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A calcium-independent chloride current activated by
hyperpolarization in Xenopus oocytes
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Hyperpolarization of oocytes of Xenopus laevis usually elicits mainly
passive currents. However, when polarized to potentials more negative
than about —100 mV, oocytes obtained from some donors show a rela-
tively well maintained current that is carried mainly by chloride ions.
This response does not depend upon external calcium, and is thus clearly
different from the calcium-dependent transient chloride current pre-
viously described.

INTRODUCTION

Considering that they are electrically passive cells, the immature oocytes of Xeno-
pus laevis display a surprising diversity of ionic currents. At present, we know
they possess calcium-activated chloride channels (Miledi & Parker 1984), calcium
channels activated by depolarization (Miledi 1982; Barish 1983; Leonard et al.
1987) and by hyperpolarization (Parker et al. 1984 ; Parker & Miledi 1987a), at
least two types of sodium channel (Baud ef al. 1982 ; Parker & Miledi 19876), and
two types of potassium channel (Peres ef al. 1985; R. Miledi, unpublished data).
When the object is to examine exogenous membrane channels, expressed in the
oocyte after injection of foreign messenger RNAs, the presence of these endogenous
channels can sometimes be a nuisance (cf. Parker & Miledi 1987b). On the other
hand, the membrane channels in native oocytes provide a fruitful field of study in
their own right, particularly as they are located in a large cell, which greatly
facilitates electrophysiological and biochemical analysis.

Some of the above-mentioned membrane currents are almost invariably present,
and probably serve a function in the development of the oocyte or the embryo. An
example is the calcium-activated chloride current, which appears to be involved
in the generation of the fertilization potential (Whitaker & Steinhardt 1982).
However, other currents, such as the transient tetrodotoxin-sensitive sodium
current (Parker & Miledi 1987b), are prominent in oocytes from only a small
proportion of donors. In this case it seems unlikely that the current would have
any function in the oocyte and, instead, it may arise from the apparently random
expression of a gene coding for channels which are important in some later stage
of development of the frog. In the present paper we add to the list of infrequently
observed currents in the Xenopus oocyte, by describing a chloride current acti-
vated by hyperpolarization, which we first noticed while studying other currents
(Miledi 1982). This chloride current is independent of external calcium, and is thus
different from the calcium-dependent transient chloride current previously de-
scribed (Peres & Bernardini 1983 ; Parker et al. 1984).
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METHODS

Experiments were made on oocytes of Xenopus laevis, which, except where
otherwise noted, were treated with collagenase to remove enveloping cells (Miledi
& Parker 1984). Oocytes were voltage clamped, by using a two electrode system
(Kusano et al. 1982; Miledi 1982), and membrane currents were recorded on
stepping the potential to different levels from a holding potential of —50 mV.
During recording, the oocytes were continuously superfused with Ringer solution
(composition in mm: NaCl, 120; KCl, 2; CaCl,, 1.8; HEPES, 5; pH about 7.0) at
room temperature (22-24 °C). Calcium-free Ringer contained no added calcium,
and additionally 0.5 mm EGTA and 2 mm MgCl,. Solutions containing low sodium
or low chloride were made by replacing NaCl by, respectively, tetraethyl-
ammonium (TEA) chloride or sodium methylsulphate. High potassium and high
calcium solutions were made by adding KCI or CaCl, to normal Ringer, without
compensating for the small increase in osmotic and ionic strength.

REsvuLrts
Inward current on hyperpolarization

Currents recorded from ‘native’ Xenopus oocytes (i.e. without injection of
exogenous messenger RNA) usually show comparatively passive increases in
clamp current in response to hyperpolarizing steps up to about —140 mV,
although a small fraction of oocytes give a transient inward chloride current
(Peres & Bernardini 1983 ; Parker et al. 1984). This was not evident in the oocytes
described here, which instead showed a quite different type of current activated
on hyperpolarization. The results are based on recordings in oocytes obtained
from a single donor, and we have occasionally seen similar current in oocytes from
other donors examined over several years.

The current activated on hyperpolarization is illustrated in figure 1a, b, which
shows membrane currents elicited by stepping an oocyte to various potentials
between + 10 and —190 mV, from a holding potential of —50 mV. Between about
0mV and —100 mV, changes in potential elicited ohmic changes in current,
following a close-to-linear current—voltage relation (figure 1¢). However, stepping
the potential to —110 mV induced a more-than-linear increase in inward current,
and this grew steeply with further polarization. During steps to moderately
hyperpolarized potentials (ca. —110 to —140 mV) the current rose slowly, reach-
ing a maximum after about 1 s, and then remained fairly steady. As the poten-
tial was made more negative than this, the activation of the current after a
voltage step became progressively more rapid, but it also began to decline during
maintained polarization (figure 1b).

The voltage-dependence of activation of the hyperpolarization-activated cur-
rent was estimated in figure 1¢ (@) by extrapolating the passive electrical pro-
perties of the oocyte between 0 and —90 mV to more negative potentials, and by
subtracting this linear current—voltage relation from the observed currents (0). In
this way, it is seen that the current begins to activate at potentials between about
—100 and —110 mV, and that beyond —130 mV it increases about linearly with
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Frcure 1. Membrane currents and current—voltage relation in an oocyte showing a pronounced
chloride current on hyperpolarization. (@, b) Superimposed traces showing membrane
currents evoked by briefly stepping the clamp potential to different voltages from a holding
potential of —50 mV. In (@) the potential during the step was altered in 10 mV increments
from + 10 mV (upper trace) to —120 mV (lower trace). Records in (b) were obtained at a
lower recording gain, and show potential steps in 10 mV increments from —100 to
—190 mV. (¢) Current—voltage relation measured from the records in (a, b). Open circles
show the maximal current recorded at each potential, measured with respect to the holding
current at —50 mV. Filled circles show the current remaining after subtraction of passive
leakage currents, estimated by extrapolation of the linear current—voltage relation between

—100 and 0 mV (see text). Collagenase treated oo

cyte, at 23 °C.

hyperpolarization up to the maximum potential (—190 mV) that the oocyte

would withstand.

Lonic basis of the hyperpolarization-activated current

To derive information about the ions that carry this current, we measured the
reversal potential of the tail currents recorded on returning the membrane poten-
tial to different levels following hyperpolarizing steps (figure 2). Such tail currents
were not seen when the hyperpolarizing step was below the threshold for eliciting
the inward current, but they grew in size progressively as the test pulse was made
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Ficure 2. Reversal potentials of tail currents recorded after activation of chloride current.
Each frame shows superimposed tail currents elicited on returning the oocyte to different
holding potentials after a hyperpolarizing pulse of 1 s duration to — 150 mV, which gave an
inward current of about 800 nA (off scale on the records shown). The holding potential was
altered in 2 mV increments between the extreme values indicated (in millivolts) in each
frame. (@) Records obtained in normal Ringer (nr) solution. (b) Records in a solution where
one half of the NaCl was substituted by Na methylsulphate. (¢) Records in Ringer solution
containing an additional 20 mm KCI. (d) Records in Ringer solution in which all NaCl was
replaced by TEA chloride. All records are from a single, collagenase treated, oocyte. Repeat
measurements were made in normal Ringer between each solution change, and the reversal
potential constant at —17 to —18 mV.

increasingly negative beyond the threshold (figure 1@, b). Thus the tail currents
probably arise because the membrane channels activated on hyperpolarization
remain open for a short time after returning to less negative potentials.

When bathed in normal Ringer solution, the tail currents illustrated in figure 2a
inverted direction as the holding potential was altered between —20 and —16 mV,
and a mean reversal potential of —20+1.6 mV (standard error of the mean) was
obtained in four oocytes. This corresponds to the chloride equilibrium potential in
the oocyte (Kusano et al. 1982 ; Barish 1983), suggesting that the current is carried
largely by a flux of chloride ions. To further test this conclusion, the effects of
changes in ionic composition of the bathing fluid were examined on the reversal
potential of the tail currents. Increasing the concentration of potassium ions
tenfold, from 2 to 20 mm, gave virtually no change in reversal potential (figure 2¢),
as did the complete substitution of sodium by TEA (figure 2d). Thus it seems that
sodium and potassium ions cannot contribute appreciably to the current, both
because of the lack of effect of ion substitutions on the reversal potential, and
because the high concentration of TEA would be expected to block some potassium
channels. Different to this, the partial replacement of chloride in the bathing
solution by relatively impermeant methylsulphate ions shifted the reversal

potential to more positive values (figure 2b), as is expected if the current is carried
by chloride ions.

The chloride current does not depend upon extracellular calcium

The surface membrane of Xenopus oocytes contains many chloride channels
which are activated by intracellular calcium (Miledi & Parker 1984), and which
give rise to chloride currents subsequent to the entry of calcium through voltage-
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gated calcium channels (Miledi 1982; Barish 1983; Parker et al. 1984). To de-
termine whether this is also the case for the maintained chloride current activated
on hyperpolarization, we recorded responses during hyperpolarizing steps applied
to oocytes bathed in solution lacking calcium or containing calcium blocking
agents.

Figure 3a shows currents elicited in an oocyte bathed in normal Ringer, and in
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Ficure 3. The chloride current activated on hyperpolarization does not depend on calcium. (a)
Superimposed traces showing membrane currents evoked by hyperpolarization to different
potentials from a holding potential of —50 mV. In each frame, the voltage during the pulse
was raised in 10 mV increments between the minimum and maximum values indicated (in
millivolts). Recordings were made in a single oocyte during superfusion with normal Ringer
(nR, upper frame), calcium-free Ringer (middle frame) and Ringer solution containing 10
mM MnCl, (lower frame). (b) Current—voltage relations measured in a different oocyte,
bathed in normal Ringer (nR) (o), calcium free Ringer (@), and Ringer containing 10 mm
Mn?* (@). (¢) Current—voltage relation in a third oocyte, measured in normal Ringer (o), and
in Ringer containing an additional 10 mm Ca®** (e).
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a Ringer solution in which the free calcium concentration was reduced to very low
levels with EGTA. Large chloride currents were still seen on hyperpolarization in
the calcium-free solution, and indeed these were slightly larger than the control
responses in normal Ringer at the corresponding potentials (figure 3b). Responses
also remained after addition of 10 mM manganese to normal Ringer solution, even
though this blocks calcium entry in the oocyte (Miledi 1982 ; Parker ef al. 1984).
However, the currents elicited at any given potential were appreciably reduced by
manganese (figure 3a). Examination of the current—voltage relation (figure 3b)
indicated that this effect might be due to a shift in voltage-dependence of the
current activation to more negative potentials, rather than a reduction in size of
the current resulting from a blocking of calcium influx. This interpretation is
supported by the finding that addition of 10 mu calcium to normal Ringer pro-
duced a similar leftward shift in the current—voltage relation (figure 3¢), so that
the current was smaller at any given potential, rather than being larger as would
be expected if the response was activated by an influx of calcium.

Some properties of the chloride current

A characteristic feature of the current activated on hyperpolarization was that
it was accompanied by pronounced ‘noise’ fluctuations. This could often be
discerned even on low-gain recordings (e.g. —120 mV trace in figure 1a), and is
shown more clearly in the high gain, ac-coupled recording in figure 4.

A further characteristic of the current is that it showed little inactivation. Thus
repeated hyperpolarizations to —150 mV elicited a virtually identical series of
current responses (figure 5a). Also, the current was little affected by changes in the
holding potential from which hyperpolarizing steps were made. For example,
identical currents were obtained when an oocyte was stepped to —130 mV after
having been held previously at —40 mV or —90 mV (figure 5b).

oo
l200 nA (DC)
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Frcure 4. Noise fluctuations during activation of the chloride current. The oocyte was polarized
from —50 to —150 mV during a 3 s duration pulse. Traces show (from top to bottom)
clamp potential, pc record of clamp current, and a high-gain record of clamp current,
bandpass filtered at 2-200 Hz.
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Ficure 5. The chloride current shows little inactivation (@) Clamp current (lower trace) in
response to repeated hyperpolarizing pulses from —50 to —150 mV (upper trace). (b)
Superimposed records showing current evoked by polarization to —130 mV from holding
potentials of —40 mV and —90 mV. Different oocyte to (a).

Disappearance with time of the chloride current

Recordings were initially made from five oocytes on the same day when the
donor frog was killed. All of these showed large (100 nA or more at —130 mV)
chloride currents on hyperpolarization, with a mean value of 188469 nA,
measured at —130 mV after subtracting passive leakage currents. Batches of
these oocytes (collagenase-treated and untreated) were then maintained in cul-
ture in Barths’ solution at 16 °C, and pieces of the ovary were similarly maintained.
When examined 2 d later, only two out of ten isolated oocytes showed detectable
responses on hyperpolarization, and these (one collagenase treated, the other un-
treated) gave only small currents of 40 and 20 nA at —130 mV. In contrast,
oocytes that were newly removed from the ovary gave more prominent responses.
Only two out of eight of these oocytes failed to show a detectable chloride current,
and the overall mean current at — 130 mV was 207 4 109 nA. However, after these
oocytes were maintained in culture for a further 2 d, they similarly failed to show
chloride currents.

DiscussionN

This paper describes an inward membrane current in Xenopus oocytes, which is
activated by hyperpolarization, is carried largely by chloride ions and inactivates
only slowly, or not at all, during pulses of several seconds. The current was present
in oocytes that had been treated with collagenase to remove enveloping cells, and
thus probably arises in the oocyte proper. An important characteristic is that it
was not abolished by the removal of external calcium, or by addition of manganese.
In this, and other respects, the maintained chloride current is clearly different
from the transient inward current previously described (Peres & Bernardini 1983 ;
Parker et al. 1984), which is due to the opening of calcium-activated chloride
channels subsequent to the entry of calcium through channels modulated by
hyperpolarization and by inositol phosphates (Parker & Miledi 1987a). Thus it
seems that oocytes from some donors express a voltage-activated chloride channel,
in addition to the calcium-activated chloride channels that they normally possess
(Miledi & Parker 1984). An alternative possibility is that the maintained current
could arise through the calcium-activated chloride channels, if the resting level of
intracellular free calcium is sufficiently high to cause channel activation. This,
however, seems unlikely, because when calcium is injected into an oocyte the
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resulting chloride current decreases with hyperpolarization beyond about
—50 mV (Miledi & Parker 1984), rather than increasing.

A further difference between the calcium-independent and calcium-dependent
chloride currents lies in the noise fluctuations accompanying their activation. The
current described here showed prominent noise. If, as we presume, this noise arises
from the statistical opening and closing of membrane channels (Katz & Miledi
1972), this already indicates that the conductance of the single chloride channels
is large and their lifetime long. In contrast, the calcium-activated chloride channel
has a low unitary conductance (Methfessel et al. 1986 ; Takahashi ef al. 1987), and
little noise can be discerned in voltage-clamp recordings of calcium-activated
chloride currents (cf. Miledi & Parker 1984). Glycine-activated chloride channels,
expressed in the oocyte by messenger RNA from brain, have properties inter-
mediate between these two. The single-channel conductance is about 20 pS (Gun-
dersen et al. 1986) and, although noise fluctuations are apparent on current records,
they are smaller than those accompanying the hyperpolarization-activated
chloride current.

Voltage-activated, calcium-independent chloride currents have previously been
described in a variety of preparations (for review see Bretag (1987)), but many of
these, including chloride channels in muscle (Blatz & Magleby 1985), glia (Gray
et al. 1984) and T'orpedo electric organ (White & Miller 1979 ; Sumikawa ef al. 1984)
show a voltage dependence in the opposite sense to the oocyte chloride channel;
that is to say, they open with depolarization and close with hyperpolarization. The
native chloride channel in the oocyte does, however, more closely resemble hyper-
polarization-activated chloride currents described in Aplysia neurons (Chesnoy-
Marchais 1983 ; Chesnoy-Marchais & Evans 1986) and in rat sympathetic neurons
(Selyanko 1984). Because of the infrequency with which the calcium-independent
chloride current is found in oocytes from different donors, it seems unlikely that
it would serve any important function in the oocyte. Instead, the chloride channels
may arise because of an apparently random expression of a gene that becomes of
importance at a later stage in the development of the frog. Thus it will be
interesting to see if channels similar to those in the oocyte are expressed in any
tissues of the adult animal.

An interesting feature of the chloride current is that it was greatest in oocytes
that had been freshly removed from the ovary, and disappeared almost completely
after oocytes were maintained in culture for a few days. A similar phenomenon is
seen with potassium currents evoked by certain neurotransmitter and hormone
receptors in the oocyte (Woodward & Miledi 1987); but in those cases it is thought
that the current is generated in the follicular cells, which gradually lose their
electrical coupling to the oocyte. This cannot be the explanation for the disap-
pearance of the hyperpolarization-activated chloride current, because this is pre-
sent in defolliculated oocytes. Instead, it may be that the ovary produces some
factor that serves to regulate the functional activity of the chloride channels, or
their expression in the membrane.

This work was supported by a grant (RO1-NS23284) from the U.S. Public
Health Services.
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