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It has been demonstrated that an unidentified cytosolic factor(s) reduces Kacn channel function.
Therefore, this study attempted to elucidate the cytosolic factor. Fresh cytosol isolated from normal
heart (FC) depressed the Kacn channel activity, but cytosol isolated from the ischemic hearts (IC) did
not modulate the channel function. Electrophorectic analysis revealed that a protein of ~80 kDa was
markedly reduced or even lost in IC. By using peptide sequencing analysis and Western blot, this 80
kDa protein was identified as transferrin (receptor-mediated Fe®™" transporter, 76 kDa). Direct
application of transferrin (100 nM) to the cytoplasmic side of inside-out patches decreased the open
probability (P,, 12.7+6.4%, n=4) without change in mean open time ( r,, 98.511.3%, n=4). However, the
equimolar apotransferrin, which is free of Fe®*, had no effect on the channel activity (N*P,, 129.1+13.5%,
n=3). Directly applied Fe’' (100 nM) showed results similar to those of transferrin (N*P,: 21.1+3.9%,
n=5). However Fe’" failed to reduce the channel function (N*P,, 106.3+26.8%, n=5). Interestingly,
trivalent cation La’* inhibited N*P, of the channel (6.1+3.0%, n=3). Taken together, these results suggest
that Fe’" bound to transferrin can modulate the Kacn channel function by its electrical property as

a polyvalent cation.
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INTRODUCTION

Ischemic attack causes rapid disturbances in electrical
and mechanical function of heart. Extensive studies
indicate that interruption of cardiac electrical excitation
results from increases in K™ conductances (gK") and
intracellular Na™, and from altered Ca’" homeostasis
(Vleugels et al, 1980; Kusuoka & Marbon, 1992; Boyett et
al, 1996; Arita & Shigematsu, 1999) . In elevating gK™ upon
ischemia, many kinds of K* channels such as ATP-sensitive
K™ (Katp) channel, Na-activated K* channel, and K"
channels activated by fatty acids or phospholipids, have
been suggested to be related (Noma, 1983; Mitani &
Shattock, 1992; Boyett et al, 1996). When these channels
are highly activated, net K™ efflux becomes dominant
enough to cease the excitability and to make action
potential duration short due to an accelerated repola-
rization process, eventually leading to arrhythmia (Isenberg
& Benndorf, 1990). These ischemia-induced complications
have been observed commonly in ventricular myocytes.

Cardiac inward rectifier K" channels play a critical role
in determining resting potential and in setting electrical
rhythm (Nichols et al, 1995; Barry & Nerbonne, 1996).
Unlikely to ventricular myocytes, ACh-activated K™ (Kacn)
channels are densely present only in atrial myocytes
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(Breitwieser & Szabo, 1985; Pfaffinger et al, 1985; Kurachi
et al, 1986; Krapivinski et al, 1995). Kacn channels
determine the resting potential and the firing rate of atria,
and more importantly regulate the electrical rhythm in
response to the vagal stimulation (Kurachi et al, 1986;
Kurachi, 1995). If ischemic or hypoxic stress deteriorates
the electrical function of atria, the activation of Kacn
channels could be a possible underlying mechanism.

Recent study has shown that cytosolic factor(s) mod-
ulated the Kach channel function. The factor(s)reduced the
Kacn channel activity as if channels were in a fully
desensitized state (Hong et al, 1996). Unfortunately, this
component remained still unidentified (Kim, 1991; Hong et
al, 1996). Thus, this study was aimed to examine what kind
of cytosolic component(s) was/were responsible for the
modulation of the Kacn channel function. To find this
factor(s), we first tried to test the cytosolic proteins as
candidates responsible for cytosolic factor(s). This was
based on the earlier study that both boiled or trypsinized
cytosol was ineffective to reverse ATP-induced change in
Kacn channel function (Hong et al, 1996). We further
hypothesized that the property of the factor(s) could be
altered or reduced under ischemic stress.

We found that cytosolic proteins with 68 kDa and 80

ABBREVIATIONS: FC, fresh cytosol; IC, ischemic cytosol; Kacn
channel, ACh-activated K* channel; AIKA, ATP-induced increased
in Kacn channel activity; CURL, compartment of uncoupling of
receptor and ligand; UFAs, unsaturated fatty acids; GPCR, G
protein-coupled receptor.
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kDa mass were significantly decreased or even lost in
ischemic cytosol, compared to normal. Peptide sequencing
analysis revealed that the proteins of 68 kDa and 80 kDa
were albumin and transferrin, respectively. Of these two,
transferrin dramatically inhibited the Kacy channel activ-
ity, suggesting that it could be, at least in part, a cytosolic
factor responsible for modulating the Kacn channel function
under the ischemic. condition.

METHODS
Isolation of single atrial myocytes

Atrial myocytes from adult rats (Sprague Dawley,
supplied from Yuhan Central Research Institute, Korea)
more than 8 weeks old were used.

Whole heart was excised from chest of the rat anes-
thetized with ketamin HCl and rompum (5 mg/kg, re-
spectively) and then transferred to the Langendorff column.
Initially, the isolated heart was perfused hydrostatically
(100 emH20) with the bicarbonate/ phosphate- buffered
Krebs solution containing 1.8 mM Ca®", ensuring beats to
recover and be kept steadily. After 5 min, the Ca*'-free
Krebs solution was followed, which causes the heart to
dilate and to stop its beating. Finally, perfusion was
switched to a Ca®'-free solution containing 0.4 mg/ml
collagenase (Type II, Worthington, USA) for 30 min. All
solutions were kept at 37°C during perfusion in a column.

Following the enzyme perfusion, both atria were cut out
and into small pieces (2 X5 mm). The smaller atrial tissues
were gently agitated to make a cell suspension in the
experimental 140 mM KC] solution. This cell suspension
was mounted on 12 mm round cover slips placed in plastic
35 mm Petri dishes. Cells were kept at 4°C before use.

Preparation of cytosols

Cytosolic proteins were obtained from whole rat hearts.
The quickly excised heart was perfused for ~5 min with
Og-saturated Krebs-Henseleit (K-H) solution for the fresh
cytosol (FC), and perfused for 2 hrs with Nj-saturated
solution for the ischemic cytosol (IC) in a Langendorff
column. After perfusion, hearts were weighed and then cut
into small pieces in a HEPES buffer and homogenized.
Tissues were then centrifugated at 3,300 xg for 15 min, and
the supernatant was diluted with concentrated cytosolic
extraction buffer (0.3 M HEPES, 1.4 mM KCI, 30 mM
MgCly). Well-mixed supernatant with CE buffer was again
centrifugated at 100,000 xg for 1 hr, and the supernatant
was collected as cytosolic fractions. For FC, all procedures
were performed at 4°C..

SDS-PAGE and N-terminal sequéncing analysis

Alteration in cytosolic protein fractions isolated from
ischemic hearts was analyzed by 7.5% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
SDS-PAGE with 15 xg/ml protein per lane was run at 150
V for 4 hrs. The gel was stained with Coomassie. brilliant
blue R250 (Sigma, MO, USA) diluted to 0.1% with 50%
methanol. For peptide analysis, the proteins were electro-
transferred onto PVDF membrane after SDS-PAGE, fixed
with 10% acetic acid for 15 min and stained with Ponceau
S solution (0.5% in 7.5% trichloroacetic acid in water,

Gelman Scinences, MI, USA) for 40 min. The membranes
were destained with water, and excised bands were then
subjected to N-terminal sequence analysis using the protein
sequencer (PE 491A, CA, USA) at the Korea Basic Science
Institute (Taedok, Korea).

Immunoblot analysis

To identify the protein band of 80 kDa, cytosolic proteins
were analyzed by anti-transferrin antibody using Western
blot analysis. Cytosolic fraction of whole cardiac muscle was
separated by 8% SDS-PAGE and then transferred onto a
nitrocellulose membrane. The transferred membrane was
incubated with monoclonal antibody (Fitzerald, MA, USA)
diluted at a ratio of 1,000-fold and subsequently labeled
with alkaline phosphdtase-conjugated antimouse IgG
(Promega, USA). The bands were visualized by reaction
with the substrate solution consisted of nitroblue tetra-
zolium and 5-Br-4-chloro-3-indolyl phosphate.

Chemicals and experimental solutions

Acetylcholine (ACh) and transferrin were purchased from
Sigma Chemical (USA), collagenase (Type II) from the
Worthington Chemicals (NJ, USA), ATP and GTP from
Boeringer Mannheim (Germany), alkaline phosphatase
from Amresco (Ohio, USA), and glibenclamide was from
Research Biochemicals International (RBI, USA).

Experimental solution contained; 118.5 mM KCl, 2.0 mM
MgCl;, 5 mM KOH/EGTA, and 10 mM KOH/HEPES, and
pH adjusted to 7.2 with HCL

Concentration of ATP and GTP were 1 mM and 100 M
throughout the study, unless otherwise addressed. ACh
concentration in the pipette was steadily kept at 10 x M.
To block Karp channel, glibenclamide dissolved in dimethyl
sulfoxide (DMSO) was used. When chemicals dissolved in
DMSO were applied into bath, they were diluted more than
a thousand times not to exceed 0.1% of DMSO concen-
tration. Cytoplasmic sides of excised patches were perfused
with desired solutions through plastic tubing at a rate of
~2 ml/min.

Transferrin concentration was determined to 100 nM,
similar to the plasma level of the transferrin. Ferric iron
(Fe®"), ferrous iron (Fe**), and La®" were kept at 100 nM
throughout this study.

Electrophysiology

Gigaseals were formed with Sylgard (Sylgard elastomer
184, Dow Corning, USA) coated pipette of 5 MR resis-
tances, and channel currents were recorded using the
method described by Hamill et al. (1981). Membrane
potential was held at —60 to —80 mV. Channel activities
were recorded with a patch clamp amplifier (EPC-7, List,
FRG), low-pass filtered at 2 kHz using an eight-pole Bessel
filter (AI 2040, Axon Instruments, USA), and stored on
magnetic tape for video cassette recorder (Samsung,
SV-606) via a pulse code modulator (PCM-2, Medical
Systems, USA). Later, digitized data were transferred
directly into an IBM-clone personal computer and analyzed
to obtain histograms for duration, amplitudes and proba-
bilities as well as channel activity (averaged N*P,), using
analysis program (pClamp 6.02, Axon Instrument, USA).

Single-channel openings in expanded scale presented in
Figures were filtered at 1 kHz, and channel tracings



Transferrin-induced Inhibition of the Kacn Channel in Ischemic Heart 335

obtained from pen recorder (Grass 7,400, Astro-Med Inc,
USA) were filtered at 100 Hz. All experiments were
performed at 22~24°C, and data were presented as means
+SE (standard error). Student's t-test was used to check
significant differences (p<0.05).

Because of multiple channel openings in most patches,
accurate measurements of mean open times (r,) were not
possible. However since alterations in open time duration
occurred in these experiments, mean open times were
determined by selecting patches having only up to two open
channels for general comparison purposes. In this study,
patches containing only Kacn channels were used.

RESULTS

Inhibitory action of ATP-induced change in Kcy
channel function is lost in ischemic cytosol

During long exposure to ACh, Kach channels were rapidly
desensitized within a minute (Kim, 1991). This desensi-
tization could not be observed in an excised inside-out patch
configuration. When adding ATP (1 mM) to bathing solu-
tion, the Kacn channel activity increased more than two
folds, and Further addition of cytosol reversed the ATP-
induced increased in Kacn channel activity (AIKA) by to a
level before the addition of ATP (Hong et al, 1996). These
results suggest that cytosolic function is quite contrast to
that of ATP.

To examine whether ischemic cytosol (IC) lost factor(s)
that reversed the ATP effect on the Kacn channel, we
compared the effect of normal cytosol (FC) and ischemic
cytosol (IC) on the ATP-induced change in a same excised
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Fig. 1. Effect of ischemic cytosol (C) and fresh cytosol (FC) on the
Kacn channel activity. A, Representative changes in single channel
activity in the presence of IC or FC at inside-out patch confi-
guration. Ischemic cytosol and fresh cytosol were perfused at least
for 2~ 3 min. Between applications of IC or FC, ATP was perfused
to recover channel function. Relative channel activities at every 5
sec are shown as ramp spikes below the channel current tracing.
B, Expanded time scaled channel currents in the presence of IC
or FC. Each trace was adopted from tracing A before applying
cytosol (a), in the presence of IC (b) or FC (c). C, Summarized data
of the mean open time (left) and relative channel activity (right)
as bar plots. Each bar is mean+S.E. from 3~5 patches. (*, p<
0.05).

membrane patch (Fig. 1). With the inside-out (I/O) patches,
Kacn channel activity was remarkably increased by
applying ATP to the cytoplasmic side. As expected, 7, was
increased 2~4 folds during tens of seconds after adding 1
mM ATP (from 1.86+0.20 ms to 3.42+0.81 ms, n=19), and
N*P, was also doubled (180%). The increased channel
activity was maintained after washout of ATP. However,
IC (1 mg/ml) applied to the cytoplasmic side failed to
reverse AIKA (Fig. 1A and B).

With treatment of IC for 3 min, z, was hardly decreased
(from 3.04+1.09 to 2.43+0.80, n=5), comparing to that of
FC (1.46+0.83, n=3, left in Fig. 1C). Relative N*P, was
little changed by IC (105.1+82.3%, n=5), but strongly by
FC (40.71+9.6%, n=3). These results clearly show that FC
(1 mg/ml) recovers ATP-induced changes in 7, and N*P,,
but IC did not.

The alteration in cytosolic protein of the ischemic
heart

Failure of IC suggested that ischemic stress might have
altered a factor in the cytosolic fraction, which modulated
the Kacn channel function in a normal state. To find the
factor(s), we compared the differences in cytosolic proteins
profile between IC and FC. SDS-PAGE analysis revealed
that 68 kDa and 80 kDa proteins were remarkably
decreased or lost in IC (Fig. 2, second and third lanes).
Thus, we further challenged the proteins on two bands. To
specify whether these proteins have an action to suppress
ATKA, we divided whole FC into three fractions, > 100 kDa,
100~ 50 kDa and < 50 kDa (left column of Fig. 3). As shown
in Fig. 3, 100~ 50 kDa fraction containing both 68 kDa and
80 kDa proteins was more potent in reducing N*P, (78.8%)
than the other two fractions (40% for the fraction >100
kDa and 37.4% for the fraction <50 kDa). Interestingly,
the 100~ 50 kDa fraction decreased N*P, mainly due to the
reduction in open probability (P, 21.2%; from 0.033 to
0.007), rather than modulation of 7, (74.2% from 3.14 ms
to 1.93 ms) (Fig. 3C). These results suggest that 68 and
80 kDa proteins might be the cytosolic factor that recover

Fig. 2. Ischemia-induced change in cytosolic protein. Fresh cytosols
(FC) and two ischemic cytosols, labelled as IC1 and IC2, were
loaded from the left. Two band proteins clearly decreased or lost
in lanes loaded with ICs are indicated by asterisk (* , ca. 80 kDa)
and closed ciricle ( -, ca. 68 kDa) in the magnified three lanes of
inset in the left. Right lane represents the 80 kDa protein blotted
with anti-transferin monoclonal antibody indicated by asterisks (*¥)
with size markers of 97 kDa and 68 kDa indicated by bars. IC1
and IC2 were independently isolated from heart tissue of two rats.
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Fig. 3. Effects of the fractionated cytosol on the Kacn channel
activity. A, Fractionation of the whole cytosol by the molecular size.
Bozxes on the single lane of PAGE indicate three fractions, above
100 kDa (>100), 50~100 kDa (<100) and below 50 kDa (<50).
B, Changes in the Kacn channel activities by adding each cytosolic
fraction are indicated by arrow. Channel currents before and after
adding cytosolic fractions (1 mg/ml) are shown in each box. These
single channel currents were observed from the different patches.
C. Summarized data shown as bar charts. Each data were obtained
from B. Data in percent were normalized to those of channel
currents recorded before adding the fraction as control.

ATKA.

Because the 100~50 kD fraction was effective to revert
ATKA, we sequenced 11 amino acids (VPDKTVKXXAV,
where X means amino acid unreliable) for 80 kDa and 12
amino acids (EAHKSEIAHRFK) for 68 kDa. From the
BLAST Network Service protein database, our search with
the amino acid sequence and molecular sizes estimated on
PAGE provided that 68 kDa and 80 kDa band proteins
matched with albumin (609 amino acids, MW 69,399) and
transferrin (698 amino acids, MW 76,393), respectively.
Western blot with the monoclonal antibody of transferrin
confirmed that the protein of 80 kDa was transferrin (data
not shown).

Transferrin suppresses the Kicn channel activity

If albumin and transferrin were decisive factors, these
proteins should reverse AIKA. We focused on transferrin
as a candidate responsible for the cytosolic function in this
experiment, because it has been known that albumin could
modulate the Kacn channel function by bound substances
such as phospholipids or fatty acid, rather than by the
albumin itself (Elliott et al, 1989; Duprat et al, 1995).
Furthermore, albumin-bound phospholipids increase the
Kach channel function, whereas albumin-containing fatty
acids can suppress the channel function (Kim & Plueum-
samran, 2000).

As shown in Fig. 4, transferrin (100 nM) added to the
bathing solution (cytoplasmic side) strongly suppressed the
channel activity. Remarkable decrease in N*P, by trans-
ferrin was consistently reproduced (17.1+ 10.0%, n=4). This
was entirely due to the marked reduction in P, (12.7 +6.4%,
n=4) rather than in r, (98.5+ 1.3%, n=4), clearly suggesting
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Fig. 4. Modulation of the Kacn channel activity by transferrin. A,
Reduced channel activity in the presence of transferrin (100 nM).
Expanded channel current tracing recorded before (@) and after
applying transferrin (b) are shown. B, Summarized results shown
as bar charts. Relative data were normalized to control (C) recorded
in the absence of transferrin (Trf) or apotransferrin (Apo).
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Fig. 5. Effect of ferric iron (Fe®**) on the KACh channel activity. A
Changes in single Kach channel currents in the presence of Fe®*
(100 nM). B, Summarized bar plots of Fe’*-induced changes in open
probability (Po), mean open time ( r,), and channel activity (N*PO)
Relative data normalized to those without application of Fe®* were
compared as percentage (%).

that transferrin inhibits the channel openings.
Transferrin has been known to be recycled via receptor-
mediated endocytosis and the intrernal CURL, compart-
ment of uncoupling of receptor and ligand (Harding et al,
1983; Dautry-Varsat, 1986). It contains two ferric irons (Fe**)
and releases them to store ferritin in cytoplasm. During
its cycling, therefore, released Fe®* may participate in
modulating Kacn channel function. To conﬁrm if the effect
of transferrin was due to release of Fe®" from transferrin,
we examined the effect of apotransferrin, which is free of
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Fig. 6. Reduced Kacn channel activity by trivalent ions. A, Effect
of the ferrous iron (Fe*™) on the Kacn channel current. B, Effect
of La®* on the Kscn channel current. Representative traces of Kacn
channel currents before and after adding 100 nM Fe?" and
equimolar La** are shown at the left and the right, respectlvely
Both scale bars have same scale of time (200 ms) and current size
(2 pA). C, Analyzed data for the effect of Fe** and La®* on the
Kacn channel activity.

Fe’*. As summarized in Fig. 4B, apotransferrin did not
affect 7, (104.1+1.0%, n=3) and N*P, (129.1+13.5%, n=3).

Effect of Fe’*” on the Kacy channel function

Since apotransferrin was ineffective, free iron (Fe")
might be a candidate. To examine this assumption, we
studied the direct effect of Fe** on AIKA (Fig. 5). When
100 nM Fe®* was added, ATP-induced increase in Kach
channel activity was quickly reduced (N*P,: 21.1£3.9%,
n=5). Similar to transferrin, Fe®* dramatically decreased
P, (40.7+t4.5%, n=5) without any significant change of z,
(from 3.58+0.33 ms to 3.45+0.12 ms, n=5).

Next, we attempted to discriminate whether the inhibi-
tory effect of Fe®* was due to its electrical trivalent
properties or a specific property of iron independent of the
electrical charge. To examine this, we compared ATP-
induced changes in Kacn channel function in response to
ferrous iron (Fe**) or trivalent La®* (Fig. 6). Equimolar Fe?*
(100 nM) was ineffective, and it rather slightly increased
N*P, (106.3 +£26.8%, n=5) without changing the open time
(3.45+0.44 vs 3.46+0.25 ms, n=5). In contrast to Fe?*, La®"
(100 nM) completely reduced the channel activity (6.1+
3.0%, n=3, Fig. 6B), preferentially due to the decrease in
P, (12.2+£5.9%, n=3, Fig. 6C). After washout of La’", the
channel activity was not recovered. These results strongly
indicate that the Kacn channel was suppressed not by
transferrin, but by trivalent electrical charge of iron bound
to transferrin.

DISCUSSION

This study first shows that ferric iron (Fe*") bound in
transferrin directly regulates the Kacn channel function in

atrial tissue. Our data also provided that ischemic cytosol
(IC) failed to modulate channel function due to loss or
reduction of transferrin during cardiac ischemia. Thls
finding was clearly demonstrated by results that either Fe*
or transferrin potently inhibited the Kacn channel activity
but apotransferrin did not.

We assumed that Kacn channels should be involved in
elevating atrial gK ' at early ischemia in atrial tissue, since
these channels densely present in atria are critical in
keeping atrial resting potential and regulating cardiac
thythm (20, 21). In the preliminary examination under an
ischemic condition, Kach channel activity was dramatically
increased about four-folds by application of KCN (unpu-
blished data), thus supporting our assumption.

Dramatic change in the Kacn channel activity could be
observed in desensitization process (Kim, 1991). During the
rapid decline phase (~30 s) in desensitization, the channel
activity (N*P,) was rapidly decayed due to decrease in mean
open time (ro). Previous studies indicated that cytosolic
protein(s) was responsible for this decaying process (Hong
et al, 1996). If this decay did not occur under ischemic
condition, cytosolic factor(s) might have been denatured or
suppressed. In the experiment to assess the responsible
protein, transferrin (79 kDa) was found to be lost in the
ischemic cytosol (IC) (see Fig. 2)

Transferrin transports two Fe®” into the intracellular
compartment by receptor-mediated endocytosis. Complex of
transferrin bound to its specific receptor forms clathrin-
coated pits and subsequently so-called CURL (compartment
of uncoupling of receptor and ligand) via formation of an
endosome. With ATP-driven proton pump, acidified endo-
some and CURL release Fe*" from transferrin, since acidity
leads to the dissociation of protein-receptor complexes and
lowers the affinity of transferrin for Fe®*. Finally Fe®*-free
transporter, apotransferrln leaves the cell interior and
recovers affinity for Fe®' in plasma of pH 7.4. Tt takes
sixteen minutes in HepG2 cells for one cycle (Stryer, 1995).
During this recycling, ATP is required in both processes
of the 1nternalization of transferrin-receptor complex and
releasing Fe** from endosome and CURL. In an 1schemic
or hypoxic state, both intracellular level of Fe®* and
transferrin might be decreased due to lowered level of ATP.
Since the lower level of transferrin or Fe** could not play
its potent inhibitory action any more, it could not decrease
the Kacn channel activity. Therefore, it is likely that the
Kach channel maintains an elevated activity due to the loss
of an inhibitory action of transferrin or Fe®' under the
ischemic condition.

Mechanism of action of transferrin on the Kach
channel function

The present study implicated two possibilities for the
transferrin-blockade of the Kach channel. One is due to an
electrical charge of Fe®* bound in transferrin. This is based
on observations that Fe®* or La®" could reduce N*P, of the
Kacn channel while ferrous ion (Fe?*) could not (Fig. 5 and
Fig. 6). It has been well established that polyvalent mole-
cule such as spermine (ICs=~10 nM) binds to a specific
site of the cytoplasmic side of the channel, thereby pluging
the pore to block the inward rectifiers (Lopatin et al, 1995;
Yamada & Kurachi, 1995). For the Karp channel, negatively
charged phosphoinositol 4,5-biphosphate (PIP;) in the
membrane interacts with several positively charged
residues in the COOH terminus, thereby shifting confor-
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mation of the channel to the active state and resulting in
the increased N*P, (Fan & Makielski, 1999). Similar to the
property of sperimine, Fe®" is likely to play an inhibitory
action on the Kacn channel as a member of the GIRK
channel family.

The other is that Fe®" can be considered as a redox
molecule. Free radicals increased the current of inward
rectifier K' channels (Duprat et al, 1995; Jeglitsch et al,
1999), and reactive oxygen species (ROS) generated from
hypoxanthine/xanthine oxidase system increased the Kacn
current without involvement of the G protein or even in
the absence of ACh (Jeglitsch et al, 1999). Xanthine oxidase
catalyses the formation of uric acid from either xanthine
or hypoxanthine. During this process, Fe®* generates ROS
such as the hydroxyl radical (OH*) (Halliwell & Gutteridge,
1999). Therefore, the ROS generated might affect the
channel conformation and/or the channel regulator to alter
the Kacn channel activity under ischemia. Under low O,
condition and lower pH, Fe®* can be reduced to Fe?*, and
reduced Fe®" is ineffective on the Kacn channel activity (Fig.
6). Further study is required to clarify the effect of Fe®*
as a redox molecule on the Kacn channel activity.

Can transferrin be a cytosolic factor for modulating
the Kscn channel function?

To be a responsible factor, transferrin should counteract
the enhancement of the Kacn channel function. During
KCN-induced ischemia, striking increase (~4 times) in a
mean open time (z,) gave rise to increased channel activity
(N*P,) of the Kacn channel (unpublished data). However,
transferrin inhibited N*P, by severely decreased P, without
a significant change in r, (Fig. 4). Rather than transferrin,
ferric ivon (Fe®") directly decreased the channel activity.
Therefore, it is unlikely that transferrin is a correct
responsible factor. )

Recently, unsaturated fatty acids (UFAs) have been
emerged as an alternative candidate for the cytosolic factor,
since UFAs inhibit N*P, by reducing 7, rather than P,
(Kim & Plueumsamran, 2000). Furthermore free fatty acid
(FFA) concentration was increased to alter the Kscn channel
function, leading to loss of the cardiac excitability under
pathological state such as hypoxia and ischemia. Study on
isolated ischemic rat hearts indicated that fatty acid did
not accumulate earlier than 20~45 min after the onset of
ischemia (Van Bilsen et al, 1989), although long-chain
polyunsaturated linoleic and arachidonic fatty acids were
highly accumulated 120 min after the onset of ischemia
(Van Der Vusse et al, 1982). Considering that acute ische-
mic attack or KCN rapidly inhibited the Kac, channel
function within ~1 min, an increase in N*P, could not be
entirely attributed by accumulation of UFAs at the onset
of ischemia.

Internalization or endocytosis of the related receptor such
as the G protein-coupled receptor (GPCR) should also be
considered, because the Kacy channel gated by G 7 is
activated by typical GPCR, muscarinic m2 receptors
(m2AChR). Desensitization of m2AChR is commonly re-
garded as the internalization of GPCR (Bunemann &
Hosey, 1999; Shui et al, 2001). If ischemia-induced increase
in the Kach channel function were considered to be due to
an impairement of the rapid desensitization phase, then
ischemic stress might interrupt cytosolic component(s)
involved in both internalization or endocytosis of GPCRs
and in pathway linked with the Kach channel protein. This

implication was made, because ischemia interrupted the
receptor-mediated endocytosis of transferrin (unpublished
data). However it remains unclear whether the effect of
ischemia on the endocytosis of m2AChR is linked to
desensitization of the Kacn channel.

In summary, the present study showed for the first time
that the atrial Kacn channel activity was rapidly increased
at the early stage of ischemia, at least partly, by decreased
cytosolic transferrin and bound Fe®'.
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