week-old male mice without any interventions (CON
group).

The mice were anesthetized with 100 mg/kg of ketamine and 10 mg/kg
of xylazine administered subcutaneously. They were intubated with an
18-gauge catheter and connected to a rodent ventilator, adjusted to
maintain a respiratory rate of 100 breaths/minute, 10-ml/kg tidal volume,
2 ecm H,0 positive end-expiratory pressure, and 0.21 inspired oxygen. A
20-mm long posterolateral skin incision was made, followed by thora-
cotomy in the fifth intercostal space with dissection of the serratus
anterior and a latissimus dorsi muscles. In the THX group, thoracotomy
was closed without pneumonectomy. In the PNX group, the whole left
lung was resected from the pleural cavity. The left main bronchus with
left pulmonary artery and vein were ligated at the hilum with 5-0
silk before removal of the lung. The tidal volume was reduced from
10 to 6 ml/kg after the lung was removed. The fifth intercostal space was
closed with a single surgical suture, and the skin and muscle incisions
were closed with two sutures to avoid excessive tension on the muscles.
The duration of mechanical ventilation for the whole surgical procedure
was approximately 10 min in both groups. All mice recovered quickly
after termination of mechanical ventilation and were promptly extu-
bated. The mice were weighed and were observed daily for any signs of
distress or changes in behavior. The mice were killed at respective time
points by injection of 100 mg/kg of ketamine and 10 mg/kg of xylazine,
followed by exsanguination from the inferior vena cava.

All experimental protocols were reviewed by the Committee on the
Ethics of Animal Experiments at the School of Medicine, Keio Univer-
sity, and were performed in accordance with Guidelines for Animal
Experiments issued by the School of Medicine, Keio University Exper-
imental Animal Center.

Cell Line

A mouse lung epithelial cell line, MLE12 (CRL-2110, American Type
Culture Collection, Manassas,VA), was used to evaluate the efficacy of
TTF-1 silencing oligonucleotides. This cell line is known to express TTF-
1 (13). The cells were maintained in Dulbecco’s medium: Ham’s F12,
50:50 mix, supplemented with insulin (0.005 mg/ml), transferrin (0.01
mg/ml), sodium selenite (30 nM), hydrocortisone (10 nM), B-estradiol
(10 nM), N-2-hydroxyethylpiperazine-N'-ethane sulfonic acid (10 mM),
l-glutamine (2 mM), and 2% fetal bovine serum, under 5% CO,.

Western Blot Analysis for TTF-1

For TTF-1 Western blot analysis, the right lung was resected at respective
time points, blotted dry, immediately snap frozen in liquid nitrogen, and
stored at —80°C. Western blot analysis for TTF-1 protein was performed
according to a standard protocol. Briefly, lung tissue was lysed with
a denaturing RIPA buffer (Sigma, Stockholm, Sweden), the lysate was
centrifuged at 14,000 rpm for 15 minutes at 4°C, and the supernatant
was mixed with Laemmli buffer and applied to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis gels. The proteins were
separated by 12.5% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis under reducing conditions and then transferred to poly vinyli-
dene di fluoride (PVDF) membrane for 90 minutes at 90 V using
HorizBlot system (ATTO, Tokyo, Japan). After blocking nonspecific
reactions with Block Ace (Dainippon Pharmaceutical, Osaka, Japan), the
primary antibody for TTF-1 (H-190; Santa Cruz Biotechnology Inc.,
Santa Cruz, CA) or antibody for B-actin (Abcam, Cambridge, UK) were
incubated with the blot overnight at 4°C. The secondary anti-rabbit IgG,
ECL anti-rabbit IgG horseradish peroxidase linked with whole antibody
(GE Healthcare, UK), was incubated with the blots for 1 hour at room
temperature. Bands were detected by enhanced chemiluminescence
using ECL Western blotting detection reagents (Amersham Bioscience
Corp Buckinghamshire, UK). Band densitometry was quantified using
Image J (NIH, Bethesda, MD). Values were normalized to B-actin.

Histological Analyses

For histological analyses, the right lung was inflated with intratracheal
instillation of 10% buffered formalin at a pressure of 20 cm H,O. The
trachea was tied under pressure, and the lung was fixed in the chest cavity
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for 48 hours before removal. Total right lung volume was measured from
the fixed specimen by volume displacement as described by Scherle (14),
and was normalized to the body weight as lung volume index (LVI). The
lung tissue was then embedded in paraffin, and cut sagittally in 4-pm
sections. Hematoxylin and eosin staining was done for morphological
analyses. Light microscopic morphometric techniques were applied, and
the alveolar surface area per unit of lung volume (SVw) was measured as
previously described by Weibel (15) and Kawakami and colleagues (16).
Briefly, a standard line of the same length (LT) was drawn on the field,
and intersections with this line were counted (Iw). SVw was calculated as
SVw = 2 Iw/LT. Alveolar duct area was traced and calculated using
Image J. Morphologically, alveoli were identified as polyhedral, cup, or
wedge-shaped terminal air spaces with discrete septae, whereas terminal,
somewhat elongated air spaces from which alveoli emerged were
considered as alveolar ducts (17). Five fields were analyzed per animal
in four animals.

Immunohistochemistry for TTF-1 and Ki-67 was performed as
follows. The primary antibodies used were: anti~TTF-1 rabbit polyclonal
antibody (5 pg/ml: clone H-190) and anti-Ki-67 rabbit monoclonal
antibody (10 wg/ml: clone SP6; LabVision, Fremont, CA). Secondary
antibodies used were: anti-rabbit Ig Immpress (Vector Laboratories,
Burlingame, CA) for both. Then they were visualized with 3, 3'-
diaminobenzidine (DAB) (Sigma). Nuclei staining positive were counted
and expressed in proportion to the number of nuclei in alveolar septal
cells. For further analysis, we subgrouped the alveolar septal cells into
cells associated with the alveolus (AL), the alveolar duct (AD), or the
septal structure protruding into the alveolar duct (ADS), respectively
(Figure 2A). Double-staining for TTF-1 and prosurfactant protein C
(proSPC) was performed as follows. Anti-proSPC rabbit polyclonal
antibody (5 pg/ml: ab28744; Abcam, Cambridge, MA) was used as the
primary antibody. Anti-rabbit Ig Immpress and DAB were also used as
described above. Thereafter, the sections were rinsed in 1 M glycine-
hydrochloric buffered solution for 2 hours. Then the incubation with
anti-TTF-1 antibody and was done by ALP-ABC system: biotinylated
goat anti-rabbit IgG (Nichirei Bioscience, Tokyo, Japan) and ALP
conjugated Strept ABC complex (Dako, Glostrup, Denmark). The final
product was visualized Fast Red Substrate Kit (Nichirei).

For each analysis, one section was randomly selected per animal, and
five 200-fold magnification fields were randomly selected per section.
The slides were coded and masked for identity and were examined by
Y.T. and E.I

Lung Dry Weight Measurements

The lung dry weight in proportion to body weight, lung dry weight index
(LDWI), was measured as a gross assessment of compensatory lung
growth. The resected lungs were completely dried in a vacuum drying
oven (DP22; Yamato Scientific, Tokyo, Japan) at 95°C, and at —270 cm
H,0 for 48 hours, and then were weighed.

Knockdown of TTF-1 by Small Inhibitory RNA

Five TTF-1-silencing small inhibitory RNA oligonucleotides, si#l
through si#5, were synthesized and purified by Invitrogen (Carlsbad,
CA). Briefly, single-strand RNA was synthesized by the phosphorami-
dite method. After synthesis of single-strand RNA, RNA was depro-
tected in two steps from base and phosphate protecting group and 2'-
hydroxyl function protecting. Single-strand RNA was desalted or
purified after deprotection. The single-strand RNA was annealed as
siRNA. By Western blot analysis using MLE 12 cells, oligonucleotides
si#2, and si#4 were found to be effective (data not shown). Sequences of
si#2 and si#4 were (5'-UUGAAACGUCGCUCGAGCUCGUACA-3")
and (5'-GCUACAAGAUGAAGCGCCGGCUAA-3'"), respectively.
As control nonsilencing oligonucleotide (nonsi), stealth RNAi negative
control duplex (Invitrogen) was used. Each inhibitory RNA was ad-
ministered intranasally as previously reported (18) using surface
active material, cationic cardiolipin analog (CCLA)-based liposome
(NeoPharm, Inc., Waukegan, IL). Thirty-five milligrams per kilogram
of si#2, si#4, or nonsi were administered into the nasal orifices using a
microliter pipetter mixed with CCLA as a total of approximately 25 pl.
The administration was done approximately 30 minutes after extubation
in both thoracotomy (THXsi#2, THXsi#4, and THXnonsi groups) and
pneumonectomy (PNXsi#2, PNXsi#4, and PNXnonsi groups), at which
time the mice had sufficiently recovered breathing but were still im-
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mobilized. The right lung was resected for histology and protein analyses
as described.

RNA Isolation and Reverse Transcription-Polymerase
Chain Reaction

Total RNA was isolated by using Isogen (Nippon Gene, Tokyo, Japan)
from the residual right lung 12 hours after left pneumonectomy and
subsequent administration of TTF-1 siRNAs (#2, #4) or nonsilencing
oligonucleotide. Reverse transcriptase—polymerase chain reaction (PCR)
for mouse TTF-1 mRNA was performed as described previously (19). The
PCR oligonucleotide primers used were 5'-GAGCTGCCTGACGGCC
AGGT-3' (forward) and 5'-TACTCCTGCTTGCTGATCCA-3' (re-
verse) for B-actin, and 5'-AACAGCGGCCATGCAGCAGCAC-3’ (for-
ward) and 5'-CCATGTTCTTGCTCACGTCC-3’ (reverse) for TTF-1.

The PCR was performed in 50 mM KCl, 10 mM TRIS, pH 8.3, 1 mM
dNTP, 0.5 mM each primer, 5% dimethyl sulfoxide, 2 units Taq DNA
polymerase, and MgCl, (1.5 mM for B-actin, and 1.0 mM for TTF-1).
The PCR conditions were 94°C for 5 minutes for 1 cycle followed by 30
to 40 cycles of 94°C for 1 minute, 56°C for 1 minute, 72°C for 1 minute,
with a final extension cycle of 72°C for 7 minutes. The products of these
reactions were resolved by gel electrophoresis on 2% agarose gels and
stained with ethidium bromide.

Statistical Analysis

Data are expressed as mean = SD. Comparisons between groups were
done using Mann-Whitney U test (StatView; Abacus, Berkeley, CA).
Body weight was compared within groups using paired ¢ test (StatView).
Other comparisons within groups were done using Mann-Whitney U test
because the animals were killed for respective time point measurements.
P values less than 0.05 were considered to be significant.

RESULTS

TTF-1 Protein Expression was Increased Promptly and
Transiently in the Right Lung after Left Pneumonectomy

Western blot analysis showed that TTF-1 protein expression in
the right lung was increased in the PNX group in comparison with
the THX group. This tendency was observed as early as 1 hour,
was most significant at 12 hours, and then was diminished beyond
24 hours (Figures 1A and 1B). TTF-1 protein expression in the
THX group was not significantly different in comparison with the
CON group. Analysis by immunohistochemistry showed that
within the PNX group, TTF-1-positive alveolar septal cells were
increased significantly at 12 hours (Figure 2A). Double staining
for TTF-1 and proSPC at 12 hours in the PNX group indicated
that TTF-1-positive cells were also proSPC positive (Figure 2B).
The overall proportion of TTF-1-positive alveolar septal cells
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gradually decreased after 12 hours to the level close to the CON
group by 48 hours, although statistical significance was still present
(Figure 2C). This tendency was similar in AL, AD, and ADS cells,
but the magnitude of increase in comparison with the CON group
seemed to be most prominent in the AD cells (Figures 2D-2F).
These results indicated that there was a prompt and temporary up-
regulation of TTF-1, presumably in the type II alveolar cells in the
right lung after left pneumonectomy, and that this up-regulation
appeared to be predominant in the AD cells.

In the Residual Right Lung after Left Pneumonectomy, LVI
Increased Immediately, after an Increase in LDWI

The body weight of the mice was reduced in the PNX and THX
groups, in comparison with the CON group at 24 and 48 hours.
Although statistically significant, the difference was 7% at most
(Figure 3A). The decreased body weight in the PNX and THX
groups was regained from 3 days. The body weight of the mice
did not differ significantly between the PNX group and the
THX group throughout the experiment period. Therefore, it
was considered feasible to compare weight-based indices be-
tween these groups.

On gross appearances of the fixed specimens, the residual right
lung in the PNX group seemed to be larger than the right lung in
the CON group at 48 hours (Figure 3B). Based on the TTF-1
expression data, we examined the macroscopic changes in the
right lung after left pneumonectomy focusing primarily on the
early phase of compensatory lung growth. Residual right LVI was
increased significantly in the PNX group in comparison with the
THX group as early as 1 hour after left pneumonectomy (Figure
3C). Within the PNX group, this increase in residual right LVI
continued until 7 days but leveled off beyond 7 days. There was no
significant change within the THX group during this period, and
no significant differences between the THX group and the CON
group. In contrast to the changes in LVI, residual right LDWI did
not increase significantly in the PNX group in comparison with the
THX group until 48 hours (Figure 3D). Beyond 48 hours, this
increase continued within the PNX group until 7 days and then
leveled off beyond 7 days. Residual right LDWI in the PNX group
at 7 days was not statistically different from the total LDWI (right
plus left) in the CON group (Figure 3E). There were no significant
changes in right LDWI within the THX group during this period,
and no significant differences in the right LDWI between the
THX group and the CON group. These results suggested that
initially there was right lung expansion as early as 1 hour after left
pneumonectomy, followed by compensatory lung growth, which
became apparent by 48 hours and progressed until approximately

Figure 1. Thyroid tran-
scription factor 1 (TTF-1)
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(B) Densitometry values
were normalized to
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B-actin. TTF-1 expression was increased in the PNX group (n = 4 for each time point) in comparison with the THX group (n = 4 for each time
point), and the CON group (n = 4). Statistical significance was seen at 12 hours. *P = 0.02 versus CON and THX at 12 hours.
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Figure 2. The presence and proportion of thyroid transcription factor 1 (TTF-1)-positive nuclei was evaluated by immunostaining in the right lung
after left pneumonectomy (PNX group), or no intervention (CON group). (A4) TTF-1-positive cells were prominent at 12 hours in the PNX group by
immunohistochemistry. For further analysis, the alveolar septal cells were subgrouped into cells associated with the alveolus (AL), the alveolar duct
(AD), or the septal structure protruding into the alveolar duct (ADS), as represented. Inset shows TTF-1-positive nuclei in the PNX group, primarily in
AD cells (scale bars, 100 wm). (B) Double staining for TTF-1 and prosurfactant protein C (proSPC) at 12 hours in the PNX group indicated that TTF-
1-positive cells were also proSPC positive. TTF-1 was identified by red-colored nuclei, and proSPC by brown-colored granules in the cytoplasm. Cells
positive for both TTF-1.and proSPC are indicated by arrows, whereas TTF-1-negative but proSPC-positive cells are indicated by arrowheads (scale bar
10 wm). (C) Within the PNX group (n = 4, 20 fields for each time point), the overall proportion of TTF-1-positive alveolar septal cells was increased
significantly at 12 hours, after which it was gradually decreased to the level close to the CON group (n = 4, 20 fields) by 48 hours. *P < 0.0001
versus CON and PNX 1 hour; **P < 0.0001 versus all other measurements. This tendency was similar in (D) AL cells, *P < 0.0001 versus CON and
PNX 1 hour; (E) AD cells, *P < 0.0001 versus CON and PNX 1 hour; **P < 0.0006 versus all other measurements; and (F) ADS cells, *P < 0.01 versus
CON and PNX 1 hour. **P < 0.01 versus all other measurements. The magnitude of increase in comparison with the CON group seemed to be most

prominent in the AD cells.

7 days, at which time the residual right LDWI in the PNX group
matched the total (right plus left) LDWI in the CON group.

Alveolar Duct Area in the Right Lung Increased Promptly
and Temporarily after Left Pneumonectomy

Histological appearance showed that there was initially a signif-
icant increase in the right lung alveolar duct size in the PNX
group in comparison with the THX group. This increase was not
so apparent beyond 48 hours (Figure 4A). The calculated al-
veolar duct area showed a similar trend, showing a significant
increase in the PNX groups in comparison with the CON group
at 1 hour, followed by a gradual decline over time in the PNX
group to a similar level as the CON group (Figure 4B). Statistical
significance between CON group and PNX group was lost at 3
days. As for the calculated surface area of the alveoli per volume
of lung, in the PNX group it tended to decrease from 1 hour to 24
hours in comparison with the CON group, which was recovered
by 48 hours (Figure 4C). The number of alveoli per field also
showed a similar trend (Figure 4D), indicating that the decrease
in the calculated surface area of the alveoli per volume of lung in
the PNX group was primarily due to the increase in the alveolar
duct area, and that the sizes of the alveoli were not altered during
this period. These results suggested that the immediate increase
in LVI was managed primarily through the expansion of the

alveolar duct, which was restored, possibly by a subsequent
increase in the number of surrounding alveolar septal cells.

Alveolar Septal Cell Proliferation after Left Pneumonectomy
Was Most Prominent in the ADS Cells

Further analysis by immunohistochemistry showed that overall,
the proportion of alveolar septal cells with Ki-67—positive nuclei
was significantly increased beyond 12 hours in the PNX group
until 7 days in comparison with the CON group (Figure 5A). The
difference was not significant at 14 days. This tendency was
similar in AL, AD, and ADS cells, but the magnitude of increase
seemed to be most prominent in the ADS cells particularly at 48
hours (Figures 5B-5E). Furthermore, the number of ADS cell
nuclei per field increased transiently and significantly at 24 and 48
hours in the PNX group (Figure 6), suggesting that these cells
have proliferated and that they may have been incorporated into
the newly formed alveolar septal cells.

Transient TTF-1 Knockdown Temporarily Delayed
Compensatory Lung Growth

In the PNXsi#2 and PNXsi#4 groups, expression of TTF-1 mRNA
was reduced at 12 hours in comparison with the PNXnonsi group
(Figure 7A). TTF-1 expression by Western analysis was signifi-
cantly reduced in comparison with the PNXnonsi group at 48
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Figure 3. Compensatory lung growth was evaluated in the right lung after left pneumonectomy (PNX group), left thoracotomy (THX group), or no
intervention (CON group). (4) The body weight of the mice was reduced in the PNX (n = 4) and THX (n = 4) groups in comparison with the CON
(n = 4) group at 24 and 48 hours, but was regained from Day 3. The body weight of the mice did not differ significantly between the PNX group
and the THX group throughout the observation period; *P = 0.02 versus respective CON. In the CON group, body weight was significantly
increased at 14 days in comparison with 0, 1, 12, and 24 hours, indicating animal growth, **P < 0.05 versus CON group at 0, 1, 12, and 24 hours.
(B) On gross appearances of the fixed specimens, the residual right lung seemed to be larger in the PNX group in comparison with the CON group
at 48 hours (scale bar, 5 mm). (C) Lung volume index (LV1) in the right lung increased significantly in the PNX (n = 4 for each time point) group in
comparison with the THX (n = 4 for each time point) group beyond 1 hour. Within the PNX group, this increase in LVI continued until 7 days but
leveled off at 14 days. There was no significant change within the THX group during this period, and no significant differences between the THX
group and the CON (n = 4) group, *P < 0.05 versus CON and THX at corresponding time points. (D) Lung dry weight index (LDWI) in the right
lung did not increase significantly in the PNX (n = 4 for each time point) group in comparison with the THX (n = 4 for each time point) group until
48 hours. Within the PNX group, this increase leveled off beyond 7 days. There were no significant changes in LDWI within the THX group during
this period and no significant differences between the THX group and the CON (n = 5) group, *P < 0.05 versus CON and THX at corresponding
time points. (E) LDWI of the right lung in the PNX (n = 4) group at 7 days was not statistically different from the total LDWI (right plus left) in the

CON group (n = 5).

hours (Figure 7B). The effect of TTF-1 knockdown was transient,
as this difference was not apparent at 7 days (Figure 7C). LDWI
was also significantly decreased in the PNXsi#2 and PNXsi#4
groups in comparison with the PNXnonsi group at 48 hours, but
was restored to a similar level as the PNXnonsi group by 7 days
(Figure 7D). TTF-1 expression was not significantly different
between the THXsi#2 and the THXSsi#4 group in comparison with
the THXnonsi group at 48 hours (Figure 7E). Histological studies
showed no apparent indications of lung injury after TTF-1siRNA
administration (data not shown). In the PNXsi#2 and PNXsi#4
groups, the alveolar duct area remained significantly increased at
48 hours in comparison with the PNXnonsi group (Figure 7F).
This difference was not significant in the THXsi#2, THXSsi#4,
and THXnonsi groups at 48 hours (Figure 7G), indicating that
the increase in alveolar duct area in the right lung after left
pneumonectomy was prolonged by TTF-1 knockdown. These
results suggested that TTF-1siRNA administration transiently
suppressed the induction of TTF-1 in the right lung after left
pneumonectomy without significantly affecting the baseline ex-
pression of TTF-1. Furthermore, compensatory growth in alveolar

septal cells was temporarily delayed as a result of transient TTF-1
knockdown.

DISCUSSION

TTF-1 is a member of the Nkx2 family of homeodomain-contain-
ing transcription factors and is selectively expressed in the
forebrain, the thyroid, and the lung. TTF-1 is required for lung
morphogenesis, and is precisely regulated throughout lung de-
velopment (20, 21). In the postnatal lung, TTF-1 is expressed
primarily in type II epithelial cells and is required for the
transcription of surfactant protein—associated genes (22).

In the present study, TTF-1 protein expression in the residual
right lung was increased in the PNX group in comparison with
the THX group. This increase was most significant in the PNX
group at 12 hours, suggesting that TTF-1 may play a role in
regulating the early phase of compensatory lung growth. From
previous reports in rats, after a rapid phase of overinflation,
compensatory lung growth progresses within 4 days followed
later by a remodeling phase beyond 2 weeks up to 1 month (23).



1402 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 181 2010

CON PNX 1hr -
* s
Faomo |
. * 3 § oo
: . § 2o |
R B Ig
- 100000 |
) OCON 1hour 12hours 24 hours 48 hours 7days  14days
“BNX dabis THX e - C
¥ FIRERN L : goo
Lt . N e % - @PNX

IS

~

Alveolar surface area per unit lung volume

o

CON 1hour 12hours 24 hours 48 hours 7days  14days

O

Number of alveoll per field
8 8 8 8 8 3

-
=]

CON 1hour 12hours 24 hours 48 hours 7days  14days

Figure 4. Morphological changes during compensatory lung growth in the right lung after left pneumonectomy (PNX group) or no intervention
(CON group). (A)There was initially a significant increase in the right lung alveolar duct size in the PNX group (asterisks indicate representative
expanded alveolar ducts) in comparison with the THX group. This increase was not so apparent beyond 48 hours (scale bars, 100 wm). (B) The
alveolar duct area was traced using Image J. Within the PNX group (n = 4, 20 fields for each time point), the calculated alveolar duct area at 1 hour
showed a significant increase in comparison with the CON (n = 4, 20 fields) group, followed by a gradual decline over time to a similar level as the
CON group. Statistical significance between CON group and PNX group was lost beyond 3 days, *P < 0.0001 versus CON. (C) The surface area of
the alveoli per unit lung volume was calculated as described in the methods. The calculated surface area of the alveoli per unit lung volume in the
PNX (n = 4, 20 fields for each time point) group tended to decrease from 1 hour to 24 hours in comparison with the CON (n = 4, 20 fields) group,
which was recovered by 48 hours, *P < 0.03 versus CON. (D) The change in number of alveoli per field in the PNX (n = 4, 20 fields for each time

point) group also showed a similar trend in comparison with the CON (n = 4, 20 fields) group as the surface area of the alveoli per unit lung volume,

*P < 0.0001 versus CON.

But morphological studies looking at the earlier phase of com-
pensatory lung growth are still few. Based on the TTF-1 expression
data, we examined the morphological changes focusing primarily
on the early phase of compensatory lung growth after left
pneumonectomy in mice. In the present study, compensatory lung
growth was apparent beyond 48 hours and leveled off at approx-
imately 7 days, as shown by the changes in residual right LDWI.
The increase in the residual right LDWI was preceded by the swift
increase in the residual right LVI after left pneumonectomy.
Morphological analyses showed that the alveolus size did not
change significantly during compensatory lung growth, and sug-
gested that the initial increase in lung volume was primarily due to
the increase in alveolar duct size, which was evident as early as 1
hour, corresponding with the increase in residual right LVL. The

increase in alveolar duct area was alleviated beyond 48 hours
presumably due to compensatory growth of the surrounding
alveolar septal cells.

It is known that lung distention, or mechanical stretch, has an
important role in the initiation of compensatory lung growth and
is possibly more influential than hypoxia or changes in pulmonary
blood flow (24). The present results suggested that distention was
initially most prominent in the right lung alveolar duct region
after left pneumonectomy. Analysis of proliferation by regional
subgrouping of alveolar septal cells into AL, AD, and ADS cells
suggested that initial compensatory lung growth may have
occurred primarily through the proliferation of ADS cells, which
exist in the vicinity of the extended alveolar duct. Increase in
ADS cells may represent septation, possibly from AD cells or the
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Figure 5. Cell proliferation was evaluated sequentially in the right lung after left pneumonectomy (PNX group), or no intervention (CON group) by
Ki-67 immunostaining. (A) By immunohistochemistry, the overall proportion of alveolar septal cells with Ki-67-positive nuclei was significantly
increased beyond 12 hours in the PNX group (n = 4, 20 fields at each time point) until 7 days in comparison with the CON group (n = 4, 20 fields).
The difference was not significant at 14 days, *P < 0.01 versus CON, PNX 1 hour, and PNX 14 days. This tendency was similar in (B) alveolus (AL)
cells, *P < 0.03 versus CON, 1 hour, and 14 days; (C) alveolar duct (AD) cells, *P < 0.001 versus CON, 1 hour, and 14 days; and (D) septal structure
protruding into the alveolar duct (ADS) cells, *P < 0.003 versus CON, 1 hour, and 14 days. (D and E) The magnitude of increase seemed to be most

prominent in the ADS cells, particularly at 48 hours (arrows indicate Ki-67-positive ADS cells, scale bars, 100 p.m).

cells in the vicinity of the alveolar duct, and at least on qualitative
morphology the process appeared to be resembling septation in
lung development. Furthermore, preceding the increase in Ki-67—
positive cells, the proportion of TTF-1-positive cells was most
prominently increased in the AD cells where presumably the
magnitude of stretching was greatest. These results suggest that
a process resembling septation may have occurred through
the proliferation of ADS cells, which was correlated with the
increase in TTF-1 expression in the stretched AD cells. The TTF-
1-positive cells were also proSPC-positive, indicating that these
are type II alveolar cells. Furthermore, transient TTF-1 knock-
down temporarily but significantly delayed the alleviation of
alveolar duct expansion and compensatory lung growth at 48
hours. The results of this study correlatively suggest that TTF-1
influences the early phase of compensatory lung growth. Com-
pensatory lung growth may be initiated by mechanical stretch in
the alveolar duct region leading to a process resembling septation,
which presumably occurs at least in part via reactivation of
normal developmental pathways. What triggers compensatory
lung growth is still not clear, but factors known to be important
during normal lung development, such as TTF-1, may be tran-
siently reactivated during the early phase of compensatory lung
growth and possibly initiate the process. Lung-specific TTF-1
overexpression after pneumonectomy as well as TTF-1 knock-
down may provide additional evidence, but because pneumonec-
tomy by itself significantly elevates TTF-1 expression, the results
of such experiments may be difficult to interpret.

Other possibilities remain, such as the transient elevation of
TTF-1 in the present study being a part of an injury-repair re-
sponse (25). However, at least morphologically, we found no
apparent indications of lung injury in the residual lung after

pneumonectomy. We consider that even if TTF-1 elevation is
a repair response, it can still be considered as an important factor
in compensatory lung growth, because compensatory lung growth
may itself require, at least in part, an injury-repair response.
Notwithstanding, the role of TTF-1 in lung development and
compensatory lung may need to be distinguished. Recent reports
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Figure 6. The proportion of the nuclei of the cells in the septal structure
protruding into the alveolar duct (ADS) per field was increased tran-
siently but significantly at 24 and 48 hours in the left pneumonectomy
(PNX; n = 4, 20 fields for each time point) group; *P < 0.02 versus CON
group (n = 4, 20 fields) and all other time points; **P < 0.02 versus

CON group and other time points except PNX 12 hours,
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Figure 7.  After left
pneumonectomy  and
subsequent intranasal

administration of small
inhibitory RNAs (siRNAs)
(PNXsi#2, PNXsi#4, and
PNXnonsi groups) or
thoracotomy and subse-
quent intranasal admin-
istration  of  siRNAs
(THXsi#2, THXsi#4, and
THXnonsi groups), thy-
roid transcription factor
1 (TTF-1) expression
level in the right lung
was measured. Densi-
tometry values were nor-
malized to B-actin for
Western blot analyses.
(A) Mouse TTF-1 mRNA
expression was analyzed
by reverse transcriptase—
polymerase chain reac-
tion at 12 hours. In the
PNX group, the TTF-1
mRNA expression level
was decreased by the
administration of siRNAs.
(B) In the PNX group,
administration of siRNAs
significantly ~ reduced
TTF-1 expression level at
48 hours. TTF-1 and
B-actin for the PNXnonsi
group was taken from
a separate gel. (C) In
the PNXsi#2 (n = 5)
and PNXsi#4 (n = 5)
groups, TTF-1 expression
by Western blot analysis
was significantly reduced
in comparison with the
PNXnonsi (n = 5) group
at 48 hours. At 7 days,
the level of TTF-1 expres-
sion was significantly re-
duced in all groups in
comparison  with the
PNXnonsi group at 48
hours. The effect of ad-
ministration of siRNAs
was no longer apparent
at 7 days. *P < 0.03
versus all other measure-
ments; **P < 0.03 versus

all other measurements except PNXsi#2 at 48 hours. (D) Right lung dry weight index (LDWI) was significantly decreased in the PNXsi#2 (n = 4) and
PNXsi#4 (n = 4) groups in comparison with the PNXnonsi (n = 4) group 48 hours, but was restored to a similar level as the PNXnonsi (n = 4) group by
7 days, *P < 0.05 versus PNXnonsi at 48 hours; **P < 0.05 versus all measurements at 48 hours. (E) TTF-1 expression was not significantly different
between the THXsi#2 (n = 3) and the THXsi#4 (n = 3) group in comparison with the THXnonsi (n = 3) group at 48 hours. (F) Alveolar duct area was
traced using Image ). In the PNXsi#2 (n = 3), and PNXsi#4 (n = 3) groups, alveolar duct area remained significantly increased at 48 hours in
comparison with the PNXnonsi (n = 3) group, *P < 0.01 versus PNXnonsi. (G) The difference in alveolar duct area was not significant in the THXsi#2
(n = 3), THXsi#4 (n = 3), and THXnonsi (n = 3) groups at 48 hours.

indicate that TTF-1 works in concert with multiple coactivators
to achieve normal alveolarization in lung development (26, 27).
Observations into the changes in the potential downstream
effectors of TTF-1 will be necessary to further dissect the po-

tential mechanisms involved in compensatory lung growth.

In the present study, it is likely that we observed primarily the
changes in alveolar cells rather than the endothelial cells or the
interstitial cells, which also play important roles in compensatory
alveolar septal tissue growth (28). TTF-1 was considered to be
expressed predominantly in the type II alveolar cells, but further



