[}

heparin sulfates might not be expressed in the cells in the inside
of islets. The fact of distinct CAR expression in mouse f3-cell
line MING cells (Fig. 1A) also supports this assumption
I'ransduction efficiency in fresh islets with the conventional
Ad vector was equal to that in overnight-cultured islets (data not
shown), suggesting that a low level of CAR expression in fresh
islets would be enough for Ad infection, The reason why CAR
expression in islets was enhanced by cultivation is unknown
Because it has been reported that CAR expression is enhanced
by long term culture or influenced by culture medium in
cardiomyocytes [29,30], same mechanism might work in islet
cells. Ad vector-mediated gene expression in vitro lasts for a
long term if the cells do not divide
proliferate in vitro and can be cultured for only a few days, gene

Since islets do not

expression would last throughout the duration of islet culture.
To overcome the physical problem of Ad infection into the
cells in the inside of islets, we examined the effect of Ca*’ -free
condition in which cell-to-cell adhesion becomes weak on Ad
vector transduction into islets. Fig. 2A shows that preincubation
in Ca*'-free buffer for 15 min before transduction with Ad-
CALacZ effectively enhanced j3-galactosidase activity of islets
However, confocal microscopic analyses did not reveal distinet
enhancement of transduction efficiency especially in the inside
of islets (Fig. 2B), The Ca®'-free treatment or collagenase
digestion which makes cell-to-cell adhesion weak has a

limitation because exce
the islet

Pancreatic islets are one of the most vascularized organs of

the body. The density of the islet capillary network and blood
flowing through the islets is about five times greater than that in
exocrine pancreatic tissue [31,32], This probably reflects the
requirements of the islets for nch supplies of nutrients and
oxygen, as well as for rapid disposal of metabolites and secreted
hormones. We next tried Ad vector transduction through blood
vessels that branch into the islet capillary network to obtain
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Fig. 2. Effect of Ca™ " -free treatment on Ad vector transduction into pancreatic
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more efficient gene transduction, especially into the inside of

islets. The celiac artery branched from the abdominal aorta is
upper and proximal vessel toward the pancreas (Fig. 3A). After
ligation of the hepatic artery with the portal vein and the splenic
artery, respectively, Ad-CAGFP was injected through the celiac
artery (Fig. 3A). Isolated islets were cultured, and their
transgene expression was evaluated. As shown in Fig, 3B and
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D, Ad vector transduction in vive succeeded in GFP expression
in isolated islets. As had been expected, GFP was expressed
even in the inside of islets, though not all islets effectively
expressed GFP. We also observed that some islets express GFP
throughout the islet. A typical image is shown in Fig. 3C.
Furthermore, to determine whether j3-cells were transduced,
immunohistochemical analyses using an anti-insulin antibody
were performed (Fig. 3E). Data showed that GFP expression
was observed in insulin-producing cells, indicating that [3-cells
in the inside of islets were indeed transduced.

In vivo gene transfer to pancreatic islets using other routes,
such as through the common bile duct [33,34] or a distal blood
vessel from the pancreas [35], has been reported. However, the
transgene was not expressed in islets efficiently and entirely and
its expression pattern within the islet has not been analyzed in
detail. This study should be valuable as a description of
successful transduction into the inside of islets by the Ad vector.

In the present study, we have shown that pancreatic islets
express CAR, a receptor for Ad, but that Ad vector-mediated
transgene is expressed only in the periphery of the islets due to
physical obstruction. We demonstrated that Ca®-free treatment
before Ad vector transduction improves gene transduction into
islets. Furthermore, Ad vector transduction through a proximal
blood vessel in vive and then cultivation of islets in vitro
mediated efficient gene expression even in the inside of islets.
Since pancreatic [3-cells exist in the inner area of islets, this
technique for Ad vector transductions could be very useful for
basic research for [3-cells and further therapeutic application for
diabetes mellitus.
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Abstract

Hypoxic gasping emerges under severe hypoxia/ischemia in various species, exerting a life-protective role by assuring minimum
ventilation even in loss of consciousness. However, the molecular basis of its generation and maintenance is not well understood.
Here we found that mice lacking Kir6.2- but not Kir6.1-containing ATP-sensitive potassium (Karp) channels [knockout (KO) mice]
exhibited few gasps when subjected to abrupt ischemia by decapitation, whereas wild-type mice all exhibited more than 10 gasps.
Under anesthesia, wild-type mice initially responded to severe hypoxic insult with augmented breathing (tachypnea) accompanied by
sighs and subsequent depression of respiratory frequency. Gasping then emerged and persisted stably (persistent gasping); if the
hypoxia continued, several gasps with distinct patterns appeared (terminal gasping) before cessation of breathing. KO mice showed
similar hypoxic responses but both depression and the two types of gasping were of much shorter duration than in wild-type mice.
Moreover, in the unanesthetized condition, the onset of terminal gasping in KO mice, which was always earlier than in wild-type mice,
was unaltered by decreasing O, concentrations within the severe range (4.5-7.0%), whereas onset in wild-type mice became earlier
in response to lowered O, concentrations. Thus, the mechanism responsible for regulating the hypoxic response in accordance with
the severity of the hypoxia was dysfunctional in these KO mice, suggesting that Kir6.2-containing Kxrp channels are critically involved

in the maintenance rather than the generation of hypoxic gasping and depression of respiratory frequency.

Introduction

Under severe hypoxia/ischemia, as in stroke and cardiac/pulmonary
failure, reduced O; supply to the brain triggers a sequence of
respiratory responses including an initial augmentation (tachypnea)
followed by a depression of respiratory frequency and, if prolonged,
electroencephalogram silence marking hypoxic coma. In this state,
gasping, a sponlancous respiralory activity, can emerge and thereby
improve the blood oxygenation state and increase the recovery rate
(St. John & Knuth, 1981; Sanocka ef al., 1992; Khurana & Thach,
1996; Fewell, 2005). Despite its critical importance in protection of
life, the molecular basis underlying such gasping remains poorly
understood.

ATP-sensitive potassium (K arp) channels (Noma, 1983) consisting
of pore-forming Kir6x and sulfonylurea receptor (SUR) subunits
(Inagaki e al., 1995, 1996) couple the intracellular metabolic state of
cells to electncal activity at the plasma membrane (Ashcroft, 1988;
Seino, 1999), K srp channels are expressed in brain in various nuclei
including brainstem (Mourre er al., 1989, Mironov et al., 1998) but
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their physiological role is only partially clear. We previously reported
that mice lacking the Kir6.2 subunit of K yyp channels [knockout (KO)
mice] (Miki er al.. 1998) arc extremely susceptible to generalized
seizure after brief hypoxia (Yamada er al., 2001). When subjected to
severe hypoxia (~5% 0;), KO mice soon exhibited very low-voltage
electroencephalogram, indicating loss of consciousness. Tonic con-
vulsion then lasted for several seconds, after which generalized seizure
was observed in the electroencephalogram, whereas in wild-type mice,
medium to low-voltage waves predominated and gasping emerged
after prolonged hypoxia. During the course of the study, we found that
KO mice exhibited fewer gasps under hypoxia (unpublished obser-
vation), indicating involvement of the Kuqp channels in control of
gasping.

Extensive studies on gasping have been reported (St. John & Knuth,
1981; Selle & Witten, 1941; Holowach-Thurston et al, 1974;
Khurana & Thach, 1996; Wang e/ al., 1996; Ramirez et al., 1998;
Lieske et al, 2000; Paton et al, 2006). However, very different
methods of inducing hypoxia have been used in vivo and in vitro, and
charactenizing gasping by the various methodologies is problematic
(Ramirez & Lieske, 2003),

In the present study, we used three protocols to investigate the
regulatory mechanism of hypoxic gasping in mice, including abrupt
ischemia by decapitation and hypoxia in anesthetized and unanesthe-
tized conditions. Differences in hypoxic responses between wild-type
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and Kir6.2 KO mice were investigated using methods including
monitoring expiratory flow with a thermistor airflow sensor,
respiratory body movement with a piezoelectric transducer (PZT)
device (Sato er al., 2006), expired O0,/CO; with a gas analyser and
activity of the phrenic nerve. An experiment in unanesthetized
condition was required because respiration under severe hypoxia is
affected by both anesthesia level and body temperature (Fazekas ef al.,
1941; Miller, 1949; Secher & Wilhjelm, 1968; Fewell, 2005), and
could not be equalized among anesthetized mice subjected to phrenic
nerve recordings. Mice exhibiting gasping were considered to be in a
condition of hypoxic coma (loss of consciousness) based on
electroencephalogram (Yamada et al., 2001).

Materials and methods
Animals

Fifty-nine wild-type mice (C57BL/6J), 52 mice lacking Kir6.2-
containing K yrp channels (Miki et al., 1998) and four Kir6. 1-deficient
mice (Miki ef al., 2002) were used in accordance with a protocol
approved by the Akita University Institutional Committee for Animal
Studies and followed the Akita University Guidelines for Animal
Experimentation. The Kir6.2 and Kirb.1 genes were cloned from a
129/8v mouse genomic DNA library. The mutant mice were
backcrossed more than four times to CS7BL/6 mice. All mice were
adult males (>2 months). Urcthane anesthesia (1.4 g/kg, i.p.) was
used in all experiments under anesthetic condition. The anesthesia
level was evaluated by monitoring respiration frequency and electro-
cardiogram, For the brief hypoxia experiment (see Results), the heart
rate (652.6 + 4.5/min, n = 23) and respiratory frequency before
hypoxic challenge (4.0 £ 0.1 Hz, n = 23) of wild-type mice were not
significantly different from those of KO mice (643.7 + 7.1/min and
3.8 £ 0.1 Hz, respectively. n = 12). For the prolonged hypoxia
experiment, the heart rate (628.7 + 3.8/min, n = 4) and respiratory
frequency before hypoxic challenge (4.0 0.1 Hz, n=4) of
wild-type mice were not significantly different from those of KO
mice (613.2 + 14.8/min and 4.2 £ 0.2 Hz, respectively. n = 5).

Abrupt ischemia caused by decapitation

To compare central regulation of gasping of wild-type and KO mice in
abrupt ischemia, the whole head was isolated by decapitation while the
mous¢e was restrained on a PZT device, which converts mechanical
motion into an electrical signal (PCT/JP03/01109; Sato ez al., 2006).
The buffered PZT-produced signals were amplified by a custom-made
amphifier (1 or x10), digitalized and filtered offline by commercially
available software (CLAMPEX 8 and cLAMPfiT 8, Molecular Devices,
Sunnyvale, CA, USA). To distinguish gasping from other body
movements, respiration was simultaneously monitored by four
infrared CCD cameras from different directions and stored on video
tape or DVD. The number of gasps was counted from the stored image
in reference to sharp deflections in the PZT-derived vibration signal.
Giasps comprising double openings of the jaw (double or diphasic
gasps) (Selle, 1944) were counted as two gasps in these experiments.

After dissection, brains were removed and fixed in 4% paraformal-
dehyde at 4 °C for later examination of the dissected portion of the
spinal cord. Only cases of dissection caudal to the C2 level were
analysed in the present study, as no gasp was seen when the dissection
was made at the CO-Cl level in both wild-type and KO mice.
Although we did not investigate this matter in the present study, it is
possible that impairment of the C1 cell group has some role in the
central regulation of respiration (Gang et al., 1995).
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Hypoxia experiments under anesthesia

Tracheotomy was performed in urethane-anesthetized mice. One end
of a bent stamnless steel cannula (6-mm-long, 18G flat-end needle) was
inserted into the trachea and the open end was connected to a 2.5-mL
open syringe (Fig. 1A). Care was taken to minimize the dead volume
in the tracheal cannula and the tube connecting the cannula o the
syringe. From the open end of the syringe, two Pharmed tubes (Saint-
Gobain Performance Plastics, OH, USA) were inserted and fixed
firmly to the syringe with a glue; one (thicker, internal diameter 2 mm)
was for introducing hypoxic gas or air into the syringe and the other
(thinner, intemnal diameter | mm) was set closer to the cannula end for
cffective sampling of the expired gas. The gas expired from the
cannula, which was diluted to a certain extent by the atmosphere in the
syringe, was continuously sampled (10 mL/min) and measured by an
0,/C0O; analyser (1H-26, GE Healthcare, Tokyo, Japan).

In the syringe, changes in the temperature of outflow from the
tracheal cannula were simultaneously monitored by a conventional
thermistor-type airflow sensor (type 45257, GE Healthcare). To detect
respiratory body movement, a PZT sensor, which was integrated into a
heater plate for maintaining body temperature, was used (Sato ef al.,
2006). As gasping is strongly affected by temperature (Fazekas er al.,
1941; Miller, 1949; Fewell, 2005), special care was taken to keep the
rectal temperature under anesthesia at 37.0 = 0.1 °C using a custom-
made heater device, while also monitoring the surface temperature of
the heater (Japanese Patent no. 3685983; Sato ef al., 2006), The rectal
temperature was recorded with a thin thermistor probe 2 cm from the
anus. Electrocardiogram was d between the right forepaw and
left hindpaw.

Two types of hypoxia experi under hesia for either 60 s
or a more prolonged period until cessation were conducted. Hypoxia
was produced by switching the gas introduced into the syringe from
room air to pre-mixed hypoxic gas with the same flow rate
(500 mL/min) using microprocessor-controlled, electromagnetic
three-way valves. The pre-mixed gas was produced from O; and
N gas by using mass flow meters (SEC-E40, HORIBA STEC, Kyoto,
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Japan). When pre-mixed gas of 4.5-5.0% O, was introduced, the O,
concentration within the syringe at 60 s after the opening of the valves
was 5.0-5.5% (~16 s were needed for the atmosphere in the syringe
1o reach 5.5% O, for a pre-mixed value of 4.5% O,). Thus, in the 60-s
brief hypoxia experiment, the O; concentration was expressed as the
value at 60 s after valve opening. In the prolonged hypoxia
experiment, although the O, concentration reached closer to the pre-
mixed value, the concentration at 60 s afier the valve opening was also
used to indicate the value.

In all of the prolonged hypoxia experiments and in some of the 60-s
brief hypoxia experiments, the right phrenic nerve was identified and
unsheathed. Nerve activity was recorded with bipolar silver electrodes
(diameter 0.1 mm, interpolar distance unfixed), amplified (time
constant 0.3 ms, cut-off frequency of low-pass filter | kHz Bioelec-
tric Amplifier 4124, GE Healthcare) and stored in a PC (see
Digitalization section below).

Tachypnea, sigh and depression frequency in anesthetized
condition

The onset of tachypnea was marked as the time point at which the ratio
of the respiratory frequency under hypoxia relative to the mean
frequency before hypoxia (0-10 s) continuously exceeded 100%,
except for a possible single fluctuation.

Sigh was characterized by a large inspiration followed by an
extraordinarily large-amplitude expiration and a brief post-sigh apneic
period (Nakamura ef al., 2003). The magnitude of the expiration could
be detected by a large upward deflection in the traces of expired CO,
as well as by the thermistor airflow sensor. The upward deflection in
the thermustor trace was followed by a wide and deep downward
deflection, which was clearly distinguished from those of neighboring
large breaths in the brief hypoxia experiment (see Results). The shape
of the downward deflection of sigh reflects both the amplitude and
width of the preceding upward deflection, the amplitude of the
downward deflection becoming larger as the width of the upward
deflection becomes wider according to the time constant of an AC
amplifier (0.3 s) and software high-pass filter (> 1 Hz). In addition,
the presence of the post-sigh apneic period also affected the shape of
the downward deflection. A similar consideration is also applicable in
discrimination of terminal gasping and persistent gasping in the
prolonged hypoxia experiment (see Results).

The onset of depression was defined as the time point at which the
ratio of the respiratory frequency under hypoxia relative to the mean
frequency before hypoxia fell below 100%. The duration of depression
was counted as the period from its onset to the beginning of persistent
gasping (see next paragraph),

Shape index of piezoelectric transducer response under
anesthesia

In the anesthetized condition, both inspiratory and expiratory body
movement can be detected directly as vertical motion by the PZT
device placed under the body (Sato e al., 2006). The PZT device was
moveable, and was set in the position at which the upward and
downward deflections of the PZT signal corresponded to inspiratory
and expiratory body movement, respectively, which was confirmed by
simultaneously monitored changes in the phrenic nerve discharge,
expiratory CO, and airflow in the outlet of the tracheal cannula. Under
urethane anesthesia, respiratory body movement detected by PZT
showed a biphasic shape. Evaluation of the symmetry of the upward
and downward deflections in PZT shape was accomplished as follows
(Fig. 1B). To measure the sharpness of the deflection, the amplitude

@ The Authors (2007). Journal Compil @ Federation of Euroy N
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was divided by its width at the baseline. The ratio of the sharpness of
the downward deflection to the sharpness of the upward deflection 15
the shape index, which is 1 when the shapes of the upward and
downward deflections are symmetrical.

Hypoxia under unanesthetized condition

Individual mice were subjected to hypoxia while held in a conical
skirted, tapered centrifuge tube (intermal diameter 25-27 mm,
no. 62.559, Sarstedt, Numbrecht, Germany) with mouth and nose
protruding slightly from the opening (diameter 4.5 mm) in the bottom
of the tube for breathing gas introduced from the inlet (Fig. 2). The
dead volume outside the hole was minimized with silicon filling. The
dead volume within the tube was decreased by a soft rubber inner
plug. the position of which was adjusted to minimize disturbances of
natural respiration. Expired gas from the centrifuge tube was
monitored by an 0,/C0; analyser. A very slow flow rate
(75 mL/min) for introducing pre-mixed gas (O, ranging from 4.5 1w
7.0% or air for control) was selected to detect gasping while
minimizing seizure. At this flow rate, individual expiratory breaths
during gasping could be detected by sharp deflections in the sampled
CO, trace. When the mouse breathed room air, the O, concentration in
the sampled expired gas was slightly lower and the CO, concentration
was higher due to the slow flow rate.

The whole centrifuge tube was placed on the PZT device. The
respiratory body movement of the mouse caused a small vibration of
the rubber plug (Fig, 2) and a dnift of the center of gravity of the
centrifuge tube. The resulting angular moment of the tube was
transferred to the PZT device as vertical motion. Inspiratory body
movement produced downward deflcctions of the PZT signal in the
resting eupneic condition. Thus, the respiratory frequency in the
unanesthetized condition could be measured by PZT deflections while
being confirmed by percentage CO; changes except when large body
movements overlapped.

The onset of tachypnea in unanesthetized condition was determined
as the ime pomt at which the extrapolated rising phase of the relative
respiratory frequency in tachypnea intersected the 100% line (mean
respiratory frequency before hypoxic challenge) (see Fig. 11A2
and B2). The onset of depression subsequent to tachypnea was
similarly determined but by using the falling phase in tachypnea. The
onset of terminal gasping was determined as the time point at which
the duration between positive and negative PZT deflections abruptly
became wide during the period before cessation. Precise determination
of the duration of terminal gasping in unanesthetized condition was
difficult because the convulsive movements just before cessation also
produced deflections in the PZT signal and an increase in CO,.

Gas inlet
< L'
|ee.--
bad 02/CO2monitor

[ ‘,/ >
Silicon filing  pjezoelectric transducer
(PZT)

ducing hypoxia to mouse in unanesthetired
PZT, piezoelectric fucer
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Digitalization

All bioelectric signals, including PZT-derived signals, were digitized
at a sampling rate of 2 kHz (cLAMPEX 8, Molecular Devices) in
anesthetized conditions and stored m a PC. A low sampling rate
(1 kHz) was used for hypoxia experiments under unanesthetized
condition. A software high-pass filter (cut-off 1 Hz, cLAMPAT 8) was
used 1o analyse electrocardiogram, thermistor airflow sensor signal
and phrenic nerve activity. A low-pass filter (cut-off 500Hz) was used
for CO; monitoring.

Statistical analysis

Values were expressed as mean + SE. Statistical comparison was
made by unpaired or paired r-test using commercially available
software (STATVIEW 5.0, SAS Institute, Cary, NC, USA)

Results

Gasping of knockout and wild-type mice following decapitation
In the normoxic condition, the respiratory frequency of awake Kir6.2
KO mice (3.4 + 0.3 Hz, body weight 27.1 + 0.4 g n = 10) was not
significantly different from that of wild-type mice (3.2 £ 0.2 Hz, body
weight 26.5 = 0.4 g, n = 12). However, when subjected to abrupt
ischemia by decapitation, all wild-type mice exhibited more than 10
gasps, whereas only a very few gasps were detected in the KO mice
and nine out of 20 KO mice showed no gasping at all (Fig. 3A-C). In

Wyl
17 4
.l 'll

g

§

B

3 2"2] I Kir6.2(-/-)
E -200

20

0 0 30(5)
[ o P<0.0001 D P<0.0001
(21)
12 o 3
¥ It
k-
B 8
(20)
g 4 g i (20)
0 0
o
£ &

& f?

Fi6. 3. Gasping caused by decapitation in wild-type (WT) and knockout (KO)
mice. (A) Movement of WT head d 1 by piczoclectn 1 (PZT)
sensor afler decapitation (0 s). Arrows indicate gasping venfied by video
recordings (see Materials and methods). (B) Similar to A but of a KO mouse
The initial vibrations detected before | s afier the isolation were caused by
contact of the head with the PZT sensor. During this period, no gasp was
observed in all mice tested. Comparison of the number (C) and total duration
(D) of gasping between WT and KO mice
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addition to the significant difference in the number of gasps, the
duration of gasping was considerably shorter in KO than in wild-type
mice (Fig. 3D). In contrast, mice lacking the Karp channel subunit
Kirf.1 (vascular smooth muscle-type K yrp channels) exhibited gasps
numbering 128 £ 03 (n=4) with a duration of 173055
(n = 4), not significantly different from that of wild-type mice,
suggesting involvement of Kir6.2-containing Ky channels in central
regulation of gasping.

Respiratory changes induced by brief hypoxia in anesthetized
condition

Tachypnea and sighs

To further investigate the relevance of Kapp channels in hypoxic
gasping, spontancously breathing mice were subjected under anesthe-
sia to rapidly introduced, severe hypoxia for 60 s. This period was
chosen so that both types of mice could revive after re-exposure to
normoxia in the anesthetized condition. The (; concentration imposed
on mice (5.0-5.5% measured at 60 s after introduction) was selected
based on our previous study (Yamada ef al,, 2001).

Three indices reflecting respiration were measured: changes in
0;/C0; concentration within the syringe connected to the tracheal
cannula, changes in temperature fluctuation due to expiratory flow and
respiratory body movement (Fig. 1A, see Matenals and methods).
Phrenic nerve activity was also monitored in some cases. However, it
is known that respiratory responses to severe hypoxia are extremely
sensttive 10 the anesthesia level and body temperatre (Secher &
Wilhjelm, 1968; Fewell, 2005), and the anesthesia levels of the mice
subjected to phrenic nerve recordings were difficult to keep equalized
during the hypoxia experiment. Accordingly, traces of phrenic nerve
recordings were selected to represent typical hypoxic responses
(Fig. 4A and B).

The initial responses of wild-type mice, along with a rapidly
declining O concentration, were aug d respiratory frequency
(tachypnea, Fig. 4, Al and A2, onset indicated by open arrowhead)
and a subsequent extraordinanly large breath (astensks in Fig. 4, Al).
The large breath, referred to as a sigh. was casily identified by its
biphasic large deflection in the trace of the thermistor airflow sensor.
As indicated by the concomitant increase in expired CO; (Figs 4, Al,
and 5, Al), these deflections reflect the large-amplitude expiration of a
sigh (see later sections for details),

The onset of tachypnea and initial sigh were similar in wild-type
and KO mice (Figs 4, A1-CI, and 6, Al and Bl). However, the
maximal respiratory frequency during tachypnea was higher and the
peak period of tachypnea (from onset to maximum tachypnea) was
longer in KO than in wild-type mice (Figs 4, A2-C2, 5, Al and Bl,
and 6, A2 and A3). In addition, most (10/12) KO mice exhibited an
apnea-like period (duration 13.3 £ 1.4 5, onset 269 + 1.0 s, n = 10)
following tachypnea (Figs 4, Cl and C2, and 5C). During this apnea-
like period, the respiratory frequency may have been too high, as
indicated by the PZT deflections, for these breaths to be detected by
thermistor or CO, sensor (Fig. 5C). Accordingly, the apnea-like
periods were not counted as depression in the anesthetized experiment.
No such apnea-like period was detected in the wild-type mice tested
(n = 23) during the 60-s hypoxic period.

Depression in respiratory frequency

Following the tachypnea, the respiratory frequency of wild-type mice
was quickly depressed to a value below the mean frequency before
hypoxia (depression, after filled amow in Fig. 4, A2). In addition, the
amplitude of CO; and thermustor mirflow sensor traces progressively

s and Blackwell Publishing Ltd
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three-way valve for introducing hypoxic gas was opened at 10 s (the time lag in percentage O l:hange was duc 10 dead volume in the gas inlet tube and syringe). At
60 s after valve opeming. percentage O, in the syringe reached 5.0% (the time at 5.5% O; 15 indicated). Delay ong g from the time of the 0,/ CO, gas
analyser (~7.5 s) was comected. An increase in percentage C(), reflects expiratory outflow from the tracheal cannula. Tcrnpcmu:: increase due to expiratory flow
was monitored by a thermistor airflow sensor (Thermistor; see Materials and methods). Biph deflections in the trace of the thermistor (asterisks) are referred
to as *sighs’. Onsets of tachypnea and depression are indicated by open armowhead and filled amow, rcsgxcll\‘cl)r O;mlloﬂ for phrenic nerve muﬂllng (Phr.) in this
mouse mimmally affected the resp 1 y and exp ¥ body movement were m d by g er (PZT) deflections in the opposite
direction. Electrocardiogram (ECG) was monllrm.'d The underlum! period is expanded in Fig. SA to show details in llu: initial hypoxic responses. (B1) Similar to Al
but of a knockout (KO) mouse. (C1) Similar to B1 but of another KO mouse showing apnea-like period interrupted by sighs. Phrenic recording was not conducted in
this case. Detail in the responses during the apnea-like period (underlined) is shown in Fig. 5C. (A2) Change in respiratory frequency of WT mouse shown in Al.
Filled bar denotes period of actual hypoxic challenge. Open amowhead and filled arrow indicate the onset of tachypnea and depression, respectively (see Materials
and methods). (B2 and C2) Similar to A2 but of KO mice shown in Bl and C1, respectively. In the brief hypoxia experiment, thermistor sensor responses were used

1o count frequency and sighs were not counted. Hence, the trace in C2 shows an miermittent period afler tachypnea

increased, indicating increased tidal volume during depression (Figs 4,
Al, and 3, Al). The frequency slowed further to below 2 Hz in a short
period, while a large tidal volume was maintained (Figs 4, Al and A2,
and 5, Al). Based only on the tidal volume and interbreath interval,
the slow respiration during this period (frequency <~2Hz) may be
regarded as gasping. With regard to phrenic nerve activity, the burst of
gasping in small animals such as mice has been characterized by its
larger amplitude and shorter duration compared with those in eupnea,
in addition w0 a long intergasp interval (St. John & Paton, 2003).

However, the amplitude of the phrenic bursts in wild-type mice during
this slow respiration period was frequently not much larger (Fig. 4,
Al, see the trace of phrenic activity) than that during eupnea and the
duration of the burst was long in some instances (see also Fig. 8, A2),
making it difficult to determine if such slow respiration is gasping or
depression.

Although KO mice also showed a depression similar to that seen in
wild-type mice, its onset was significantly delayed (Figs 4B and C,
and 6C). Thus, tachypnea was more quickly depressed in wild-type
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than in KO mice in the anesthetized condition. A similar further
slowing of respiration (< 2 Hz) was also observed in some KO mice
within the brief hypoxic period (Fig. 4, B2).

Characterization of sighs during brief hypoxia

The extraordinary large-amplitude breaths termed here as sighs are
characterized by phrenic nerve discharge with an amplitude much
larger than that of a cupneic breath (Fig. 4, see also Fig. 5, A2 and B2).
In addition, a sigh was clearly distinguishable from neighboring

© The Authors (2007). Joumal Compilati

breaths by the deeper and wider downward deflections seen in the
trace of the thermistor airflow sensor (Fig. 4A-C), indicating that sighs
involve expiration of larger amplitude and longer duration (see
Materials and methods). In addition, sighs emerged independently of
the neighboring breaths (Fig. 5, A2 and B2, asterisks) and were
followed by a short duration post-sigh apneic penod (Nakamura ef al.,
2003).
When the number of sighs was counted on this definition, the onset
and number of sighs were similar in wild-type and KO mice, except
@ Fed
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FiG. 6. Comparison of bref hypoxia-induced respiratory changes between
wild-type (WT) and knockout (KO) mice, (A1, A2 and A3) The onset, maximal
respiratory frequency relative to the mean frequency before hypoxic challenge
and peak period (time from onset 1o maximum) of tachypnea, respectively. (B1
and B2) Onsct and the number of sighs. (B3) The mean amplitude of sighs
relative to that of breaths before hypoxic challenge evaluated by thermi
sensor. (C) Onset of depression. Two KO mice did not show depression
dunng the 60-s hypoxic period. Onsets in all figures were measured from the
time that the O, concentration actually began to decrease (see Fig. 4A1) NS,
not significant.

that the mean amplitude of sighs relative to that of eupneic breaths was
lower in KO than in wild-type mice (Fig. 6, Bl -B3). These results
suggest that Kyrp channels are not required in the generation and
maintenance of sighs.

Abnormal respiration of Kirf.2-deficient mice 2355

Respiratory changes in prolonged hypoxia in anesthetized
condition

The brief hypoxia experiment suggested investigation of respiratory
changes duning a longer hypoxic period. We then examined the effect
of prolonged hypoxia in the anesthetized condition while recording
phrenic nerve activity, introduced as in the brief hypoxia experiment
(to 5.0% O3 m 60 s) and maintained untl cessaton. As the hypoxic
period was longer, the O, concentration finally reached nearly the
value of the pre-mixed gas (4.5% 0) (see Materials and methods).

In wild-type mice, tachypnea, sighs and depression were elicited
during the initial 60-s hypoxia in a manner essentially similar to that
described in previous sections (Figs 7 and 10A). However, after this
period, the sighs ceased and the basal respiratory frequency became
gradually slower, stabilizing at a very low frequency (< ~0.5 Hz),
which persisted for tens of seconds (Figs 7A and 9, Al). The PZT
signal during this stable phase exhibited a biphasic symmetrical shape
(Fig. 8, A3, bottom trace), whereas in the eupneic period the shape
was asymmetrical, with upward deflection of less amplitude and
longer duration than the subsequent downward deflection (Fig. 8, Al).
In the depression period preceding this stable phase, the PZT signal
also exhibited an asymmetrical shape in the beginning but gradually
shifted to symmetrical (Figs 7A, and 8, A2 and A3). To quantify the
symmetry of the PZT shape, we used a shape index in the present
study that becomes closer to | as the PZT shape becomes more
symmetrical (see Materials and methods).

As shown in Fig. 9, B, the shape index dunng the mnitial phase of
depression in wild-type mice fluctuated greatly but the value soon
became stable at a value close to 1. The shape index clearly shows a
stable respiration phase of some duration after the onset of depression
(open ammow in Fig. 9, Bl). From this point, respiratory body
movement detected by PZT shified to biphasic symmetrical, reflecting
an inspiration followed by an expiration involving an almost equal
amount of vertical motion. Thus, a PZT shape index that became
stable at a value close w | (ranging from 0.4 w 2.0) was termed
persistent gasping. The duration of the depression in respiratory
frequency was then counted as the period from its onset (filled arrow
in Fig. 9, Al, when the respiratory frequency after tachypnea first
decreased to a value less than the mean frequency before hypoxia)
until the onset of persistent gasping (open amow in Fig. 9, Bl).

After the onset of depression (filled arrow in Fig. 9, Al), the width
of the phrenic burst also decreased gradually in wild-type mice (Fig. 9,
C1) but some fluctuation was still seen. In contrast, during persistent
gasping, the phrenic burst showed a stable value that was significantly
shorter (0.06 + 0.00 s, n = 4) than during eupnea (0.11 + 0.09 s,
n =4, P<0.005 paired r-test; Figs 8, Al and A3, and 9, Cl),
indicating that breathing during persistent gasping meets at least one
of the conventional criteria of gasping, a shorter duration of phrenic
burst than in eupnea, although the amplitude of the burst was not
always much larger than in cupnea (see also Fig. TA).

In KO mice, depression in respiratory frequency could be detected
(Figs 7B, 8B and 9, A2) but its onset was delayed by ~15 s and its
duration was shorter by ~-80 s than in wild-type mice (Fig. 10A, see
also Fig. 6C). As a consequence, the onset of persistent gasping in KO
mice was significantly earlier than in wild-type mice (Figs 9, B1 and
B2, and 10, Bl).

When the hypoxic condition was continued further, the stable
period of persistent gasping in wild-type mice stopped abruptly with a
dramatic increase in the width of the phrenic burst, whereupon
respiration ceased (Figs 7A and 8, A4; after thin arrow in Fig. 9, C1).
The mean width of the phrenic bursts of the last four gasps except for
the very last one of the terminal breaths was significantly wider
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1 b

emergence of several of large exy

is are shown in Fig. 8.

(0.33 £0.02 s, n = 4) than that of phrenic bursts during persistent
gasping (0.06 £ 0.00s, n=4; P <0.005 paired ttest). Thus,
breathing after the time point at which the width of the phrenic burst
showed an abrupt increase (thin arrow in Fig. 9, C1) was termed
terminal gasping and persistent gasping continued until the onset of
terminal gasping in the anesthetized expeniment.

Corresponding to the large width of phrenic bursts in terminal
gasping, which indicates a large inspiration, the duration between
positive and negative PZT deflections was long, i.c. movement during
expiration showed a delayed peak (Fig. 8, A4, downward defiections
in the bottom trace). Indeed, the ime point at which the width of the

y flow similar to the sighs seen in the th
sighs. IBI Similar to A but of a KO mouse. r\pn:a like periods are seen after tachypnea and before the

trace but

1k 1,

1 g a much wider phrenic burst than that of
i marked by Al—4 and B1-4 in

phrenic burst began to increase (Fig. 9, C1, thin arrow) correlated well
with the shape index of the PZT falling close to 0 (Fig. 9, Bl and C1),
reflecting an increase in the duration of individual expiratory flow,
especially very close to the baseline (Fig. 8, A4). In addition, the
amplitude of the downward deflections in the trace of the thermistor
airflow sensor during terminal gasping was as large as that of sighs
(Fig. 7A, third trace), also suggesting a long duration and large
amplitude expiratory breath of terminal gasping as mentioned in the
analysis of sighs above. The long duration of the individual
expirations was most clearly seen in the PZT traces in some wild-
type and KO mice (Fig. 8, B4, bottom trace).
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In KO mice, both the duration of depression and persistent gasping
were much shorter than in wild-type mice (Figs 9, B2 and C2, and 10,
A2 and B2), and the onset of terminal gasping was significantly carlier
than in wild-type mice (Figs 9, C2, and 10, C1). The duration of
terminal gasping was also significantly shorter in KO than in wild-type
mice (Fig. 10, C2), indicating a crucial role of the K srp channels in the
maintenance of depression and persistent and terminal gasping in the
anesthetized condition

Hypoxia-induced respiratory changes in unanesthetized
condition

Hypoxic responses were also analysed under unanesthetized condition
to exclude the influence of anesthesia. In preliminary tests, all wild-
type and half of the KO mice exhibited no gasps at 8-9% O; within

g¢ in the

the recording period (1500 s). Below 4% O,, or if the hypoxia was
introduced as rapidly as in the anesthetized experiments, generalized
convulsive seizure interfered with the detection of gasping in KO mice
(Yamada et al., 2001). Thus, the experiments were performed at O,
concentrations from 4.5 to 7.0% at a very slowly declining rate of O,
while CO; changes and body movement were monitored (see
Materials and methods).

In these conditions, changes in the resp y frequency could
readily be detected by the PZT responses (see Materials and methods),
the shapes of which were essentially similar to those detected in
anesthetized condition (Fig. 11, Al and B1). Tachypnea (onset, open
arrowhead in Fig. 11, A2 and B2) and subsequent depression (onset,
filled arrow in Fig. 11, A2 and B2) were detected in both wild-type
and KO mice. At 4.5-5.0% O,, no significant difference in onset of
tachypnea was detected between wild-type and KO mice, as in the

© The Authors (2007). Journal Compilation © Federation of European Neuroscience Societies and Blackwell Publishing Lid
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FiG. 9. Quantitative analyses of the respimtory responses of wild-type (WT) (A1, Bl and C1) and knockout (KO) (A2, B2 and €2) mice during prolonged hypoxia
depicted in Fig. 7. Changes in the respiratory frequency relative to the mean frequency before hypoxic challenge (0-10 s) of WT (A1) and KO (A2) mice. The onset of
depression in KO mice (filled arrow in A2) was delayed compared with WT (filled arrow in hl] In these plms resplr-ltnry I'n:quenl:y was counted by piezoelectnic
transducer (PZT) deflections with reference to expiratory flow. Asterisks indicate ient ta dinarily large b (sighs). (B1 and B2) Similar
to A but changes in the PZT index, reflecti y of the upward (inspiration) and downwxrd {exy } deflections of the PZT resp Open arrows indicate
the time point at which the shape index shows a relatively constant value close to 1, i.¢. the beginning of persistent gasping. For convenience, values in A and B (but not

C) are connected by lines, (C1 and C2) Similar to A but changes in width of phrenic burst. An abrupt increase in the width is clear (thin arrows), suggesting that gasping

of a distinct type begins (terminal gasping). Note the blank in the trace in C2, which indicates the apneic period before terminal gasping in KO mice.

anesthetized expeniments (Fig. 12A). A similar correspondence was
also detected in other concentration ranges (data not shown). In
addition, unlike the anesthetized condition, no difference in peak
period or maximal respiratory frequency of tachypnea (P = 0.91 and
0.58, respectively) was detected between wild-type (n = 6) and KO
(n = 4) mice at 4.5-5.0% O, at which no significant difference in
respiratory frequency was detected before hypoxic challenge. Consis-
tently, the onset of depression that emerged after the tachypnea was
also similar in the two types of mice (Fig. 12B).

One of the most distinctive features of the respiratory responses
of wild-type mice in the unanesthetized condition was that the first half
of the hypoxic period comprised irregularly mixed depressions of
variable frequency (filled arrowheads in Fig. 11, A2) and apnea-like
periods (open squares in Fig. 11, A2; very low amplitude in
percentage CO, and PZT traces in Fig. 11, Al), frequently accom-
panied by large body movements (Fig. 11. Al, large deflections in
PZT trace). Imprecise discrimination of depressions and apnea-like
periods made evaluation of the total period of depression difficult;
nevertheless, the responses could be discerned by changes in the
respiratory frequency (Fig. 11, A2) and differences in the height of the
percentage CO; trace in companison with the PZT response (Fig. 11,
Al). In fact, the duration of depression including the apnea-like period

© The Authors (2007), J | Compilatiol

in wild-type mice (summation of the initial depression shown in
Fig. 11, A2 with the periods indicated by filled arrowheads and open
squares) was longer than in KO mice (estimated as in Fig. 11, B2).

Despite the irregularity in the hypoxic responses, a stable, slow
respiration rhythm having a PZT shape distinct from that in the initial
half of the hypoxic period eventually emerged in all wild-type mice
tested [Fig. 11, Al, inset (1)]. This slow respiration exhibited a PZT
response of either symmetrical biphasic [Fig. 11, Al, inset (1)] or
triphasic [Fig. 11, Al, asterisk in inset (2)] shape and persisted until
just before the terminal breaths [Fig. 11, Al, inset (3)]. The biphasic
PZT shape was similar to that of the persistent gasping in anesthetized
condition (Fig. 8, A3). However, the triphasic shape was produced by
body movement possibly reflecting an expiration/inspiration/expir-
ation sequence. As the biphasic and tniphasic shapes emerged
unpredictably during the hypoxic period, we included both types as
persistent gasping in the present study.

The PZT shape of the terminal breaths in wild-type mice was similar
to that in terminal gasping in anesthetized experiments, especially the
long duration between positive and negative deflections [inset (3) in
Fig. 11, Al; see also PZT trace in Fig. 8, Ad], and in most cases a
sharp deflection followed by a wide valley in the opposite direction. In
addition, there was a clear tendency to a hypoxic response in accord
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terminal gasping (C) under prolonged severe (5.0% O; at 60 s after valve
opening) hypoxia between wild-type (WT) and knockouwt (KO) mice in
anesthetized condition. (Al and A2) Onset and duration of depression,
respectively, (B1 and B2) Similar to A but of persistent gasping. Note that onset
of depression in KO mice was significantly delayed by ~15 s from that in WT
mice (Al) but the duration of depression in KO mice was shorter by ~80 s than
in WT mice (A2), resulting in earlier onset of persistent gasping in KO than in
WT mice (BI), (C! and C2) Similar to A but of terminal gasping. As the
duration of persistent gasping of KO mice was much shorter than in WT mice
(A2), onset of terminal gasping of KO mice was significantly earlier than in WT
mice (Cl). Duration of terminal gasping of KO mice was slightly but
significantly shorter than that of WT mice (C2). Onset was measured from the
time that O, concentration actually began to decrease.
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with the severity of the hypoxia in wild-type mice. The onset of the
terminal gasping declined nearly linearly as the O, concentration was
lowered within the range of testing (4.5-7.0% O) (Fig. 12D,
correlation coefficient 0.87)

The KO mice also showed persistent and terminal gasping [insets
(2) and (3), respectively, in Fig. 11, B1], However, the period of stable
gasping seldom persisted [compare inset (1) to (3) in Fig. 11, Al and
Bl1]. In addition, the onset of terminal gasping in KO mice was
significantly earlier than in wild-type mice (Fig. 12C) and did not
change regardless of the O, concentration (Fig. 12D, correlation
coefficient 0.21), indicating an inability of the KO mice to regulate the
hypoxic response according to the severity of the hypoxia in that mnge
of O concentration (see also Supplementary material, Fig. S1).

As mentioned, there was no difference in onset or duration (peak
period) of tachypnea in wild-type and KO mice. In addition, the onset
of initial depression was similar in both types of mice. Thus, the
dependency of onset of terminal gasping on the severity of hypoxia
(Fig. 12D) suggests that maintenance of hypoxic responses from onset
of depression to the end of persistent gasping is regulated in an
O,-level-sensitive manner in wild-type but not KO mice. Thus,
considering both the anesthetized and thetized experiments, it 15
clear that Kir6.2-containing Kxrp channels are critically involved in
the maintenance of depression and gasping during severe hypoxic
conditions.

Discussion

Gasping appears clinically when the blood O, content is reduced to
~.25% of the normal level, and is readily distinguished from cupnea
by the large opening of the lower jaw and long interbreath interval.
This distinct breathing pattern can persist for minutes or hours,
assuring minimum ventilation until the blood oxygenation state is
improved, but the molecular basis of the maintenance of gasping is
poorly understood. In the present study, each of the hypoxic respanses
seen in wild-type mice could be generated in Kir6.2 KO mice but the
duration of depression and gasping, and not of tachypnea and sigh was
significantly shorter in KO than in wild-type mice in the anesthetized
condition. In addition, the total duration from onset of depression to
terminal gasping in KO mice was unaltered by the O, deprivation
level within the range of testing (4.5-7.0% O,) in unanesthetized
condition, whereas total duration clearly depended upon the severity
of the hypoxia in wild-type mice.

Contribution of central vs. peripheral ATP-sensitive polassium
channels in hypoxia-induced respiratory responses

As KO mice lack K,rp channels in the whole body, involvement of
the peripheral K ypp channels in the control of severe hypoxia-induced
respiratory responses including gasping cannot be excluded. In
particular, heart and skeletal muscle K rp channels, consisting of
Kir6.2 and SUR2A subunits (Inagaki ef al., 1996), might contribute to
the hypoxic responses. However, the difference in gasping between
the wild-type and KO isolated head cannot be explained by the cardiac
K st channels. In addition, mice lacking vascular smooth muscle-type
K arp channels containing Kir6. 1 subunits exhibited gasping responses
similar to those of wild-type mice when decapitated, suggesting that
the Kir6.2-containing Krp channels in the central nervous system are
crucial in the regulatory mechanism of gasping. Indeed, it has been
reported that the time to last gasp following decapitation and that
following exposure to systemic anoxia are similar in newbomn rats
when the body temperature is equalized (Fewell, 2005), indicating the
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FiG. 11. Typical changﬁ in respiration of mice subjected to severe hypoxia (4.5-5.0% O;) in unanesthetized condition, Raw truces of respiratory responses (Al)
and changes in the res y freq y relative to the mean frequency before hypoxic ehuilcngt (A2) of wild-type (WT) mouse subjected to 4.8% O,. Hypoxia was
imposed very slowly to compare gasping of WT with that of knockout (KO) mice (see Results). The response, which followed periods of tachypnea (onset, open
arrowhead in A2) and the inital dl.'pression {onset, filled arrow in A2), consisted of iregularly mixed depression (filled arrowheads in A2) and apnea-like periods
(open squares in A2) frequently accompanying large body mo | dinanly large deflections in the piezoelectric transducer (PZT) trace in Al]. A stable,
slow rhythm then emerged [inset (1)) and persisted until terminal brealh_s [inset (3), thin arrow]. During this slow rhylllrn, the PZT shape (lower trace in the insets)
showed characteristics of either biphastc [inset (1)] or triphasic [asterisks in parentheses in inset (2)] persistent gasping. During the terminal breaths, a PZT shape
characteristic of terminal gasping is seen [inset (3), thin arrow]. The polarity of the PZT deflection is affected by the posture of the mouse. Note that changes in
percentage CO; correlated well with those of PZT responses. As a change in posture caused fluctuations in the response time of the percentage CO;, CO; traces in the
insets (above traces) were amanged to be readily correlated to individual PZT deflections. (Bl and B2) Similar to A but of a KO mouse subjected to 5.0% O,. The
hypoxic responses were iregular and persisted for only a short period. Filled arrowheads in insets (1) and (2) denote depression. Thin arrow in inset (3) dmutc:. a
terminal gasp showing an atypical PZT shape. Traces of respiratory frequency were discontinuous at some points due to large s body mov g

the breath.
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critical importance of central regulation in the maintenance of severe
hypoxia-induced gasping.

Regarding the control of hypoxic gasping, the Kp channels in
peripheral chemoreceptors such as the carotid body could also be
involved, However, this is unlikely as the pattern of gasping and the
magnitude of phrenic bursts during gasping are not altered by carotid
sinus nerve stimulation (Neubauer ef al., 1990). In addition, initiation
of gasping is not affected by sympathetic or parasympathetic
blockade, such as intracarotid administration of NaCN, indicating a
central regulation mechanism independent of autonomic integrity (St.
John & Knuth, 1981; Sanocka e al., 1992). Indeed, Kir6.2 mRNA was
not detected in the carotid body of mice, although Kir6.] mRNA was
abundantly detected (data not shown).

Influence of CO- on gasping

Although gasping in the present study could result from hypocapnia
rather than hypoxia, this is unlikely as neither the frequency nor the
intensity of gasps was reported to be altered by hypocapnia
(St. John & Knuth, 1981). In addition, it is known that phrenic nerve
activity during gasping is not altered by reducing the end-tidal partial
pressure of CO, from normocapnic to various hypocapnic levels
(St. John & Knuth, 1981). Other investigators have also reported that
the pattern of gasping and the magnitude of phrenic bursis during
gasping are not altered by hypercapnea (Neubauer er al, 1990),
Indeed, in our experiment, the difference in gasping between KO and
wild-type mice under isocapnic hypoxia by 92% N,/3% C0,/5% O,
was similar to that detected by 95% N,/5% O, (data not shown).

Hypoxia-induced sighs and apnea-like period

In the initial hypoxic period under anesthetized condition, both wild-
type and KO mice showed similar onset and numbers of sighs,
indicating that Kir6.2-containing K yrp channels are not required for
the initiation or mai e of sighs, although their involvement in
the modification of rhythmicity or relative amplitude cannot be
excluded.

Regarding the apnea-like period between sighs following tachypnea
in KO mice, no such period was detected in wild-type mice under
anesthetized condition. In addition, it is noted that very fast breathing-

@ The Authors (2007). Jounal Compilation © Federation of Europ N

of hypoxic response including depression, apnea and gasping in WT mice. (D) Onset of
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like motions could be detected by PZT during a portion of the apnea-
like penod.

In unanesthetized condition, apnea (Fig. 11, A2) was detected not
only in KO but also in wild-type mice in the middle stage of hypoxia.
It is thus of interest to determine if the very fast breathing-like motions
occur during apnea in the conscious state, and whether this is related
to the similar peak period of tachypnea and onset of depression
observed in both types of mice in unanesthetized condition.

Definition of gasping in mice

Among the conventionally used criteria of gasping, the rapid rise-time
of integrated phrenic bursts is reported to be inappropriate in small
mammals such as mice for distinguishing gasping from cupnea
(Fukuda, 2000; St. John & Paton, 2003). In the present study, we
included data on expiratory activity detected by PZT and divided
gasping in the anesthetized condition in adult mice into persistent
gasping of biphasic PZT shape and terminal gasping of wide phrenic
bursts. Discrimination of the period of persistent gasping from that of
depression was based on the symmetry and stability of the PZT shape,
which reflects the balance between inspiratory and expiratory body
movement detected by the vertical motion of the PZT.

In addition, gasping shown by tnphasic shape was detected in the
unanesthetized condition. Distinct types of gasping have also been
reported by Gozal et al. (1996) with whole body plethysmography of
immature rats in an alert condition. Prolonged, severe hypoxia elicited a
triphasic ventilation consisting of an initial expiration followed by an
inspiration and a second expiration (type I gasps), and a biphasic
ventilation consisting of a prominent initial inspiration followed by a
small expiration (type 11 gasps) (Gozal er al,, 1996). In their study, no
biphasic gasping of symmetrical shape comresponding to persistent
gasping was mentioned. The relationship between triphasic and biphasic
gasping, and how expiration contributes to gasping are also of interest.

Mechanism of gasping

The cellular mechanisms underlying eupnea and gasping have been
discussed extensively (Ramirez et al., 1998; Koshiya & Smith, 1999;
Lieske et al., 2000; Del Negro et al., 2002; Ramirez & Lieske, 2003,
St. John & Paton, 2003; Pena et al., 2004; Paton et al., 2006). It is
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proposed that gasping depends on intrinsic cellular mechanisms
localized in the pre-Botzinger complex in the medulla, especially
persistent sodium channel-dependent cellular properties (Del Negro
et al., 2002; Pena et al., 2004; Paton ef al., 2006), whereas eupnea
depends on the complex interaction of neuronal networks in the
brainstem, either restricted or not restricted to the pre-Bowzinger
complex. Selective lesioning of the pre-Botzinger complex eliminates
cupneic breathing but not gasping (Ramirez er al., 1998), suggesting a
complex nature of gasping in vivo. It has been reported that Kqp
channels comprising Kir6.2/SUR! but not Kir6.1/SUR2 are
expressed in inspiratory neurons in the pre-Botzinger complex by
single-cell antisense RNA amplification-polymerase chain reaction
(Haller er al., 2001). Thus, it is of interest to clarify the participation of
Ka1r channels in the regulation of hypoxic ventilatory responses,

The present results using KO mice lacking Kir6.2 indicate that these
Karp channels are not essential for generating eupnea, sighs and
gasping but rather are critically involved in maintaining a level of
gasping and depression proportionate to the severity of the hypoxia,
which might well be essential in recovery by reoxygenation (Neubauer
et al, 1990). In addition, of the hypoxia-induced ventilatory
responses, only gasping and depression but not sigh were critically
affected in KO mice, suggesting an alternative mechanism of control
of sighs. The combination of recordings of phrenic nerve activity and
PZT responses in spontancously breathing animals highlights the
importance of expiratory as well as inspiratory patterns in classifying
depression and gasping.

It is proposed that the duration of survival of necurons in the
respiratory centres after decapitation is determined by the balance
between the anoxic energy reserve and the cerebral metabolic rate
(Thurston et al., 1978). Opening of the Kxrp channels, which couple
the intracellular metabolic state with electnical activity, could well
minimize energy consumption to protect the brain in such conditions
(Ballanyi, 2004; Yamada & Inagaki, 2005). Further investigation is
required o clarify how Kaprpe channels participate in the central
regulation of depression and gasping under severe hypoxia.

Supplementary material

The following supplementary material may be found on
www.blackwell-synergy.com

Fig. S1. Typical changes in respiration of wild-type and knockout
mice subjected to hypoxia without anesthesia.
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Adult pancreatic islets require differential pax6 gene dosage
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Abstract

Pax6, 4 paired homeodomain transcription factor, plays crucial roles in morphogenesis of eye, central nervous system, and pancreatic
islets. Recently, heterozygosity for pax6 mutation has been reported in some individuals with glucose intolerance and aniridia. To inves-
tigate the role of pax6 for pancreatic islet function, we examined the pancreatic phenotype of small eye rat strain (rSey”) with a point
mutation in the pax6 locus resulting in truncated PAX6 proteins. Analyses of the insulin secretory profile of heterozygous rSey’/+
revealed that insulin secretion is significantly increased in response to membrane-depolarizing stimuli such as arginine, tolbutamide,
and KCI. The processes of insulin granule exocytosis were suggested to be enhanced in rSey’/+. On the other hand. pancreatic insulin
and glucagon content and islet architecture in rSey’/+ showed no significant differences compared to wild-type. These findings indicate
differential requirements for pax6 gene dosage in displaying function and maintaining architecture of adult pancreatic islets.

@ 2006 Elsevier Inc. All rights reserved.

Keywords: Pax6; Pancreatic fslets; Insulin secretion: Arginine: Small eye; Pancreas

Transcription factors playing a role in pancreatic devel-
opment have been shown to orchestrate the process of cell
differentiation and transition by regulating the expression
of numbers of genes [1,2]. To form the pancreas and orga-
nize pancreatic islets, multiple transcription factors play
roles at precise steps in the developmental program. Vari-
ous models in which these transcription factors are inacti-
vated have revealed defects of pancreatic development or
pancreatic islet morphogenesis.

The paired homeobox (Pax) family of transcription fac-
tors is involved in embryonic development of many organs
including eyes, brain, kidney, thyroid gland, immune sys-

" Corresponding author.
E-mail address: yamada@gipe.akita-uac jp (Y. Yamada)

0006-291X/% - see front matter © 2006 Elsevier Ine. All rights reserved
dor10.1016/) bbre 200611 105

tem, and the pancreas [3.4]. Two of its members, Pax4
and Pax6, play important roles in pancreatic endocrine cell
differentiation [5.6]. In addition. Pax6 is essential for the
development of eye and central nervous system and regu-
lates the expression of various functional molecules in these
tissues [7]. During the mouse embryogenesis, PAX6 protein
can be detected already around E9.0 in the pancreatic
endoderm, and its expression is maintained throughout
pancreas development in all endocrine cells [8]. Analyses
of pax6 mutant animals (Fig. 1) have revealed that differen-
tiation of endocrine cells and the forming of proper islet
architecture are severely affected in the fetal pancreas in
the homozygous state. Pax6 knockout mice lack gluca-
gon-producing x-cells and do not form proper islet struc-
ture [6] In Sey™*" mice, in which the PAX6 protein is
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Fig. 1. Schematic diagram of coding region of pax6 gene and mutants.
Wild-type PAX6 has a paired domain (PD), homeodomain (HD), and
proline/serine/threonine rich transactivation domain (PST). Sey™"
and rSey have a muwation, which results in a PAX6 protein that has a
PD and HD but lacks the functional PST domain. Sey and rSey” (this
study) have a mutation resulting in 4 PAXS6 that has a PD but lacks the
HD and PST domain completely.

truncated directly after the homeodomain, all four endo-
crine cell types are decreased in number [9]. Thus, Pax6 is
involved in pancreatic development, particularly in endo-
crine cell differentiation and pancreatic islet organogenesis.

Transcription factors are involved not only in regulating
pancreas development but also in pancreatic endocrine cell
function. Many mutation models of transcription factors
have shown that these mutations influence f-cell molecular
events and the insulin secretory profile by altering the gene
expression.

However, the role of PAX6 in adult islet function is little
known except for the observations in vitro that PAX6
increases insulin, somatostatin, and glucagon gene tran-
scription by binding with their promoters [9.10]. and is
involved in the regulation of enzymes and transcription
factors [11,12]. The homozygous mice of pax6 knockout,
Sey™EY Jack eyes and even model mice with conditional
inactivation of pax6 in the endocrine pancreas [13] die
shortly after birth, limiting the analyses of PAX6 function
in the postnatal pancreatic islet function.

To investigate the mechanisms by which alterations in
PAX6 affect islet function, we examined pancreatic islet
function and architecture in small eye rat strain (
with point mutation in the pax6 locus resulting in truncated
PAXG6 proteins [14] and found that in contrast to showing
normal insulin secretion in response to glucose. rSey’/+
showed surprisingly increased insulin release in response
to membrane depolarizing stimuli and that rSey’/+ had
normal pancreatic islet architecture, indicating different
requirement for pax6 gene dosage in the function and the
morphology of the pancreatic islets.

Materials and methods

Animals. Mutant rats with small eyes (rSey’) [14] were used in this
study. Studies for the adult rats were performed in heterozygous (rSey’/+)
and their age-matched wild-type littermates. Homozygous rat embryos
were obtained by inter-crossing male and female heterozygotes. Animal

Measurement of blood glucose, msulin, and glucagon levels. Blood glu-
cose levels were 1 by enzyme-clectrode method. Plasma insulin
levels were measured using ELIS.A kit (Shibayagi, Gunma, Japan). Plasma

glucagon levels were 4 using ELISA kit (Yanaihara Institute Inc,,
Shlmlm Japan). Different groups of age-matched 20- to 24-week-old
male rats were used for intraperitoneal glucose tolerance test. After an
overnight fast, plasma insulin, glucagon, and glucose levels were measured
and p-glucose (2 g/kg body weight) was loaded. In the insulin tolerance
test, human insulin (1 U/kg) was injected subcutaneously in the fed con-
dition. Blood samples were tuken from the tail vein at indicated times.

Quantification of pancreatic peptide content. Protein was extracted from
the dissected pancreas using acid extraction. Protein content was measured
by Bio-Rad protem assay fBlo—Rud Laboratonies. Hercules. CA). The

of i eactive was d ined by RIA using rat
insulin as described [15] The of i wits
tklcrmmcd by uslng RIA kit (Linco Research, Si. Charles, MO'_I
v. The p of rats were removed under
pentobarbital anesthesin (40 mg/kg body weight) and fixed in Bouin's
lution. Pancreatic speci were embedded in paraffin and sectioned at
3.5 pm. The avidin-biotin complex method with alkaline phosphatase or
with peroxidase was used as previously described [16] with a slight mod-
ification. After deparaffinization, the following were sequentially applied:
normal goat or rabbit serum (diluted 1o 1:75, Dako, Kyoto, Japan), pri-
mary antibodies, biotin-labeled goat anti-rabbit or rabbit anti-gout 1gG
serum (diluted 1o 1:300, Dako), and avidin-biotin-alkaline phosphatase
complex or avidin-biotin-peroxidase complex (diluted 1o 1:100, Vector
Laboratories, Burlingame, CA), followed by hematoxylin nuclear count-
erstaining. Staining was visualized in black and red by alkaline phos-
phatase substrate (Vector Laboratories) and in brown by peroxidise
substrate. For PAX6 analysis, paraflin sections of pancreata were depa-
raffinized and autocluved for 10 minat 121 °C in 10 mM citrate buffer {pH
6.0). The following primary antibodies were used: rabbil anti-insulin
pelvclonal antibody (diluted 1o 1:350, Dako), rabbit anti-glucagon serum
(diluted to 1:500, OAL-123, Otsuka Assay Laboratory, Tokushima,
Jupan), rabbit anti-somatostatin polyclonal antibody (diluted to 1:200,
Dako), rubbit anti-pancreatic polypeptide polyclonal antibody (diluted to
1:200, Dako), goat anti-GLUT2 polyclonal antibody (diluted to 1:50, C-
19, Santa Cruz Biotechnology, Santa Cruz, CA) or rabbit anti-PAX6
polyclonal antibody (diluted to 1:20, H-295, Santa Cruz Biotechnology).

Isolated pancreatic perfusion. The pancreas was isolated as previously
described [17]. All perfusions were accomplished with Krebs-Ringer
Bicarbonate Buffer (KRBB) containing 0.25% bovine serum albumin
(BSA. Fraction V, Sigma. St. Louis, MO) and 4.6% dextran (mean
molecular weight 70,000; Pharmacia, Uppsala, Sweden). The perfusate
was gassed with 95% 0,-5% CO; to maintain pH 7.4 at 37 °C. The flow
rate was kept constant at 1.9 ml/min. After 20 min of equilibration, the
perfusate was collected at 1-min intervals by cannula inserted into the
portal vein. The collected efffuent was frozen immediately with 1000 U
aprotinin (Bayer. Leverkusen, German). The amount of immunoreactive

fin and i eactive glucagon was determined by RIA as described
above.

Measurement of insulin release from isolated rat pancreatic islets. Iso-
lated islets were cultured for 18 h in RPMI 1640 medium containing 1074
fetul calf serum (FCS), 100 Ufm] penicillin, and 100 pg/ml streptomycin,
Insulin release from intact islets was monitored using baich incubation
system described previously [18] with slight modifications. Cultured islets
were preincubated at 37°C for 30 min in KRBB supplemented with
28mM glucose, 0.2% BSA. and 10mM Hepes, adjusted to pH 74
Groups of 10 islets were then batch-incubated for 30 min in 0.4 ml of
KRBB with test matenials. The amount of immunoreactive insulin was
determined by RIA as described above.

Measurement of intracellular Co**. For intracellular Ca®* ([Ca®' )
measurement, cultured islets were loaded with fura-PE3 during 2h of
preincubation in the presence of 2pM fura-PEJIAM (Calbiochem, La
Jolla, LA) as previously described [18]. Islets were placed at 36 = 1°C,
superfused with KRBB containing 2.8 mM glucose and 10 mM Hepes

fjusted to pH 7.4 for 30 min, and subsequently exposed to the medium

care and procedures were approved by the Animal Care C ittee of
Kyoto University.
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containing a high concentration of K™, The islets were excited successively



