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Asymmetrical Distribution of Ca-Activated Cl Channels in
Xenopus Oocytes

Khaled Machaca and H. Criss Hartzell
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ABSTRACT Xenopus oocytes are a popular model system for studying Ca signaling. They endogenously express two kinds
of Ca-activated Cl currents, I, and /.. I,_¢ is activated by Ca released from internal stores and, with appropriate voltage
protocols, by Ca influx. In contrast, /5,_, activation is dependent on Ca influx. We are interested in understanding how these
two different Cl channels are activated differently by Ca from different sources. One could hypothesize that these channels
are activated differently because they are differentially localized near the corresponding Ca source. As an initial investigation
of this hypothesis, we examined the distribution of /,.; and /., channels in the oocyte. We conclude that both /,.; and /55
channels are primarily localized to the animal hemisphere of the oocyte, but that capacitative Ca influx occurs over the entire
oocyte membrane. Evidence supporting this view includes the following observations: 1) Injection of IP; into the animal
hemisphere produced larger and faster /4 responses than injection into the vegetal hemisphere. 2) Exposure of the animal
hemisphere to Cl-free solution almost completely abolished /5,_, produced by IP;-induced release of Ca from internal stores
or by capacitative Ca entry. 3) Loose macropatch recording showed that both /., and /,_, currents were approximately four
times and approximately three times, respectively, more dense in the animal than in the vegetal hemisphere. 4) Confocal
imaging of oocytes loaded with fluorescent Ca-sensitive dyes showed that the time course of activation of /,_, corresponded
to the appearance of the wave of Ca release at the animal pole. 5) Ca release and Ca influx, although twofold higher in the
animal pole, were evident over the entire oocyte.

INTRODUCTION

Xenopusoocytes are a popular model system for studyingstores become depleted of Ca dgg, declines, capacitative
Ca signaling (DeLisle, 1991), because their large size facilCa entry (Putney, 1990; Fasolato et al., 1994; Berridge,
itates visualization of Ca waves by using Ca-sensitive dye4995; Clapham, 1995) becomes activated, and this Ca ac-
(Lechleiter and Clapham, 1992; Camacho and Lechleitenjvatesl,,. |, has a strongly outwardly rectifying instan-
1995; Parker et al., 1996; DeLisle and Welsh, 1992) andaneoud-V curve and is activated at hyperpolarizing poten-
because they contain Ca-activated Cl channels that can hils that increase the driving force for Ca influbg,, is
used as indicators of Ca concentration at the plasma menmever activated by Ca released from stores. In contigst,
brane (Dascal, 1987; Parker and Miledi, 1987; Hartzellcan be activated transiently by Ca influx if the cell is first
1996). We have recently reported th¥enopusoocytes  hyperpolarized to increase Ca influx and then depolarized to
contain two distinct species of Ca-activated Cl currentsactivate the voltage gate.

whose activation depends on the source of Ca (Hartzell, Qur conclusion that these two currents are mediated by
1996; Hartzell et al., 1997). One CI curretg,(y) is acti-  two different channels differs from previous interpretations.
vated as a result of Ca released from intracellulag- IP parker and Yao (Parker and Yao, 1994; Yao and Parker,
sensitive Ca stores, whereas the other currégt,X is  1993) interpret their data in terms of a single population of
activated by Ca influx from the extracellular space. Theseca-activated Cl channels that exhibit different kinetic be-
currents develop with different kinetics after intracellular hayiors because the channels respond to the rate of change
injection of IP; and exhibit different biophysical character- of the Ca signal and because the Ca signal exhibits complex
istics (Hartzell, 1996)c,, is activated immediately as gpatial and temporal features resulting from feedback and
injection of IP; stimulates Ca release from stores, but théfeegforward interactions between influx and release (Girard
current declines to baseline over the next few minutes as thg,g clapham, 1993). Although it is possible that, and
stores become depleteq of G2 does not depend on lc., are different manifestations of the same ClI channel
extracellular Ca, has a linear instantaneous current-voltage,  .sed by different Ca dynamics after Ca release from

relationship, and exhibits voltage-dependent activation afy,req and capacitative Ca influx, this seems unlikely be-
positive membrane potentials in the presence of Ca. As th@auselc,_l and I, have different instantaneous current-

voltage relationships (Hartzell, 1996). Because the instan-
taneous current-voltage relationship measures the current
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the Ca concentration has recently been questioned by Geas set at the maximum opening, resulting in a focal section of 2270

mez-Hernandez et al. (1997), who showed thattaropus 1270 X 35 um. Because Ca-Green-1 is a nonratiometric dye, the physi-
cally coupled non-calcium-sensitive Texas Red fluorescence was used to

Ca-activated CI channels in excised inside-out macro- o . .

correct for dye distribution and quenching artifacts. Ca-Green-1 was ex-
patches respond to the steady-state Ca levels and not the rHd with a 488-nm line from an argon laser, and Texas Red was excited
of change of Ca concentration. For these reasons, we pref@ith a 543-nm line from a helium neon laser. Image data were analyzed
the interpretation that these two currents are mediated bysing the Zeiss LSM software and National Institutes of Health Image
different channel populations. However, it is worth men- version 1.60. Current data were analyzed using Origin, version 4.1 (Mi-

tioning that there is no evidence at the single-channel |eve(irocal Software, Nortohampton, MA)._ Experiments were performed at room
temperature (22-26°C). Normal pigmented oocytes were used for all

for two kinds of Ca-activated Cl channels. experiments shown here. The pigment in the animal pole greatly attenuates

The presence of two Ca-activated Cl channels in thene fluorescence signal, but the use of the Ca-green/Texas Red ratio
oocyte that are activated differentially by Ca released frorpermitted comparison between animal and vegetal poles. The same exper-
stores and Ca influx raises a number of interesting questioﬁg\ents have also been done on albino oocytes with identical results, except

regarding the mechanisms by which the same Chemic%,tztettgffogss usually some ambiguity about the orientation of animal/

signal (in this case Ca) coming from different sources can
regulate different effectors. The mechanisms could hypo-
thetically involve differences in the spatial or temporal Two-sided perfusion chamber
relatlonshlps petween th,e Ca S|gnals anq the effectors, qrhe two-sided perfusion chamber is shown in Fig. 1. A conical hole was
could reflect differences in the concentration of Ca S'enseﬁjnade in a thin sheet of plastic that separated two chambers that were
by the two effectors when Ca comes from stores or influxseparately superfused with solutions at 0.5 ml/min. The conical hole was
(Thomas et al., 1996; Ghosh and Greenberg, 1995; Lenﬂade from a small secti_oq of a 2Q0-pipette tip with an upper insi_de
and Roberts, 1994; Quarmby and Hartzell, 1994)_ To an_gilameter 0f~_(_500 wm. Thls insert was carefully glued into a hole drilled
. o . into the partition. The inflow for the lower chamber was directed toward

syver' th?se questions, it is Important to know .the rEIatlve[he oocyte to ensure rapid mixing of the solutions on the underside of the
dlSt”bUtlon of CI Channe'% Ca stores, and Ca |nfqu chanyocyte. The oocyte was placed in the hole and impaled with the voltage-
nels in the oocyte. In this paper we have examined thelamping electrodes and the injection pipette to force the oocyte into the
distribution ofl,_; andl.., channels on the oocyte mem- hole. In some experiments, the solution flowing into the lower chamber
brane in relationship to Ca release and influx. We Conc|udéontained phenol red to permit visual evaluation of leakage of solutions
that itati C ¢ th ) ti around the oocyte. The upper and lower chambers joined at ap&iem

al capacilative La entry occurs over the entre 0‘:’Cyt‘?'rom the oocyte at the point where the perfusing solution was aspirated to
surface, but that both,.; and I, channels are mostly aste.

localized to the animal hemisphere.

Loose macropatch recording

EXPERIMENTAL PROCEDURES The distribution of Cl channels on the oocyte membrane was also measured
Isolation of Xenopus oocytes by using a large patch pipette attached to a List EPC-7 patch-clamp
amplifier in current clamp mode. A glass micropipette was broken and
Stage V-VI oocytes were harvested from ad¥inopus laevisemales fire-polished to an internal tip diameter of 40m. The pipette was
(Xenopud, Ann Arbor, MI) as described by Dascal (198Xenopusvere positioned on the surface of an oocyte that was voltage-clamped with two
anesthetized by immersion in Tricaine (1.5 g/liter). Ovarian follicles were microelectrodes. Negative pressure was applied to the macropipette to suck
removed, cut into small pieces, and digested in normal Ringer's with noa small bleb of the oocyte into the tip of the pipette. The pipette could be
added calcium, containing 2 mg/ml collagenase type IA (Sigma Chemicalepeatedly removed and repositioned. Multiple measurements of the same
Co., St. Louis, MO), fo 2 h atroom temperature. The oocytes were spoton the oocyte provided current amplitudes consistent within 20%. For
extensively rinsed with normal Ringer’s, placed in L-15 medium (Gibco these experiments, the bath potential was clamped at zero by a virtual
BRL, Gaithersburg, MD), and stored at 18°C. Oocytes were used 1-6 days
after isolation.

Imaging and electrophysiological methods

Xenopusoocytes were injected with 13.8 nl 70 kDa dextran coupled to ﬂ

Ca-Green-1 and Texas Red (Molecular Probes, Eugene, OR) for a final
calculated intraoocyte concentration 822 uM Ca-green-1 and 13M
Texas Red. Texas Red and Ca-Green-1 fluorophores were coupled to the
same dextran molecule. Injected oocytes were voltage-clamped with two "ﬁ
microelectrodes by the use of a GeneClamp 500 (Axon Instruments, Foster ¢
City, CA). Electrodes were filled wit 3 M KCI and had resistances of 1-2 0

MQ. The oocyte resting potentials were betweed0 mV and—60 mV.

Typically, the membrane was held-aB85 mV, and stepped t& 40 mV for FIGURE 1 Two-sided perfusion chamber. The oocyte (A, animal hemi-

2 s and—140 mV for 2 s. Stimulation and data acquisition were controlled sphere; V, vegetal hemisphere) is placed in a conical hole in a thin plastic
by Curcap32 (Software and hardware developed by Mr. Bill Goolsby,sheet that separates two chambers that are independently perfused with
Emory University) via a Pentium 90 MHz PC. Images (28&56 pixels) solution at a rate of 0.5-2 ml/min. The oocyte is impaled with two
were acquired 500 ms after the onset of each voltage pulse using a Zeissicroelectrodes for voltage clamp and an injection pipette for injectigg IP
LSM 410 confocal box fitted to an Axiovert 100 TV Zeiss inverted Both chambers are groundeyg & 3 M KCl agar bridge positioned near the
microscope with a Zeiss 0 objective (0.5 NA). The confocal aperture confluence of the two chambers and the outflow.
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ground amplifier. When the macropatch pipette was moved away from theolutions of IR were made at 10 mM in $D, stored at-20°C, and diluted
immediate surface of the oocyte, no potential change was recorded.  in water to the final concentrations indicated for injection. In all cases,
injection of the same volume of water had no effect on the CI currents.

Oocyte injection

Oocytes were injected with §Poy using a Nanoject Automatic Oocyte RESULTS
Injector (Drummond Scientific Co., Broomall, PA). The injection pipette . . .
was pulled from glass capillary tubing in a manner similar to the prepa-Kinetics of I¢,_; activation

ration of the recording electrodes and then broken so that it had a beveleld itial . h . ddmto th . |
tip with an inside diameter o&20 um. Typically, 23 nl of 1 mM IR nitial eXper'mentS where we injectedjiito the animal or
solution in Chelex-resin treated,8 was injected to give a calculated V€getal hemisphere suggested that Cl channels were asym-

oocyte concentration of-25 uM. The Ca concentration in this solution metrically distributed in the oocyte. We observed that the
was not buffered, but injection of J® produced no change in Ca-Green response to IP3 injection occurred more rap|d|y and was
fluorescence or membrane current. larger when IR was injected into the animal pole (Fig. 2).
In a typical oocyte injected in the animal hemisphere (Fig.
2 A, closed squaregig. 2 B), I, increased maximally to
~5 pA within 10 s of injection. The current then decayed
Normal Ringer’s consisted of 123 mM NacCl, 2.5 mM KCI, 2 mM CaCl back to baseline in-2.5 min. In a different oocyte injected

1.8 mM MgClL, 10 HEPES (pH 7.4). Zero Ca Ringer's was the same, . . . . .
except that CaGlwas omitted, MgClwas increased to 5 mM, and 0.1 mM In th.e V698ta| h_emISphe_re. (FIgAZ open CII’C|€§ Fig. 2 C)’
EGTA was added. Chloride-free solution was 123 mM Na-aspartate, 2.8ci-1 increased in two distinct phases. The first phase con-

mM K-aspartate, 2 mM Ca-aspartate, 10 mM HEPES (pH 7.4). Stocksisted of a small increase to 04A, which developed
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FIGURE 2 Time course of developmentlgf , after injection of IP3 into animal or vegetal hemispheres. Oocytes were bathed in normal [Cl] and voltage
clamped with a 1-s pulse to 140 mV, followed by a 1-s pulse t640 mV from a holding potential of-35 mV. Stimulation was applied once every 10 s.
Twenty-three nanoliters 1 mM IP3 was injected after the fourth stimulat®nTypical plot of the amplitude of,_, measured as the current at the end
of the +40-mV pulse. M, Animal pole IR, injection. O, Vegetal pole IR injection. B) Current traces corresponding to squareg\itanimal pole IR
injection). Times refer to the times on thexis inA. The asterisk identifies the trace at 0.83 miB) Current traces corresponding to circlesAifvegetal
pole IR injection). The asterisk identifies the trace at 2 mD) Average time course of effect of {fhjection into 10 oocytes injected in the animal pole

(M) and 10 oocytes injected in the vegetal pal®.(
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quickly but then plateaued. This was followed by a largerdifferences in density of lPreceptors, density of Ca stores,
increase that begaryl min after IR injection. The maxi- or distribution of ClI channels in the two hemispheres. To
mum stimulation of ,_, was only to~2 uA. The time  distinguish between these possibilities, we performed the
course of activation off,_; upon depolarization t&-40 MV~ same experiment in oocytes that were loaded with Ca-
was faster when IPwas injected into the animal pole versus sensitive dyes, so that we could visualize the Ca signal upon
the vegetal pole (Fig. B andC). Virtually identical results  IP5 injection.

were obtained in every oocyte tested (Figb2n = 10 for In these experiments, oocytes were mounted on the in-
each hemisphere). The observation that injection gil®®  verted confocal microscope stage such that the confocal
the animal hemisphere produced a larger response thasection was taker<30 um from the bottom of the oocyte
injection into the vegetal hemisphere confirms previoussurface into the vegetal (Fig. 8) or animal (Fig. 3B)
results of other investigators (Berridge, 1988; Lupu-Meiri ethemispheres. The IHnjection pipette was inserted super-
al., 1988; Parekh, 1995). The larger response upon injectioficially into the opposite pole of the oocyte (Fig. iBsets.

of IP; into the animal hemisphere could be explained byUnder these conditions, we observed two patterns of re-

A

FIGURE 3 Correspondence between 1.0+ - 1.0
lci.; and Ca signals at the animal and - l/ \(L <L L
vegetal poles measured by confocal mi- 08 —~ N l os
croscopy. Oocytes were injected with —~ \ é\é '
70 kDa dextran coupled to Ca-Green-1

and Texas Red and were voltage 0.6 L o6
clamped with two microelectrodes. Oo- l

cytes were voltage clamped from a l

holding potential of—35 mV to +40 0.4 4

mV for 2 s and then te-140 mV for 2 s
(Hartzell, 1996). The ratio of the Ca-
Creen-1 (CG-1) and Texas Red (TR)
fluorescence intensities was computed
for the entire confocal section near the
membrane (Eg./FTR) during the 004 m—m 0.0
pulse to+40 mV ©). I, was mea-
sured as the maximum outward current T i T j T i T ! T !

0.4
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\
—
1 pozijewaoN
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because the signal was much smaller
than in the opposite orientatioA), be-
cause of the pigmentation in the animal
pole. I, currents also appear more
variable because currents obtained after
IP3 injection in the vegetal pole were
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injection in the vegetal pole (see Fig.
2). The data represent the averagSE
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sponses, depending on the site of ifjection (Fig. 2). IR Effects of Cl-free solution on activation of I, , by
injection into the animal pole (Fig. 2) produced an im- Ca released from stores

mediate (10-s) increase Ip,_, (closed squargghat peaked

in <30 s. The Ca signalopen circley, measured in the To directly determine the distribution &f,, channels in the
vegetal hemisphere, did not begin to increase until nearly Pocyte, the oocyte was placed in a chamber in which the
min later and did not peak until 1.5 min aftég,, had animal and vegetal hemispheres of the oocyte could be
reached its peak. Oocytes oriented in the opposite fashiopuperfused with different solutions (Experimental Proce-
(Fig. 3B), with IP; injected into the vegetal hemisphere anddures, Fig. 1). Becaudg,, is an outward current (inward
the confocal image taken from the animal hemisphere, promovement of Cl ions), removal of Cl ions from the extra-
duced a different pattern. The time course of increase in theellular solution should abolish, ; at positive potentials.

Ca signal was nearly the same as it was when the animdh the experiment of Fig. 4, we voltage-clamped the oocyte
hemisphere was injected, but now, ; developed much from a—35-mV holding potential with a 1-s pulse t0140
more slowly. The time course of developmentigf, cor- ~ mV, followed by a 1-s pulse tor40 mV. As we have
responded much more closely with the time course of the Careviously demonstrated under these conditidps, was
signal. One explanation of these results is that Ithe  first activated in response to Ca release from stores as a
channels are localized to the animal hemisphere of th@oninactivating outward current at40 mV (Fig. 4A, trace
oocyte such that the Ca signal and Cl current correspond ih, crossep After capacitative Ca influx developely;, ; at

time only when the oocyte is oriented such that the confocat-40 mV was activated only transiently because the activa-
image plane passes through the hemisphere that contains ttien depended upon Ca that had entered the cell during the

Cl channels. previous —140 mV pulse (Fig. 4A, trace c, triangles
’ +40mV
A P, w000
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3000 normal Cl 3000 L A
_ 2000 |
E c
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FIGURE 4 Effects of IR injection onlg,.; andl,., in different [CI] at the animal pole. The oocyte was placed in the two-sided chamber in Fig. 1 and
voltage clamped by a 1-s pulse tdl40 mV followed by a 1-s pulse t&40 mV from a holding potential of-35 mV. The animal pole was upward. The
stimulation was applied once every 10 s. Forty-six nanoliters of 1 mMw&s injected at the arrows. The plots on the left show the time course of
development of; andlg,.,. O, |, measured as the current at the end of 140-mV pulse.+, I, ; activated by Ca release from stores measured
at the end of the-40-mV pulse A, I, transiently activated by Ca influx measured 90 ms after the onset of #flemV pulse. The currents on the right
correspond to the time points labeled a, b, ¢ in the ptNormal [CI] at both animal and vegetal poleB) Cl-free solution at the animal pole and normal
[CI] at the vegetal pole.
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activated rapidly upon depolarization t640 mV and did

not inactivate (Fig. 4A, trace B. This current, which was
due to Ca released from internal stores, declined back to
baseline in several minutes as the stores became depleted of
Ca. In contrast, when the animal hemisphere was superfused
with Cl-free solution (Fig. 48, cross, trace j | ., was not
significantly activated in response to release of Ca from
internal stores or to Ca influx. Howevdg,_, was activated
normally after~10 min (comparesircles, trace cn Fig. 4

A andB) as capacitative Ca entry developed in response to
store depletion. This activation of,, confirmed that the

IP5 injection had caused release of Ca from internal stores.
These data suggested thgt, was activated almost exclu-
sively in the animal pole.

Effects of Cl-free solutions on I,_, activated by
Ca influx

Cl-free Vegetal hemisphere

Although the experiment of Fig. 4 suggested that;
channels were activated preferentially in the animal pole,
the experiment was somewhat unsatisfying, because it was
necessary to compare the responsed @f in different
oocytes bathed in normal or Cl-free solution becalge
changed so rapidly with time after JRnjection. For this
reason, we examined the activation Igf_; channels in
[ response to capacitative Ca entry. In Fig. 5, an oocyte was
injected with IR, and capacitative Ca entry was allowed to
develop fully =10 min), so that -, was activated tran-
siently at+40 mV after a prepulse te- 140 mV to drive Ca
entry. The amplitude ol.,; in response to at-40-mV
depolarization immediately after Ca influx driven by a
—140-mV pulse was measured. When the chamber bathing
the vegetal hemisphere was changed to Cl-free solution,
| 1.1 decreased by-10-15%. In contrast, when the chamber
bathing the animal hemisphere was changed to Cl-free
solution, I, was almost completely abolished. Fig.(5
shows the average percentage inhibitionl gf;, when the
Cl-free solution was placed on the animal or vegetal hemi-
- sphere. Six of the oocytes were oriented with the animal
hemisphere upward and six with the vegetal hemisphere
upward, and Cl-free solution was tested on both vegetal and
animal hemispheres in every oocyte. These data suggest that
the density ol ., was four times higher in the animal than
FIGURE 5 Effect of changing extracellular Cl dp, ; activated by Ca in the vegetal pole.
influx more than 10 min after IPinjection. The solution was changed to ~ This preferential activation could most easily be ex-
zero Cl at the animal and vegetal hemisphere of the same oocyte gslained if thel._; channels were localized to the animal
indicated. p) Plot of peaki,., amplitude (meagured 80 ms'after gnset of pole. However, an alternative possibility is that both Ca
; 40-mV pulse). ) Current traces corresponding to experimentirlC) o0 and capacitative Ca entry are localized to the animal
ummary of the effects of Cl-free solution applied to the animal and . .
vegetal hemispheres da,.,. Six oocytes were oriented with the animal POl€ and that CI channels are uniformly distributed to both
pole upward and six with the vegetal pole upward. Cl-free solution wasanimal and vegetal hemispheres. This possibility is unlikely,

tested on both sides of each oocyte. The mean percentage inhibitign of  considering the results of Fig. 3, but the following experi-
(= SE) was plottedl, ; was taken as the peak currentiad0 mV after a ments tested this more rigorously.
—140-mV pulse.
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Spatial localization of Ca release and

(Hartzell, 1996). Fig. /A shows the control condition where capacitative Ca entry

the oocyte was superfused on both sides with normal ClHo answer the question of whether Ca influx and release
containing solution. Injection of iPstimulatedl,.; that  were localized to one or the other pole, the oocyte was
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oriented with either the animal or vegetal pole facing up-aration). This signal is likely to be an overestimate of the
ward, with the confocal section passing through the oppoactual influx, because capacitative Ca influx is known to
site hemisphere. [Rvas injected into the hemisphere facing trigger Ca release from stores through a Ca-activated Ca
up (Fig. 6,insetd, and we compared the Ca signal in the release mechanism iKenopusoocytes (Yao and Parker,
animal and vegetal hemispheres. 1993, 1994; Girard and Clapham, 1993). Such Ca release
To compare Ca influx and Ca release in the two poles, wdrom stores could contaminate our influx fluorescence sig-
reasoned that we could separate influx and release by stepal. However, because we inject supramaximum levels of
ping the membrane betweend0 mV, where the driving IP5;, we expect that the stores are largely Ca-depleted. In
force for Ca influx would be very low, and-140 mV, fact, subsequent Pinjections tens of minutes after the
where the driving force for Ca influx would be high (Hart- initial injection do not induce any additional Ca release
zell, 1996). Thus the difference in the Ca signal-st40  from stores, but this could be due to inactivation of thg IP
mV and +40 mV was used as an indication of Ca influx. receptor. Nevertheless, because release of Ca from stores is
This signal was completely obliterated by the removal ofvoltage-independent (Machaca and Hartzell, manuscript in
extracellular Ca (Machaca and Hartzell, manuscript in preppreparation), we believe that the difference between the
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FIGURE 6 Carelease and influx in animal and vegetal poles. The experimental setup was similar to that in Fig. 3jnyébtéel after the second pulse.

The average ratios of Ca-Green-1 (CG-1) and Texas Red (TR) fluorescenc®ahV @) and at—140 mV () in the confocal section of the vegetal

(A) or animal B) hemispheres are plotted SE. Insets represent the orientation of the oocyte and the hemisphergifetition and confocal imaging.

The difference between the Ca signals-at40 mV and+40 mV is plotted in the lower panels\j. This difference signal is a measure of the
voltage-dependent Ca influx. The data are the average of four to six cells. Ca release in the animal pole as calculated from the fluoresceird@ ratio at
was almost double that of release in the vegetal pole (Release animal/Release ¥ef®B). Ca influx in the animal pole was also almost double that

in the vegetal pole (Influx animal/Influx vegetad 1.88)
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+40-mV and—140-mV Ca signals provides a reasonablespheres, but is unlikely to explain the almost complete
assessment of Ca influx-dependent cytosolic Ca. Injectiombsence of,.; current when the animal pole is bathed in
of IP; into either pole caused an increase in the fluorescenc€l-free solution.

ratio at both+40 mV and—140 mV in both the vegetal
(Fig. 6 A) and animal (Fig. @) hemispheres because of Ca
release from stores. The increase in fluorescence ratio in t
animal hemisphere was almost double (X93hat in the
vegetal hemisphere (as one might expect from the lowelThese data show that capacitative Ca entry occurs over the
density of IRR in the vegetal hemisphere; Callamaras andentire surface of the oocyte, but thhf_, channels are
Parker, 1994). The Ca influx-dependent signal in the animaprimarily localized to the animal hemisphere. Knowing that
hemisphere, estimated by the difference between-thé0  store-operated Ca channels are present in both animal and
mV and +40 mV Ca signals, was almost double (X838 vegetal hemispheres, we were now able to evaluate the
that in the vegetal hemisphere (Fig. A& and B, lower  distribution oflg., channels. These experiments are illus-
paneld. These data show that there is significant Ca releastated in Fig. 7. In these experiments, we recorded the
and capacitative Ca entry in both the animal and vegetahmplitude of oocyte Cl currents with a large (4@a inside
poles. However, the levels of Ca release and influx arediameter) extracellular patch pipette as described in the
twofold higher in the animal hemisphere. This twofold Experimental Procedures. First, to establish the spatial res-
difference could partly account for the differenceslgn,  olution of the extracellular recording, we made a patch on
amplitude in response to JHnjection in the two hemi- the animal pole of the oocyte after capacitative Ca entry and

IBistribution of I, channels in the oocyte

A B
20 - 30 -
15 "macropatch"”
10
s 5
g ° E
s o :
= zero Ca bath %
> 5r s
10|
-15 | ! 1 1 20} il ! 1 s
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Time (sec) Time (sec)
D Cs;.
6 "whole-cell"
5
o 4 <
o - =
xr 3] c
> o
< 24 3
14
0 -1.0 1 L L !
IC12 ICI1 0.0 0.5 1.0 1.5 2.0
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FIGURE 7 Distribution ofl,, channels. Oocytes were voltage-clamped with two microelectrodes and stimulated by 1-s pul$d§ toV and+40

mV as described above. In addition,~840-um-diameter patch pipette was placed on the surface of the animal or vegetal hemisphere of the oocyte as
indicated, and the voltage at the surface of the oocyte was meas@jdderfronstration that the patch pipette localizes the currents to the region under

the pipette. Two traces from the macropatch pipette are superimposed: one with normal Ca in both the bath and the pipette, and one with zero Ca in the
bath and normal Ca in the patch pipettB) Recordings from the macropatch pipette when it was positioned on the center of the animal (A) or vegetal

(V) pole while the potential of the oocyte was changed by the two-microelectrode voltage cl@mvhple-cell currents recorded by the two-
microelectrode voltage clamp when the macropatch pipette was positioned on the animal (A) or vegetal (V) pole. The traces were recorded $ymultaneous
with the macropatch recordings B (D) Summary of four experiments like that shownBrandC. The ratio of amplitude of the responses recorded at

the animal (A) and vegetal (V) hemispheres for each oocyte was calculgtgdvas taken as the peak currenta40 mV andl,, was taken as the
maximum current at-140 mV.
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lci» had developed fully in response toslfjection. The Several investigators have previously shown that Ca-
bath solution was then changed to zero Ca solution tactivated Cl current responses are asymmetrically distrib-
eliminate Ca influx from regions outside the patch pipetteuted inXenopusoocytes (Berridge, 1988; Robinson, 1979;
(Fig. 7 A). Elimination of bath Ca had very little effect on Lupu-Meiri et al., 1988; Parekh, 1995). Lupu-Meiri et al.
the amplitude of the currents measured by the patch pipett¢1988) showed that injection of {Anto the animal hemi-
showing that the macropatch pipette was effective in resphere produced larger and slower inward currents than
cording only the channels lying under the pipette. To de-when it was injected into the vegetal hemisphere. However,
termine the distribution ofc,; and I, channels in the injections of CaCJ into animal and vegetal hemispheres
oocyte, the macropatch pipette was positioned on oppositgroduced responses of similar amplitude but slower kinetics
poles of the same oocyte. The currents recorded by thg the vegetal hemisphere. In contrast, Miledi and Parker
macropatch pipette were markedly different when it was(1984) reported a-13-fold larger ClI current level after Ca
positioned on the different poles: both,; andlc,, were jnjection in the animal versus the vegetal hemisphere, and
smaller when the macropatch pipette was on the vegetatomez-Hernandez et al. (1997) showed that Ca-activated
pole (Fig. 7B). Fig. 7 C shows that the currents recorded ¢ current is~10-fold enriched in the animal pole in inside-
from the whole cell (by the simultaneous two-microelec- oyt macropatches. The differences between the Ca injection
trode voltage-clamp recording) did not change appreciablyygies of Lupu-Meiri et al. and Miledi and Parker could be
during the time required to reposition the micropatch pi-reconciled by the fact that Miledi and Parker injected00-
pette. Fig. 7D shows the average.ratio of the amplitude of 5|4 |ess Ca 0.5 pmol) than Lupu-Meiri et al. 200

the CI currents recqrdeq from animal and vegetal poles Of)mo|)_ Injection of large amounts of Ca into the vegetal pole
four oocytes tested in this way. These data suggest that the, 4 resit in fast diffusion of Ca or Ca-induced Ca release

densityl ?]ﬂc".l Wﬁs 4.7 tirrpe: higr;gr in thianimal thanin the ;4 activation of Cl channels in the animal hemisphere. This
vegetal hemisphere, which confirmed the data presented 'Bxplanation is especially plausible because Lupu-Meiri et

Fig. 5C, whereas the density 8¢, , was 3.2 times higher al. (1988) observed a-25-s time lag to reach maximum

in the animal hem|'sphere. Thus it appears tapt may be current amplitude after vegetal pole versus animal pole Ca
somewhat more highly localized spatially tharl ig. injections. The~13-fold larger Cl current after Ca injection
observed by Parker and Miledi and thelO-fold enrich-
ment of Cl currents in inside-out patches from the animal
DISCUSSION pole (Gomez-Hernandez et al., 1997) support our conclu-
sion that the difference in Cl current levels is due to pref-
erential localization of thd,; channels to the animal
hemisphere.
The localization of endogenous ion channels to the ani-
‘mal pole is not unexpected. Thenopusoocyte is a dis-

In this study we have shown thit, , channels are asym-
metrically distributed inXenopusoocytes by four different
kinds of measurements. First, the kinetics of increasg,ipn
were slower when IPwas injected into the vegetal hemi-
sphere than when it was injected into the animal hemi-. . , -
sphere. Second,, amplitude depended on extracellular tinctly polarized cell with the nucleus located in the center

Cl at the animal hemisphere, regardless of whethgrwas of the animal pole. There are marked morphological differ-
activated by Ca released from internal stores or by c&nces between the two hemispheres (Brachet, 1977; Nieuw-

influx. Third, the increase i, coincided with the ap- X0OP, 1977), and exogenously expressed receptors and ion
pearance of the wave of Ca release at the animal hemisphef@annels are often clustered at one hemisphere (Robinson,
by confocal microscopy of oocytes loaded with Ca-sensitivet979; Peter et al., 1991; Parekh, 1995). The mechanisms
dyes. Fourth, extracellular recording showed that, cur- responsible for generating and maintaining the polarized
rent density was much higher in the animal pole. We conlaturé of expression of exogenous ion channels has been
clude that the density dfs, , current in the animal pole is discussed in detail by Peter et al. (1991). These investigators
about four or five times higher than it is in the vegetal pole.Suggest that there is a directed transport process that in-
We also find that, , current is localized to the animal pole, Volves microtubules and actin cytoskeleton, because cy-
although the difference in density between the animal andoskeletal-disupting drugs result in a randomization of the
vegetal poles is somewhat less, about threefold. The differdistribution of expressed ion channels.

ence in density of the currents in the two poles could be due Our results are significant because they provide addi-
partly to differences in the amplitude of the Ca signal in thetional information about spatial features of the Ca signaling
two hemispheres. We find that the levels of Ca release angathways inXenopusoocytes.Xenopusoocytes are a pop-

Ca entry in the animal hemisphere are about twofold highetlar model system for studying Ca signaling, and the ques-
in the animal versus the vegetal hemispheres (Fig. 6), whickion of how Ca released from stores and Ca influx can
could account, at least in part, for the five- and threefolddifferentially regulate two different Cl channels is an im-
differences observed fdg, ; andlc,,. However, we favor portant one. These results indicate that the spatial distribu-
the idea that the difference in current density reflects dif-tion of Cl channels may have an impact on the way in which
ferences in the density of the Cl channels in the two hemiCa signals are decoded by them. However, at the present
spheres because of the arguments presented below. time we do not have sufficient information to propose a
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model of how the two currents are regulated by Ca releasedartzell, H. C. 1996. Activation of different Cl currentsXgnopusocytes
from stores and by Ca influx. by Ca liberated from stores and by capacitative Ca inflixGen.

i ; o .. Physiol.108:157-175.
An obvious question that is raised by these studies in- yelo

. . . Hartzell, H. C., K. Machaca, and Y. Hirayama. 1997. Effects of adeno-
volves the physiological role of these Ca-activated CI chan- phostin-A and IB on ClI currents inXenopusoocytes.Mol. Pharmacol.

nels. It is well known that fertilization results in a Ca 51:683-692.

transient that can activate these channels (see references, heiter, J. D., and D. E. Clapham. 1992. Molecular mechanisms of
Busa et al., 1985). The Ca transient triggers cortical granule intracellular calcium excitability irX. laevisoocytes Cell. 69:283-294.
exocytosis and block to polyspermy, but the role of the ClLenzi, D., and W. M. Roberts. 1994. Calcium signalling in hair cells:
currents is not clearly defined. The activation of Cl currents multiple roles in a compact celCurr. Opin. Neurobiol 4:496-502.
could play a role in promoting HCQor water flux to  Lupu-Meiri, M., H. Shapira, and Y. Oron. 1988. Hemispheric asymmetry
regulate intracellular pH or osmotic balance Subsequent to of rapid chloride responses to inositol trisphosphate and calcium in

e L. . L Xenopusoocytes.FEBS Lett.240:83—-87.
fertilization. Alternatively, activation of Cl channels could =~ . . —
| | ther as vet undefined developmental roleé\/llledu R., and J. Parker. 1984. Chloride current induced by injection of
aiso play o y p calcium intoXenopusoocytes.J. Physiol. (Lond.)357:173-183.

(MOOdy etal, 1991)' Moody, W. J., L. Simoncini, J. L. Coombs, A. E. Spruce, and M. Villaz.
1991. Development of ion channels in early embryésNeurobiol.
22:674-684.

Nieuwkoop, P. D. 1977. Origin and establishment of embryonic polar axes
in amphibian developmenCurr. Top. Dev. Biol.11:115-132.
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