by nucleosomes, strongly suggests that RCC1
binds H2A/H2B on chromatin, possibly at sur-
faces exposed on the faces of each nucleosome.
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Protective Role of ATP-Sensitive
Potassium Channels in
Hypoxia-Induced Generalized
Seizure

Katsuya Yamada,'* Juan Juan Ji,"* Hongjie Yuan,' Takashi Miki,*
Shinichi Sato,” Naoki Horimoto," Tetsuo Shimizu,?
Susumu Seino,* Nobuya Inagaki'3}

Adenosine triphosphate (ATP)-sensitive potassium (K,,) channels are acti-
vated by various metabolic stresses, including hypoxia. The substantia nigra
pars reticulata (SNr), the area with the highest expression of K, channels in
the brain, plays a pivotal role in the control of seizures. Mutant mice lacking
the Kir6.2 subunit of K,, channels [knockout (KO) mice] were susceptible to
generalized seizures after brief hypoxia. In normal mice, SNr neuron activity was
inactivated during hypoxia by the opening of the postsynaptic K, channels,
whereas in KO mice, the activity of these neurons was enhanced. K, 1, channels
exert a depressant effect on SNr neuronal activity during hypoxia and may be
involved in the nigral protection mechanism against generalized seizures.

K, p channels (/) couple the intracellular
metabolic state to electrical activity at the
plasma membrane (2). We have previously
reported the molecular structure of K, p
channels (3, 4) comprising the inwardly rec-
tifying K* channel Kir6.2 and a sulfonylurea
receptor with high affinity (SURI in pancre-
atic B cells) or low affinity (SUR2A in the
heart) for sulfonylureas. High-affinity bind-
ing of [°H]glibenclamide in the brain is stron-
gest in the SNr, suggesting high expression of
the B cell type K, -, channel in this nucleus
(5, 6). Because the SNr acts as a central
gating system in the propagation of seizure
(7-9) and generalized seizures can be evoked
by metabolic stresses such as hypoxia and
hypoglycemia (10), these K,,, channels
could well be involved in the development of
seizure during ATP-depleted conditions.
Kir6.2 KO mice (/1) were used to evalu-
ate this possibility. Daily behavior and basal
physiological values of KO mice were not
significantly different from those of wild-
type mice (/2, 13). However, responses to
brief (150 s) hypoxia caused by oxygen de-
privation (n = 19, 5.4 * 0.2% O,) differed in
KO and wild-type mice (/4). The wild-type
mice (10/10) all remained sedated during the
challenge and revived normally. In contrast,
the KO mice all responded with a myoclonic
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jerk (latency = 8.9 = 1.1 s, n = 9) followed
by severe tonic-chronic convulsion and death
(survival time = 21.8 + 5.2's, n = 9) (Table
1). Under more severe hypoxic conditions
(n=26,43 £ 0.2% O,, P < 0.0001 com-
pared with 5.4 = 0.2% O,), four of the six
wild-type mice exhibited a generalized con-
vulsion (latency = 25.8 + 2.7 s) (15). Elec-
troencephalogram (EEG) and electromyo-
gram (EMG) (/4) revealed a sequence of
seizure patterns in conscious KO mice (n =
5) challenged with 5.4 = 0.1% O, (Fig. 1A).
First, very low-voltage EEG for about 3 s
indicated loss of consciousness. Then fast
waves after an abrupt, sharp deflection lasted
for several seconds in the EMG traces, cor-
responding to the tonic convulsion and my-
oclonus, after which bilateral, high-voltage
sharp wave bursts were observed in the EEG
traces. In wild-type mice under the same
conditions, a medium- to low-voltage EEG
predominated during the hypoxic period (Fig.
1B). This suggests that K, 1, channels par-
ticipate in determining the seizure threshold
during hypoxia. It is unlikely that the seizures
observed in KO mice were produced by rapid
cardiac arrest, because heartbeats continued
after the seizure (/6).

To investigate the role of SNr neuron
activity, we recorded single unit activities
from the SNr in acute slice preparations (/7).
In control, the firing rate of SNr neurons was
not significantly different in wild-type and
KO mice [25.2 = 1.8 Hz (n = 60) and 22.6 =
2.1 Hz (n = 47) for wild-type and KO mice,
respectively]. However, in brief hypoxia (90
s) (18), wild-type neurons showed a marked
decrease in firing rate to about one-third that
before hypoxia (from 284 = 2.0 Hz to
10.2 = 3.2 Hz,n = 9, P = 0.0003; Fig. 2, A
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and C), whereas the firing rate of the KO
neurons increased about 1.8-fold (from
306 = 1.6 Hzto 53.8 + 3.8 Hz,n = 8, P =
0.0002; Fig. 2, B and C). These results sug-
gest that the K,;p channel-mediated sup-
pressive effect on SNr activity is sufficient to
reverse the facilitation during hypoxia in
these conditions.

To investigate the ionic mechanism of the
suppression of SNr activity, we recorded
from acutely dissociated neurons. y-Ami-
nobutyric acid—-ergic (GABAergic) neurons,
which constitute the majority of SNr neurons
(19), were identified by their membrane elec-
trical properties (20). With inside-out patch
recordings, K 5 p channel currents were char-
acterized in the SNr GABAergic neurons of
wild-type mice (27). ATP decreased the
open-state probability of the channels in a
dose-dependent manner (half-maximal con-
centration = 12.0 pM, n = 4 to 8). It also
was decreased significantly by tolbutamide
(0.5 mM in the presence of 1 puM ATP) (n =
11, P < 0.005) and increased by the selective
B cell K,rp channel opener diazoxide (0.5
mM in the presence of 100 pM ATP) (n = 7,
P < 0.005). The current-voltage relation
showed inward rectification (conductance =
77.4 + 0.3 pS; 140 mM K" on both sides of
the membrane, » = 7; 1 uM ATP). No such
channels were observed in the neurons of
KO mice (n = 32). These results indicate
that pancreatic § cell type K, channels
are functionally expressed in the SNr neu-
rons of wild-type mice but not in KO mice.
This confirms cell-attached patch (22) and
reverse transcriptase polymerase chain re-
action experiments showing that SUR1 and
Kir6.2 are expressed in SNr neurons,
whereas no SUR2A, SUR2B, or Kir6.1 is
expressed (23).

The responses to hypoxia of the SNr neu-
rons and the involvement of the K, ., chan-
nels were further investigated by perforated
patches (24). Under control normoxic condi-
tion (oxygenated with 100% O,), SNr neu-
rons of both wild-type and KO mice exhibit-
ed similar tonic, high-frequency, spontaneous
firings [10.8 = 1.1 Hz (n» = 38) and 13.0 *
1.4 Hz (n = 26), respectively], and there was
no significant difference in membrane prop-
erties (20). However, the membrane poten-
tials of the SNr neurons were shifted in the
opposite direction when these neurons were
perfused with hypoxic solution (25). Wild-
type SNr neurons were hyperpolarized, and
the hyperpolarization was reversed by tolbu-
tamide (0.1 mM, n» = 10) (Fig. 3A). Diazox-
ide (0.3 mM) also produced hyperpolariza-
tion of —5.6 + 0.8 mV (P < 0.0001, n = 22)
(Fig. 3A). In contrast, KO neurons showed no
such hyperpolarization but were depolarized
(Fig. 3B). During the 20-min perfusion with
hypoxic solution, wild-type and KO SNr neu-
rons elicited the maximal hyperpolarization
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Table 1. KO mice are susceptible to seizure by hypoxia. The mice were subjected to brief (150 s) hypoxia.
Inspired oxygen concentrations are indicated. The ambient temperature was 23.0° to 25.6°C. Values are
expressed as means = SD. *, P << 0.0001 versus 5.4 = 0.2 (unpaired t test).

Oxygen concentration (%)

54 * 0.2 73 £ 03*

Mouse type Wild type KO Wwild type KO
Number of mice 10 9 11 11
Number of mice that 0 9 0 2

exhibited generalized

convulsion
Convulsion onset (s) - 89 = 11 - 145 = 2.1
Number of mice revived 10 0 11 11
Onset of cessation - 218 = 52 - -

of respiration (s)
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Fig. 1. A generalized convulsive seizure in KO mice. (A) Representative EEG and neck-muscle EMG
traces in a KO mouse just before application of N, (in normoxia, 20.9% O,, horizontal bar) and for
the initial 27 s of hypoxia (5.4% O,, total duration = 150 s). The myoclonus (asterisk) followed by
the bilateral, convulsive seizure is represented. L and R, EEG traces from left and right cortices. Open
and solid triangles, the onset and end of N, flow delivery, respectively. (B) Data from a wild-type
(WT) mouse.
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Fig. 2. Effect of hypoxia on firing rate of SNr neurons in acute slice preparations. Brief (90 s)
hypoxia (solid bar) produced a marked decrease in firing rate of SNr neuron of wild-type mouse
(A) but increased it in KO mouse (B). Insets represent traces of unit activities before, during,
and after hypoxia (arrows). Spike amplitude increased in wild-type but decreased in KO mouse
during hypoxia. (C) Hypoxia-induced changes in firing rate of wild-type (open circles, n = 9
from nine mice) and KO (solid triangles, n = 8 from eight mice) mice. Data points represent

25 MAY 2001

means * SE.

of =9.6 = 1.0 mV (P < 0.0001, » = 13) and
maximal depolarization of 7.9 * 1.0 mV
(P <0.0001, n = 15), respectively (Fig. 3C).
The hyperpolarizing effect of hypoxia on
wild-type SNr neurons was mimicked by the
mitochondrial metabolic inhibitor 2,4-dini-
trophenol (30 wM) (16).

The contribution of postsynaptic K,
channels to the response to hypoxia of the
GABAergic SNr neurons also was examined
in acute slice preparations. When both exci-
tatory and inhibitory fast neurotransmissions
were blocked by a combination of 6-cyano-

7-nitroquinoxaline-2,3-dione (CNQX) (20
uM), D,L-2-amino-5-phosphonovaleric acid
(DL-APV) (50 uM), and bicuculline (20
M), the firing rate of both wild-type and KO
SNr neurons increased about 35% during the
normoxic condition (36.4 = 6.3%, n = 7,
P = 0.0009 and 33.7 £ 4.4%, n = 6, P =
0.0011, respectively) (Fig. 4, A and B). How-
ever, hypoxia produced striking contrasts in
the firing of wild-type and KO neurons (Fig.
4, A, B, and C). In addition, tolbutamide (200
M) reversed the hypoxia-induced decrease
in the firings of wild-type neurons. This in-
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anticonvulsant drugs that enhance GABA-
mediated inhibition of seizures (7, 37), and
blockade of excitatory neurotransmission
in the nucleus raises the threshold for sei-
zures (8). The present study, therefore, sug-
gests the therapeutic potential of selective
agonists to this specific K,;p channel in
the treatment of brain disorders associated
with ATP insufficiency such as stroke and

A Tolbutamide Tolbutamide c
Diazoxide =3 pO2< 1 torr [ WT KO
[
] (mv) S (n=13) (n=15)
- 0 E
K] £
F 5 40 E
g 8
80 -
— wWT 2
min g
B Tolbutamide Tolbutamide g
iazoxi 02 < 1 torr [=] 2
(mv) Dualzg:lde p s
5 O = p<0.0001  p<0.0001
§ -0
g
80-

1 min KO

Fig. 3. Hypoxia produced contrary effects on membrane potential of wild-type and KO SNr
neurons. (A) Acutely dissociated wild-type SNr neuron is hyperpolarized with cessation of firings
by diazoxide (0.3 mM, hatched bar) and by hypoxia (pO, < 1 torr, solid line). Tolbutamide (0.1 mM,
open bar) had no effect at resting potential but reversed hypoxia-induced hyperpolarization. (B) KO
SNr neurons were depolarized during hypoxia. Both diazoxide and tolbutamide had no effect on
membrane potential. The thick baseline at the end of the hypoxic period consists of spikes of very
low amplitude. Recordings were performed by nystatin patch in the current clamp mode. The
membrane potential gap observed at the onset and end of hypoxia is an artifact of solution
switching. (C) Effect of hypoxia on membrane potentials of wild-type (n = 13) and KO (n = 15)
mice. Solid and open columns represent membrane potentials in the normoxic condition and
maximal hypoxic response, respectively. Values are means *+ SE.
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Fig. 4. Effect of synaptic transmission blockade and tolbutamide on hypoxia-induced change in
firing rate of SNr neurons. The combination of 20 uM CNQX, 50 wM DL-APV (APV), and 20 pM
bicuculline (BIC) had no effect on hypoxia-induced change in firing rate of wild-type (A) and KO (B)
neurons, although it increased the firing rate in the normoxic condition in both groups. (C) Changes
in firing rate of wild-type (open circles, n = 4 from four mice) and KO (solid triangles, n = 3 from
three mice) mice due to hypoxia in the presence of three blockers. (D) Tolbutamide (200 M)
reversed the decrease in firing rate because of hypoxia to an increase in a wild-type neuron. (E)
Changes in firing rate of wild-type neurons (solid circles, n = 6 from six mice) due to hypoxia in
the presence of 200 wM tolbutamide. (F) As in (E), but with blockers to neurotransmissions added
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Requirement of DNase Il for
Definitive Erythropoiesis in the
Mouse Fetal Liver
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Junji Takeda,? Yoshiyuki Ohsawa,® Yasuo Uchiyama,?
Shigekazu Nagata'f

Mature erythrocytes in mammals have no nuclei, although they differentiate
from nucleated precursor cells. The mechanism by which enucleation occurs is
not well understood. Here we show that deoxyribonuclease Il (DNase i) is
indispensable for definitive erythropoiesis in mouse fetal liver. No live DNase
lI-null mice were born, owing to severe anemia. When mutant fetal liver cells
were transferred into lethally irradiated wild-type mice, mature red blood cells
were generated from the mutant cells, suggesting that DNase Il functions in a
non—cell-autonomous manner. Histochemical analyses indicated that the crit-
ical cellular sources of DNase Il are macrophages present at the site of definitive
erythropoiesis in the fetal liver. Thus, DNase Ii in macrophages appears to be
responsible for destroying the nuclear DNA expelled from erythroid precursor

cells.

Apoptosis is usually accompanied by DNA
degradation that is regulated by caspase-acti-
vated DNase (CAD) (/). We recently showed
that apoptotic DNA fragmentation occurs in
macrophages in the absence of CAD after the
apoptotic cells are phagocytosed (2), suggest-
ing that DNase 11, a lysosomal DNase (3, 4),
degrades DNA of apoptotic cells. Nuc-1,
which is responsible for the apoptotic DNA
fragmentation in Caenorhabditis elegans, has
recently been identified as a homolog of
DNase II (5). To investigate the physiological
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roles of DNase II in mammals, we generated
mice deficient in the enzyme.

The murine DNase II gene is encoded by
six exons within 2.3 kb of genomic DNA (6).
We constructed a targeting vector, in which
exons 1 to 5 and part of exon 6 were replaced
with the neo gene (Fig. 1A) (7). The vector
was introduced into R1 mouse embryonic
stem (ES) cells, and G-418-resistant trans-
formants containing the mutation in one al-
lele of the DNase II gene were established
(Fig. 1B). The ES clones were aggregated
with eight-cell embryos, and the embryos
were implanted into foster mothers. Chimeric
mice derived from four clones transmitted the
mutation to their offspring (F,). The DNase
II"'~ mice were healthy and fertile. Howev-
er, no live DNase II™/~ mice were found
among the progeny (F,) of the DNase II*/~
intercrosses. Analysis of timed pregnancies
revealed that DNase II™/~ embryos, con-
firmed by Southern hybridization (Fig. 1C),
were present at a frequency roughly consis-
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tent with Mendelian inheritance throughout
the embryonal stages (8).

Northern hybridization analysis indicated
that the DNase II gene was expressed in the
fetal liver of the wild-type and DNase 11"~
embryos, but not in the DNase 117/~ liver
(Fig. 2A). The gene encoding erythroid Kriip-
pel-like factor (EKLF), a transcription factor
that is indispensable for erythroid cell differ-
entiation (9, /0), is located 3.9 kb upstream of
the DNase II gene (6) (Fig. lA). EKLF and
Bmaier_globin mRNAs at embryonic day 14.5
(E14.5) were expressed in the fetal liver of
DNase 117/~ embryos at levels similar to
those in normal fetal liver (Fig. 2A), indicat-
ing that the expression and function of EKLF
were not impaired in DNase 117"~ embryos.
Other DNases such as DLAD and Xib have
properties (acidic pH optimum and no re-
quirement for divalent cations) similar to
those of DNase II (//, 12). To examine
whether these enzymes compensated for loss
of DNase II, we assayed extracts from E14.5
fetal livers for DNase activity (/3). As shown
in Fig. 2B, cell extracts from normal or het-
erozygous fetal liver showed substantial
DNase activity at pH 5.7, whereas little, if
any, DNase activity was detected under these
conditions in the extracts from DNase 1"
fetal liver. In contrast, the DNase [-like ac-
tivity determined at neutral pH in the pres-
ence of Ca®>* and Mg?" was normal or slight-
ly higher in the extracts from DNase Il
fetal liver.

Homozygous DNase II7'~ embryos
were apparently normal until E12.5, when a
normal level of vasculature was seen in the
embryos and yolk sac (Fig. 3A). Histolog-
ical studies revealed similar numbers of
nucleated primitive erythrocytes in the pe-
ripheral blood of normal and DNase I~
embryos at E12.5 (/4). However, some
DNase 117/~ embryos became paler than
the wild-type embryo at El4.5, and all
mutant embryos were severely anemic by
E17.5 (Fig. 3B). The number of mature
erythrocytes in the peripheral blood of
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