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SUMMARY

1. An inwardly rectifying potassium current expressed in Xenopus laevis oocytes
injected with canine hippocampal poly(A)* RNA was investigated with the two-
microelectrode voltage clamp technique.

2. Xenopus oocytes injected with canine hippocampal poly(A)* RNA expressed a
current activated by hyperpolarization. This current contained an instantaneous
and a time-dependent component. Both components were inwardly rectifying and
could be blocked by extracellular Cs* or Ba®*.

3. The expressed current was carried mainly by K*. Its reversal potential
measured in different [K*] s could be fitted by the Nernst equation with a slope of
—50-7 per tenfold change in [K*],. Extracellular C1- and Na* made minimal
contributions to the current.

4. The activation of the expressed current depended on both voltage and [K*],.
Activation started near Ex and the activation curve shifted along the voltage axis
in parallel with £ when [K*], was altered.

5. The activation time constants of the expressed current also depended on both
voltage and [K*],. The voltage dependence of the time constants was bell-shaped and
the peak value was at a potential 30-50 mV more negative than Ex. The voltage
dependence of the time constants shifted along the voltage axis when E; was
changed.

6. The poly(A)" RNA extracted from canine hippocampus was fractionated in a
10-31% linear sucrose gradient. The size of the mRNA required to express the
inwardly rectifying current was estimated to be around 4 kb.

7. In conclusion, the expressed current is an inwardly rectifying potassium
current. The canine hippocampal mRN A should be an excellent source for expression-
cloning of the inward rectifier channel.

€ To whom correspondence should be addressed.
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INTRODUCTION

The inward rectifier is a voltage-dependent ion channel which allows K* to move
in more easily than out across the cell membrane. Inward (anomalous) rectification
was first described by Katz (1949) in the frog skeletal muscle fibre and was then
found in cardiac cells (Noble, 1965) and egg cells of starfish (Hagiwara & Takahashi,
1974) and tunicates (Ohmori, 1978). Inward rectifiers in these preparations have
been extensively studied (Adrian, 1969; Hagiwara, Miyazaki & Rosenthal, 1976;
Standen & Stanfield, 1979; Sakmann & Trube, 1984; Kurachi, 1985; Cohen,
DiFrancesco, Mulrine & Pennefather, 1989; Pennefather, Oliva & Mulrine, 1992).
They share many properties which can be considered characteristic of an inward
rectifier (Thompson & Aldrich, 1980; Hagiwara, 1983 ; Hille, 1984 ; Gintant, Cohen,
Datyner & Kline, 1991): (1) they are activated on hyperpolarization and can be
blocked by external Cs* or Ba®*; (2) the currents can have both an instantaneous and
a time-dependent activation; (3) the activation of the currents depends on both the
voltage and the extracellular [K*], its activation curve shifts along the voltage axis
in parallel with Ey. The major function of inward rectifiers is to maintain the resting
membrane potential.

Inwardly rectifying potassium currents have also been described in many nerve
cells, in both invertebrates (Kandel & Tauc, 1966) and vertebrates (Constanti &
Galvan, 1983; Williams, North & Tokimasa, 1988). Recently an inward rectifying
current in CA1 neurons of rat hippocampus was also reported (Grove & Halliwell,
1990).

Xenopus oocytes as a heterologous expression system have been used successfully
as a functional assay to clone neurotransmitter receptors (Masu, Nakayama,
Tamaki, Harada, Kuno & Nakanishi, 1987; Hollmann, O’Shea-Greenfield, Rogers &
Heinemann, 1989) and ion channels (Frech, VanDongen, Schuster, Brown & Joho,
1989; Jentsch, Steinmeyer & Schwarz, 1990). They have also been used extensively
to study ion channel properties (Krafte, Goldin, Auld, Dunn, Davidson & Lester,
1990) and the structure—function relationship of channel molecules (Hoshi, Zagotta
& Aldrich, 1990; Isacoff, Jan & Jan, 1991; Singer, Biel, Lotan, Flockerzi, Hofmann
& Dascal, 1991). The recent studies of potassium channels have greatly improved our
understanding of both the gating and permeation characteristics of these types of ion
channels (for review see Miller, 1991). However, to our knowledge the cation channels
cloned to date are all depolarization activated. The inward rectifier is activated on
hyperpolarization. Cloning this channel and studying its structure—function
relationship would shed light on another mechanism for gating of ion channels.

We report here the functional expression of an inwardly rectifying potassium
current in Xenopus oocytes microinjected with mRNA prepared from canine
hippocampus. As the first step toward the cloning of the inward rectifier and
studying its structure—function relationship, the ion selectivity and gating properties
of this expressed current were characterized. The mRNA was fractionated and the
size of the mRNA required for the expression of this channel was also determined.
Part of these results have been presented to the 1992 meeting of the
American Biophysical Society (Cui, Mandel, DiFrancesco, Kline, Pennefather,
Haspel & Cohen, 1992).
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METHODS

RNA preparation. Adult mongrel dogs were anaesthetized with 1.v. injection of pentobarbitone,
30 mg kg™*. The brain was then rapidly removed and the hippocampus was dissected and
immediately frozen in liquid nitrogen. The hippocampal tissue was then homogenized in 3 M
LiCl-6 M urea and centrifuged at 10000 g for 90 min. The pellet was resuspended and extracted
with phenol-chloroform 3 or 4 times and the final aqueous phase was ethanol precipitated (Auffray
& Rougeon, 1980; Dierks, Van Ooygen, Mantei & Weissmann, 1981). Poly(A)* RNA was isolated
by oligo(dT)-cellulose chromatography (Jacobson, 1987), re-precipitated with ethanol and then
dissolved in sterile water.

Size fractionation of poly(A)* RNA was performed on a non-denaturing sucrose gradient
according to Sumikawa, Houghton, Smith, Bell, Richards & Barnard (1982). The RNA was layered
on a linear 10-31% (w/w) gradient and was centrifuged for 17 h at 40000 r.p.m. at 2 °C in an SW41
rotor. Twenty-two fractions of approximately 0:5 ml each were collected with a UV monitor. Each
fraction was ethanol precipitated and redissolved in 5 ul of sterile water.

Oocyte preparation and injection. Ovarian lobes were dissected from mature female Xenopus laevis
that had been anaesthetized for 20-30 min in a shallow bath containing 0-2% tricaine solution (3-
aminobenzoic acid ethyl ester, Sigma). They were then treated with collagenase (2 mg/ml, Type Ia,
Sigma) to remove the follicles (Dascal, Ifune, Hopkins, Snutch, Liibbert, Davidson, Simon &
Lester, 1986). Stage V and VI oocytes were selected for microinjection. Fifty nanolitres of poly(A)*
RNA solution (2-5 mg/ml) was injected into each oocyte with a Drummond digital microdispenser.
Oocytes were then incubated at 19 °C for 2-6 days in ND96 solution (in mm: 96 NaCl, 2 KCl, 1
MgCl,, 5 HEPES-NaOH, pH = 7'5) with addition of 2:5 mm pyruvate, 100 U/ml penicillin, and
100 pug/ml streptomyecin.

Electrophysiology. Currents were recorded with a conventional two-electrode voltage clamp
(Dagan, Minneapolis, MN 55407, USA) (Kusano, Miledi & Stinnakre, 1982). Intracellular glass
microelectrodes were filled with 3 M KCl and had tip resistances between 1 and 3 MQ. All external
solutions were made up from one basic solution, which contained (in mm) 96 NaCl, 1 MgCl,, 5
MnCl,, 5 HEPES-NaOH, pH 7'5. In all experiments other than the ion substitution experiments
the [Na*], was kept the same. Each concentration of KCl, CsCl, or BaCl, was obtained by addition
to the basic solution. The addition of up to 120 mm KCl to the bathing solution would be expected
to increase [K*], in our measurement of reversal potential due to the increase in solution
osmolarity. In the jon substitution experiments either 80 mm NaCl or 80 mm KOH-aspartic acid
was added in the basic solution. Any other changes in the external solution will be stated in the
text. All recordings were obtained at room temperature (22-24 °C). The voltage clamp steps were
delivered from a programmable pulse generator. The voltage and current were recorded using a
PCM adaptor (VR-10, Instrutech, Elmont, NY 11003, USA) and VCR. Data were filtered at 50 Hz
and analysed with the pPCLAMP program (Axon Instruments, Foster City, CA 94404, USA).

RESULTS
Expression of the current

Poly(A)* RNA extracted from canine hippocampus was injected into Xenopus
laevis oocytes. Such oocytes expressed a current that could be activated by
hyperpolarization (Fig. 1D). This current was not found in uninjected oocytes (Fig.
1B) nor in the oocytes injected with RNA from other sources (data not shown). This
current was blocked by extracellular Cs* (Fig. 1E) as well as Ba?* (1 mMm, data not
shown). Cs* (at 1 mm) blocks the majority of this current in 40 mm [K*], and 10 mm
Cs* ensured complete blockade of the current.

Figure 1D shows the expressed membrane currents during voltage clamp at
various membrane potential levels in an RNA-injected oocyte. At hyperpolarized
membrane potentials the inward currents contained two components, one in-
stantaneous and one time dependent. Both are blocked by Cs*™ and Ba?*. The time-
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Fig. 1. Expression of a hyperpolarization-activated current in Xenopus laevis oocytes
injected with canine hippocampal poly(A)* RNA. Note that the current scale in panel D
is different from the others. The dashed lines in panels B-E show the zero current. The
external solution contained 40 my K*. 4, voltage protocol used in the experiments. The
membrane potential was held at —43-5 mV. Voltage steps of 10 s were applied from
—22:5 to —146:0 mV with an approximately —10 mV increment. B, current traces
recorded from an uninjected oocyte. The oocyte was from the same frog as the oocyte in
panels D and E, and was recorded on the same day. C, current traces from the same
uninjected oocyte as in B when 10 mM Cs* was applied in the external solution. D, current
traces recorded from an RNA-injected oocyte. K. current traces from the same RNA-
injected oocyte when 10 muM Cs* was applied in the external solution.

dependent component could be fitted by a single-exponential function. We denote
the instantaneous current and the current at steady state by I, and I, respectively.
Figure 24 shows the current—voltage relations for these two currents. Both currents



EXPRESSION OF AN INWARDLY RECTIFYING CURRENT 233

are inwardly rectifying. The time-dependent component of the current (I,) at steady
state, I,—1, is also inwardly rectifying (Fig. 2B).

The expressed current is a K* current

The experimental results of Fig. 2 were obtained in 40 mm [K*],. The Cs*-sensitive
current at steady state was zero at the membrane potential of —43 mV. This zero-
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Fig. 2. The I-V relationship for the current expressed in an RNA-injected oocyte. The
currents were elicited by the same voltage protocol as in Fig. 14. The holding potential
in this case was —432mV. The external solution contained 40 mmM K*. A4, the
instantaneous and steady-state I-V curves. These curves were constructed as follows:
each current trace in the solution containing 10 mm [Cs*], was subtracted from the
current trace recorded in control solution. The Cs*-subtracted current trace was then
fitted with a single-exponential function. The instantaneous current is the current value
when the exponential function was extrapolated to the beginning of the voltage step.
The steady-state current is the value at infinite time. The symbols corresponding to each
current are shown in the figure. B, the time-dependent I-V curve. The time-dependent
current is obtained by the subtraction of the instantaneous current from the steady-state
current.

current potential was not far from the calculated equilibrium potential for potassium,
Ey (—32mV), when we chose [K*]; as 140 mm (Dascal, 1987). When the same
experiment was performed in various [K*] s, the potential where the steady-state
Cs*-sensitive current was zero tended to follow Ey. This result indicated that the
expressed current might be K* selective.

To accurately assess the reversal potential we measured the reversal potential of
the time-dependent portion of this current with a standard two-pulse protocol: The
first pulse, a prepulse, was constant and hyperpolarized the oocyte sufficiently to
activate a substantial time-dependent current. Following the prepulse a second pulse
clamped the oocyte to a variety of test potentials. The test pulse potential at which
the tail current changed direction is the reversal potential. The experimental
protocol and one measurement of the reversal potential in 40 mm [K*], is shown in
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Fig. 34 and B. In this case the reversal potential was —36:1 mV (see Fig. 3C for the
method of measurement). We repeated this experiment with oocytes in five different
[K*]s (in mMm): 10, 20, 40, 80 and 120, respectively. The results are plotted in Fig.
4. The reversal potential of this current varied almost linearly with the logarithm of
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Fig. 3. Reversal potential of the expressed current. The external solution contained 40 mm
K*. 4, the voltage protocol used in the experiment. The holding potential was —43:5 mV.
The prepulse was to —114:-5 mV for 8 s. The test pulses were (in mV): —12-3, —22+4,
—328, —433 and —532, respectively; each lasted 8s. B, the Cs*-subtracted current
traces. C, the I-V relationship of tail currents versus test potentials. Each tail current
trace was fitted with a single-exponential function. The points in the figure are the
magnitudes of the time-dependent tail current. The reversal potential (E,) is where the
I-V curve crossed the zero current line. In this case £, = —36:1 mV.

[K*],- The straight line in Fig. 4 is the best fit of the Nernst equation. The slope of
the straight line is —507 mV per tenfold change in [K*],. These data provide
evidence that the major ion carrier of this current is potassium.

Ion substitution experiments further demonstrated that the expressed current was
a potassium current. When extracellular K* was substituted with Na* the expressed
inward current totally disappeared (Fig. 54). In the experiment shown in Fig. 54
the control solution contained 80 mm [K*],. When the K* was substituted with
80 mm Na* the inward current decreased to the same level as if the current was
blocked by Cs*. It came back to almost the same level upon substituting K* back to
the solution. On the other hand, when K* was kept the same and the extracellular
Cl~ was partly substituted with non-permeant anions the expressed inward current
remained the same (Fig. 5B). In the experiment shown in Fig. 5B both control and
test solutions contained 80 mm [K*],, and the test solution contained 80 mm aspartic
acid substituted for 80 mm Cl~ in the control solution. The inward current was the
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Fig. 4. The effect of [K*], on the reversal potential of the current expressed in the RNA-
injected oocytes. The [K*] s were (in mm): 10, 20, 40, 80 and 120 respectively. Reversal
potentials were measured as described in Fig. 3 legend. Each point represents the
averaged reversal potential in the corresponding [K*], and the numbers in parentheses
are the number of oocytes measured. The error bars show the standard deviations. The
straight line is the least-squares fit of the data to the Nernst equation. The slope of the
line is —50-7 mV with an intersection of 180-8 mm. This intersection represents an average
value since [K*], was presumably increased when the osmolarity of the bathing solution
was increased by KCl addition (see Methods).

A 80 mM NaCl B
- - -] ———————————————————— MO o . e e e e e e e W e w o e e -
/7
80 mm KCI
+20 mM CsCIao M KCI 80 mM KCI
(control) (recovery)
/
80 mm KCI 80 mM KAA
80 mMm KCI
l 100 nA (recovery) |5o nA (control)
2s 2s

Fig. 5. Ion substitution experiments. A hyperpolarizing voltage clamp pulse was applied
to the RNA-injected oocytes to activate the inwardly rectifying current in different
external solutions. The solutions were described in Methods. Because a very brief sample
of the holding currents prior to the pulse were captured in our record we use a dashed line
in each panel to indicate their level. All current traces in each panel had the same level
of holding current. 4, 80 mm K* was substituted with 80 mm Na* and the inward current
decreased to the same level obtained when the expressed current was blocked by 20 mm
Cs*. The holding potential was —20-5 mV, the voltage pulse of 12 s was to —130:5 mV.
B, 80 mM Cl- was substituted with 80 mm aspartic acid (AA). The inward current
remained the same. The holding potential was —20-0 mV, the voltage pulse of 15 s was
to —140-0 mV.

same in both solutions when the membrane potential was hyperpolarized. These
results suggest that K* is the major ion carrier of the expressed current and Na* and
Cl~ make minor if any contribution to it.
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As described above we used the initial amplitude of deactivating current tails to
estimate the reversal potential. This approach is valid only if the amplitude of each
tail accurately reflects the amount of conductance, which was activated by the
prepulse (i.e. no other conductance changes are occurring). We demonstrated that
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Fig. 6. Envelope test. 4, voltage protocol for the envelope test. In the experiment shown
in this figure ¥, =V, =—07mV, ¥, =—1305mV. [K*], was 80 mm. B, superimposed
current traces. The inward currents correspond, from left to right, to ¥, of duration (in s):
02, 06, 1-0, 1-4, 20, 4-0, 6:0, 8:0, 10-0 and 12-0, respectively. The tail currents correspond
to ¥, of duration 10-0 s. The deactivation time constants of the tail currents vary from 2-:02
to 2:38 8, a range of less than 20%. The tail currents are scaled up to allow a better
comparison with the inward currents. C, correlation between the time-dependent increase
of the inward current during hyperpolarization and of the deactivating tail current. Each
point represents the magnitude of the time-dependent tail current against the
corresponding prepulse length. The continuous curve is the least-squares fit to the data
points of an exponential function. The time constant of the exponential function is the
measured time constant of the activating inward current elicited by the 8 s prepulse.

the tail current we measured was almost entirely the deactivating current of the
expressed inward rectifier by performing the ‘envelope test’ (Noble & Tsien, 1969).
Figure 64 shows the ‘envelope test’ protocol. A hyperpolarizing prepulse (V) was
applied from the holding potential (V) for varying periods of time, between 200 ms
and 12 s. Each prepulse was followed by a test pulse (¥;) of 10 s duration. The test
pulse was set either positive or negative to Ky in order to obtain both outward and
inward tail currents. We asked two questions. (1) Do tail current amplitudes have the
same time course as the onset of the current ? (2) While the tail currents grow larger,
does the deactivating time course of each individual tail current remain constant ?
Figure 6B and C illustrates the results of this experiment obtained in 80 mm [K*],
with a test pulse positive to Ey. The tail currents are scaled up to allow a better
comparison with the inward currents during the prepulse. As shown in Fig. 6C the
onset of the inward current and the envelope of the amplitudes of the tail currents
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matched each other with the same time course. The tail currents each decline with
a single-exponential time course, and the time constant of each individual tail
current did not differ significantly (Fig. 6 B and see figure legend). We repeated the
‘envelope test’ on a total of nineteen oocytes in three different [K*] s (in mm: 40, 80
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Fig. 7. Activation of the expressed current. The external solution contained 40 mm K*. 4,
voltage protocol used in the experiment. The membrane potential was held at —43-0 mV.
Prepulses of 8 s were stepped from —22:5to —145:0 mV with about a —10 mV increment.
The test pulse of 8s following each prepulse was to —104:5mV. B, Cs*-subtracted
(control —Cs*) current traces. C, -V relationship of tail currents plotted against prepulse
voltages. The tail current was measured as described in Fig. 3 legend.

or 120) with test pulse 10, 20, 30, —10, —20, —30 or —40 mV from Ey. In general,
these results supported the conclusion that our tail currents accurately reflect
conductance changes of the inward rectifier and so can be used to measure its reversal
potential.

The activation of the expressed current depends on [K*],

The results described above indicate that the expressed current is an inward
rectifier. A common property of inward rectifiers thus far studied is that the
activation curve shifts with external potassium in parallel with £ . We examined the
activation curve for this expressed inward rectifier in the light of this previous
finding. A two-pulse protocol was employed and Fig. 74 provides an example. The
first pulse was an 8s prepulse (E;) to various voltages in 10 mV increments.
Following the prepulse was an 8 s test pulse (E,) to a constant voltage. Figure 7B and
C provides an example of our tail current measurement in 40 mm [K*],. In Fig. 7B
the superimposed current records are illustrated. The tail current amplitude is
plotted against the prepulse voltage in Fig. 7C. The tail currents had almost a linear
dependence on E, when £ was more negative than —50 mV. When E, was more
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positive than —50 mV the amplitude of the tail currents changed less and was almost
constant at E;, —20 or —30 mV, near Ex. As shown in the plot in Fig. 7C the
activation of this current is very weakly dependent on membrane potential. The tail
current did not reach saturation even when E, was —150 mV. In other experiments
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Fig. 8. The effect of [K*], on the activation of the current expressed in the RNA-injected
oocytes. The [K*] s were (in mm) 20, 40 and 120, respectively. The symbols corresponding
to each [K*], are shown in the figure. The numbers in parentheses following each symbol
give the numbers of experiments in the corresponding [K*], which were averaged to
generate the curve. The arrows indicate the mean reversal potentials measured in other
experiments corresponding to each [K*] , from left to right: 20, 40 and 120 mm. Since the
tail currents could not be saturated with hyperpolarization we were unable to follow the
conventional normalization procedure in constructing the activation curve. In this figure
we chose the tail current nearest to E, as unity and the 9th point from it in a negative
direction along the prepulse voltage axis as zero to normalize the activation curves and
these points in each curve are indicated by an asterisk. The points outside the asterisks
are scaled accordingly. Notice that in our experiment zero tail current was arbitrarily
determined by the amplitude of the test pulse (E,) so that this normalization procedure
does not change the relative amplitude of the tail currents. However, this method forces
the slope of each curve to be similar and therefore enables us to compare the starting point
for activation in each [K*],.

even at £, = —170 mV the current did not demonstrate saturation. Since the oocyte
membrane could not tolerate voltage steps more negative than —170 mV we were
not able to obtain a complete activation curve.

We repeated the experiment with oocytes in a variety of [K*] s. The tail currents
all had similar properties to those shown in Fig. 7. To compare the activation of the
current in different [K*];s we normalized the tail currents and plotted the results
obtained in three of them (in mm: 20, 40 and 120) against prepulse voltage in Fig. 8.
Each curve in Fig. 8 was generated from averaged results measured in the number
of different oocytes shown in the figure. The arrows in Fig. 8 indicate the Exs. In each
[K*], the current starts to activate near the corresponding Ey, and the start of
activation shifts along the voltage axis with changes in [K*],. We measured similar
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activation curves in 10 and 80 mm [K*], as well (data not shown) and the
conductance started to activate near the corresponding Ey.

The time constant of activation (1) depends on voltage and [K*],

The time constant for activation of the expressed inward current had a bell-shaped
voltage dependence (Fig. 94). With increasing hyperpolarization it increased and
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Fig. 9. The voltage and the [K*] dependence of the activation time constants. The
voltage protocol was similar to that described in Fig. 14 except that in B the voltage
pulse was 15 s in duration. 4, the same RNA-injected oocyte was recorded in external
solutions containing 40 and 80 mum K*, respectively. Each current trace was fitted with a
single-exponential function. The activation time constant of each current trace is plotted
against the corresponding membrane potential. The symbols corresponding to each [K*],
are shown in the figure. B, the average of normalized time constants obtained from several
oocytes in 80 mm [K*] . The error bar shows the standard deviation. The numerical data
and methods used to analyse the data are shown in Table 1 and its legend.

reached a peak roughly at 30-50 mV negative to Ex, and then monotonically became
briefer. Its decline after the peak was almost a linear function of the membrane
potential with a less than 2-fold change for a 70 mV hyperpolarization (Fig. 94 and
B). As Fig. 94 illustrates, the voltage dependence of the time constants shifted along
the voltage axis as Ey shifted with changing [K*],. The steepness of the voltage
dependence was not altered. Table 2 provides the results from a set of experiments
that compare the time constants measured in 40 and 120 mm [K*], with that in
80 mM [K*],. The time constants were measured with 15 s hyperpolarizing voltage
clamp pulses to several membrane potentials (in mV: —100, —110, —120 and
—130). Since the time constants varied in different oocytes, we employed each
oocyte as its own control and only compared 7 at different [K*] s obtained in the
same oocyte. Table 2 shows the averaged ratio from five oocytes. At each membrane
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TaBLE 1. Voltage dependence of the time constant

Normalized time constant

No. of

E, (mV) Mean S.D. oocytes
—140 071 0-03 4
—130 0-80 0-03 5
—120 090 0-02 6
—110 1-00 — 6
—100 1-07 0-03 6
— 90 113 0-05 6
— 80 118 003 6
— 70 125 0-04 5

The experimental conditions are decribed in the legend to Fig. 9B. Time constants were
measured at different membrane potentials (£,) in each oocyte. We chose the time constant at
E_ = —110 mV as 1 and normalized time constants at other E s to this value for each oocyte. The
normalized data were then averaged from all the oocytes and presented here and in Fig. 9B.

TasBLE 2. External potassium dependence of the time constant (7)

Taox/ Tsox T120/ Teox
E, (mV) Mean S.D. Mean S.D.
—130 1-3 02 0-77 004
—120 14 02 0-78 0-02
—110 1-3 02 0-80 0-05
—100 1-2 01 0-81 0-05

Time constants were measured at a variety of membrane potentials in three different [K*] s (in
mM: 40, 80 and 120) for each oocyte. At each membrane potential the time constants in 40 and
120 mMm [K*], were divided by the time constant in 80 mm [K*],. The ratios for five oocytes were
then averaged.

potential the time constants had the sequence: 7(40 mm [K*])) > 7(80 mm [K*],) >
7(120 mm K*])). Comparing the results provided in Table 1 and Fig. 9B, the
difference in time constants between 40 and 80 mm [K*], is equivalent to a —20 to
—40 mV voltage shift. Similarly the difference in time constants between 120 and
80 mm [K*], is equivalent to a 20-30 mV voltage shift.

Size fractionation of mRNA

Poly(A)* RNA extracted from canine hippocampus was size fractionated in a
linear 10-31% sucrose gradient. Of the twenty-two fractions collected, we divided
them into five groups and combined the fractions in each group. The first four groups
each contained five fractions numbered from 1 to 20 and the 5th group contained
fractions 21 and 22. Each group was injected into oocytes and tested for the
expression of the inwardly rectifying current. Only the oocytes injected with group
4, which contained fractions 16—20, expressed the inward rectifier current. The
oocytes injected with other groups had no expression of this current. We then
injected each fraction from group 4 into oocytes and assayed the magnitude of the
expression of this current. Figure 10 shows the results. Oocytes injected with fraction
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18 had the peak expression of the inwardly rectifying current. The oocytes injected
with canine hippocampal poly(A)" RNA also expressed a TTX-sensitive sodium
current. In Fig. 10 we also show the expression of the sodium current in the same
oocytes injected with fractionated RNA for comparison. The brain sodium channel
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Fig. 10. Expression of inwardly rectifying potassium current (/;,) and sodium current
(Loaium) by oOcytes injected with size-fractionated canine hippocampal poly(A)* RNA.
The expression of inwardly rectifying current was assayed in 40 mm [K*], as the difference
current after addition of 10 mm Cs* (control —Cs*). A hyperpolarizing voltage clamp pulse
from a holding potential of —40 to —100 mV was applied for 10 s to activate the current.
The Cs*-subtracted current was plotted against the number of the fraction injected into
the oocyte. The same oocytes were also assayed for the expression of sodium current in
ND96 solution. The depolarizing voltage clamp pulse was from a holding potential of
—100 to —10 mV for 50 ms. The peak inward current was plotted against the fraction
number. Three oocytes injected with each fraction were measured and the currents
averaged and then presented by the vertical columns. Error bars represent the standard
deviation. From left to right the fraction has higher molecular mass mRNA species.

has an mRNA size about 7-10 kb (Noda, Ikeda, Kayano, Suzuki, Takeshima,
Kurasaki, Takahashi & Numa, 1986; Goldin, Snutch, Liibbert, Dowsett, Marshall,
Auld, Downey, Fritz, Lester, Dunn, Catterall & Davidson, 1986). In our experiment
the oocytes injected with fraction 20 had a peak expression of this current. In
another linear 10-31 % sucrose gradient run at the same time we fractionated canine
hippocampal poly(A)” RNA. The 18 S and 28 S rRNA peaked at fractions 15 and 19,
respectively. From these results we estimate that the size of the mRNA required to
express the inwardly rectifying K* current is around 4 kb.

DISCUSSION

In this paper we demonstrate that Xenopus oocytes injected with canine
hippocampal poly(A)* RNA express an inwardly rectifying potassium current. The
ion selectivity and the gating properties of the current were characterized. As stated
in the Introduction these characteristics of the current taken together are unique to
inward rectifier channels and are shared by inward rectifiers in many other
preparations.

Grove & Halliwell (1990) reported an inward rectifier in CA1 neurons of the rat
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hippocampus. However, this current had a much faster activation time constant (in
the range of tens of milliseconds) than that of the current reported here. To our
knowledge, there have been no reports of an inward rectifier found in hippocampus
with similar properties to the one we report here. The lack of a counterpart of the
expressed current in the hippocampus tissue has several alternative explanations: (1)
the properties of the current could be altered in Xenopus oocytes due to post-
translational modification and a different membrane environment; (2) the local-
ization of the channel in neurons makes it difficult to observe the current with
voltage clamp measurements, or the gating properties observed were distorted; (3)
the properties of the current may be species dependent, and little research has been
done in canine hippocampus; (4) it has been suggested that inward rectifier channels
may be a protein composed of three similar subunits (Matsuda, Matsuura & Noma,
1989; Oliva, Cohen & Pennefather, 1990). Considering that the voltage dependence
of the gating properties of our expressed current was weaker than many inward
rectifiers in other preparations (see below), it is possible that the expressed subunits
were not correctly assembled and the current flowed through a separated subunit.

In the hippocampus there are other hyperpolarization-activated currents besides
the inward rectifier currents. Halliwell & Adams (1982) reported an inward current
(Iq) carried by both K* and Na* in CA1 hippocampal neurons. I was blocked by
extracellular Cs* but was resistant to Ba?*. The expressed current reported here,
however, was blocked by 1 mM external Ba?* (data not shown), and Na* made
minimal contributions to it (Fig. 54). The ionic selectivity and the sensitivity to
Ba?* distinguish this current from I. Madison, Malenka & Nicoll (1986) reported a
hyperpolarization-activated chloride current in hippocampal pyramidal cells. This
current was not blocked by extracellular Cs* but was blocked by extracellular Cd**,
while the current reported here was not carried by Cl~ (Fig. 5B) and was resistant to
Cd?** (data not shown) but blocked by Cs* (Fig. 1).

From the result of our RNA size-fractionation experiment we estimated that the
molecular size range of the mRNA required for the expression of the inwardly
rectifying current in oocytes was around 4 kb. This is close to the cDNA or mRNA
size of many potassium channels (for instance, see Frech et al. 1989 ; Grupe, Schroter,
Ruppersberg, Stocker, Drewes, Beckh & Pongs, 1990).

Properties of the expressed inwardly rectifying current

The activation time constant of our expressed current was about 2s at a
membrane potential 60 mV more negative than Eyx (Fig. 9). This is slower than
activation time constants of the inward rectifier in many other preparations. In
cardiac myocytes (Harvey & Ten Eick, 1988), skeletal muscle (Leech & Stanfield,
1981), and neuronal preparations (Constanti & Galvan, 1983), the time constants
ranged from one to tens of milliseconds. In starfish egg (Hagiwara ef al. 1976) it was
less than 05 s.

The activation time constant of the current was dependent on both membrane
potential and [K*], (Fig. 9, Table 1 and 2). The voltage dependence of the time
constant was bell-shaped and the peak time constants appeared at 30-50 mV more
negative than Ey. In guinea-pig ventricular cells (Saigusa & Matsuda, 1988) and frog
skeletal muscle (Hestrin, 1981) the activation time constant of the inward rectifier
also had a bell-shaped voltage dependence. However, the peak in their preparations
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appeared around Ey. Further, in most preparations the activation time constants
depended on the membrane potential more steeply than in our case. For instance, in
guinea-pig ventricular cells (Saigusa & Matsuda, 1988) the time constant changed
e-fold with a 19-3 mV change in voltage, while in olfactory cortex neurons (Constanti
& Galvan, 1983) the time constant changed e-fold with a 40 mV change in voltage.

The activation of our expressed current had a very shallow dependence on the
membrane potential over at least 150 mV. The activation did not saturate even when
the membrane potential was more negative than — 170 mV in 80 mm [K*],. This was
unlike the inward rectifiers in other preparations where the activation usually
saturated at membrane potentials 3040 mV more negative than Ey (Ciani, Krasne,
Miyazaki & Hagiwara, 1978; Leech & Stanfield, 1981; Oliva et al. 1990). However,
in most of our experiments the inwardly rectifying current did show a saturation
when the membrane potential was more negative than —120 mV (Fig. 2). This result
suggests that the open-channel conductance was reduced by further hyper-
polarization possibly due to open-channel blockade by an external cation as was
demonstrated for several inward rectifiers (Standen & Stanfield, 1979; Harvey & Ten
Eick, 1988).

Overlap of other currents

Xenopus oocytes have an endogenous Ca**-mediated chloride current (Ig(cy);
Barish, 1983). This time-dependent outward current is activated by depolarization
in normal solution and is due to the opening of calcium channels and consequent
influx of Ca?*. This current could have interfered with our tail current measurement,
especially with high [K*],. To eliminate I, in our experiments we employed an
extracellular solution containing zero calcium and 5 mm Mn?** to block I,. This
chloride current was absent in our experiments.

When injected with mouse or rat brain RNA, Xenopus oocytes express a delayed
rectifier current (Frech et al. 1989) or an A-type current (Christie, Adelman, Douglass
& North, 1989). They both are depolarization-activated time-dependent potassium
currents. However, we could not detect either of these two currents in oocytes
injected with canine hippocampal poly(A)* RNA. These oocytes did, however,
express a fast TTX-sensitive sodium current in addition to the inward rectifier (Fig.
10). The total time span of the sodium current was less than 50 ms and had little
effect on our tail current measurements.

Conclusion

In conclusion, our analysis of the gating and selectivity of the expressed current
from canine hippocampus strongly suggests it is an inwardly rectifying K* current.
Given the size of the putative mRNA which is required for its expression and the
magnitude of the expressed current, it should be an excellent candidate for
expression cloning of the inward rectifier channel.

Note added in proof. Recently another inwardly rectifying K* current from rat
basophilic leukemia cell mRNA has been expressed in Xenopus oocytes (Lewis,
Ikeda, Aryee & Jono, 1991). The size of mRNA required for the expression of that
current was also 4-5 kb, close to the size we reported here.
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