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Introduction Oocytes ofXenopus laevisare huge cells with a
) ) ) ) diameter ranging from 1 to 1.3 mm. Their size allows
Xenopus laevisocytes devoid of their follicular enclo- simple handling with ordinary Pasteur pipettes whose

sure provide a frequently used expression system fogn,y, edges have been fire polished. Moreover, the size
investigating channels, transporters and receptors followz¢ o oocytes permits the combination of several tech-

ing injection of the appropriate MRNA or cDNA €X- nines on a single cell. So is it rather easy to inject

trellcted tflrom a W'dg \éa”gy ?f iliguesHlncludlng .]E:)Iants substances into the oocyte while the membrane potential
_(eteggnty re\{(lewe fyth igel [118]). OWever, ,'{ Oni Is monitored or while being voltage-clamped [138]. The
::bzgl Ste? fT‘n? gr:f'es to fngocytﬁe?ﬁge;sﬂ fﬁ/es g(;nc’ 'te'éxperimenter could have access to intracellular changes
utely imperativ ww Y during electrophysiological experiments if it is required
endpgeno.usly already possesses the transport system LB]y' the experimental design. Furthermore, measurements
der Investigation. In 1987 Dascal [27] puphshed an ex-o¢ isotope influxes or effluxes can easily be recorded
traordinarily elaborate state of the art review of all ion uring voltage-clamp experiments [45]. Binding and

channels of the oocyte plasma membrane that Werﬁ ) ) : .
known at this time. Since then a whole orchestra of re-" studies yield the number of copies of the protein

ports dealing with the revealing of former unknown ion under investigation [114]. Even complete control of the
I%%nic composition of the cytoplasmic fluid is possible

has emerged. This review will focus on publications thatW'th a technique that was developed recently and was

have appeared since the Dascal review (i.e., after 1087 rmed the cut-open technique [91, 125]. AIt.hough the
and is restricted to endogenous ion channels of the dd2reviously reported very fast response seen in the early

folliculated oocyte ofXenopus laevisAlthough a large gating current records might have been artifactual [120],
number of excellent reviews covering a broad range othe method has the additional advantages of low current
aspects of the amphibian oocyte has been published r&oise and allows stable recordings over several hours, as
cently, reflecting the excitement which surrounds thelS @lso the case for voltage- and patch-clamp measure-
possibilities of the oocyte system, only two comprehen-ments [51, 122]. A thorough compilation of electro-
sive reviews covered some, but by far not all of thephysiological and biochemical methods for the investi-
endogenous ion channels of th@nopus laevimocyte  gation of ion channels iXenopus laevisocytes was
[38, 39]. Because the goal of this review is to be brief, published not long ago (e.g. [52, 57, 89, 117, 119, 121,

citations to the literature are selective. 123)).
It should also be mentioned that the oocyte system

exhibits some disadvantages that could complicate the
experiments and the interpretation of the results [118,
124]. The major drawbacks of the oocytes include sea-
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Table 1. Endogenous ion channels BEnopus laevisocytes
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Transported substrate Channel property References

Na* -Activated by longlasting depolarization [56, 112, 10, 24, 23, 64]
-NH,Cl"inducible [16]
-Activated by ATP [67, 90]
-Amiloride-sensitive [137]

K* -Blocked by TEA and B% [54, 129, 18, 20, 80]
-TEA-sensitive, B&*-insensitive [96, 78]

-Small K* channel (IsK, minK)
ca* -Voltage-dependent
-Store-operated

Various cations
-Mechanosensitive  Activated by membrane stretch
-Nonselective -Hemi-gap-junctional channels
-Palytoxin-induced
-NH;-permeable
-Maitotoxin-induced
-Ca*-inactivated
clI- -C&*-activated

-Ca*-inactivated
-Induced by hyperpolarization
-Hypotonicity-activated

[127, 6, 126, 130]
[30, 88, 73, 28, 69, 30, 77, 101, 13]

[149, 76, 43, 109, 61, 93, 95, 94, 107, 133,
31, 106, 92, 50, 81, 41, 5, 14, 21]

[49, 83, 147, 70, 71, 72, 46, 146, 145, 82,
47, 48, 116, 111, 144]
[35, 153, 3]

[136]

[17, 19, 25]

[9, 140]

[3, 153]

[32, 85, 98, 58, 11, 65, 97, 8, 143, 129, 7,
84, 100, 42, 104, 47, 11, 50, 79, 44, 12,
22, 99, 34, 33, 113, 60, 37, 108, 92, 68]

[110, 138, 139]

[63, 129, 103, 59, 6]

[105, 1, 128, 135, 74]

Water [134, 151, 152, 116]

References are given in the order of their appearance in the text.

time (around 14 days) and strong temperature deperbeen shown that the depolarization-inducible’ dhan-
dence. nels were sensitive to [€§, [10]. Decreasing [CH],

In the following | will give a list of the endogenous by injection of C&*-chelators significantly reduced the
ion channels sorted by their favorite substrate. The eneurrent, while increasing [G4]; by injecting inositol-
dogenous ion channels &fenopus laevi®ocytes de- 1,4,5-trisphosphate (Ins(1,4,3)Pto release C& from
scribed within the last ten years are summarized in Tabléntracellular stores potentiated the Naurrent. Changes
1. However, an unequivocal classification is not pos-in extracellular C&" (in the presence of Mg) had no
sible in each case, as discussed below. influence on the depolarization-induced Nehannel.
Phosphorylation of the channel seems to be a fundamen-
tal step of N& channel induction since activators of pro-
tein kinase C (PKC) resulted in enhanced" Nairrent
amplitude, whereas PKC inhibitors decreased the inward
Voltage-dependent Nachannels are among the first current [24]. It seems likely that sustained depolariza-
channels discovered Kenopus laevisocytes and were tion of the oocyte plasma membrane leads to mobiliza-
described for the first time by Kado et al. in 1981 [56]; tion of the intracellular pool of PKC as also described for
they showed that long-lasting depolarization of the oo-C&* channels in chromaffin cells [4]. In this pathway,
cyte membrane activated a transient slow inward currenteading to activation of PKC, phospholipase C (PLC)
mediated by N& channels. These channels wereseems to be involved [23]. Sustained depolariza-
blocked by tetrodotoxin at submicromolar concentrationgion might result in the activation of PLC which in turn
and open time was prolonged by veratrine indicating thatatalyzes the hydrolysis of inositol-4,5-bisphosphate
these Na& channels are similar to those found in nerve, (Ins(4,5)B), thereby promoting the generation of diac-
mammalian brain, and muscle cells [102]. The"Mar-  ylglycerol (DAG), an activator of PKC.
rents could amount to amplitudes of 250 nA and more at  The physiological importance of the Nahannel
-10 mV [64]. Patch-clamp studies, using the macro-could be a contribution to the processes succeeding fer-
patch technique revealed that the'anductances were tilization which is followed by a massive efflux of Tl
highly selective for Naand that the intrinsic inactivation causing instant depolarization of the egg membrane and
could be prevented by MgATP [112]. Recently, it has preventing polyspermy [26]. The depolarization acti-

Na* Channels
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vates the N&currents that help to depolarize the mem- channel blocker one should keep in mind that TEA ad-
brane. However, it has to be stressed that more thorougtiitionally inhibits N&/K* -ATPase activity in oocytes
investigations of the depolarization-inducible Neur-  [36]. TEA itself seems to penetrate the plasma mem-
rent were complicated by the fact that in the majority of brane by a B&"-sensitive permeability [54]. The B&
oocytes these channels could not be detected [64].  sensitive K currents exhibited slow kinetics of activa-
Recently, another Naconductance in oocytes was tion and deactivation and showed only small current am-
reported by Burckhardt et al. [16]. This conductanceplitudes of several tens of microamperes despite the
was induced by extracellular NBI, could be blocked powerful depolarizing effect of B4, indicating that the
by flufenamate and conducts Nas well as NH. Since  K* currents are important contributors ¥, of the oo-
this NH4C|'indUCib|e N4& current was studied in oocytes Cyte [129] In some Oocytes the B’asensitive K cur-
voltage-clamped to —70 mV, it can be excluded that it isrent appeared to be insensitive to TEA [129]. Extracel-
identical with the depolarization-induced Naurrent.  ylar acidification led to inhibition of B&-sensitive K
However, its physiological role remains to be elucidated.channels causing membrane depolarization. Thus, en-
Kupitz and Atlas reported that hi_gh concentrationsdOgenous K channels are pH-sensitive [18]. Oocyté K
(> 0.5 nw) of extracellular ATP activated large Na  channels were sensitive to isosorbiddinitrate (ISDN), a

inward currents in defolliculated oocytes with ampli- hharmacologically useful organic nitrate, initiating cel-
tudes in the range of microamperes. These ATP-induced}, o synthesis of the second messenger nitric oxide [20].

currents could be blocked completely by the diuretic.anp” stimulation of human cystic fibrosis transmem-

amiloride [67]. The authors speculated that the putativeOrane conductance regulator (CFTR) expressed in 00-

high amounts of ATP inside the sperm could activate thecytes after cRNA-injection activated the Baand TEA-
supposed ATP-sensitive Nahannel at the time of fer-

tilizati H th ior diff bet inhibitable K" channel demonstrating regulatory influ-
ilization. However, there are major differences between, . ..." ¢t cETR on endogenoué Ehannels [80].

the immature oocytes that the authors used for their in- IsK (or mink) is a 14.5 kDa glycoprotein with one

vestigations and mature eggs. Since the authors failed tf?ansmembrane domain lacking sequence homology with
show that mature eggs indeed exhibit ATP-sensitive . i :
ny other cloned functional channel [127]. Ben-Efraim

channels and such high ATP concentrations in sperm argt al. showed that cytoplasmic or extracellular applica-
unlikely, some doubts on the contribution of ATP- : ytop bp

activated ion currents to fertilization processes remain, allon of sma.II .pept.|des derived from IsK c_arboxyl and
also pointed out by Nucitelli and Ferguson [90]. amino termini activated slow Kchannels inXenopus

Amiloride, but not its analogues phenamil and laevisoocytes that were sensitive to Baand chlofilium

benzamil were shown to block another Neonductance  [6]- Their elegant experimental approach gave strong
in Xenopus laevisocytes [137]. The conductance could ewden_ce_ that_IsK is a regulatory subunit able to activate
be found in about every third oocyte, however, becausgre—ems}mg silent ch.annels ratht_ar than to form a func-
of its pharmacological profile, the highly selective Na tional K™ channel by itself, as claimed recently by other
conductance seems to be different from the “classic’d™0UPSs [126, 130]. At this point, it should be mentioned

amiloride-sensitive epithelial Nachannel (ENaC) de- that the oocytes might contain native proteins that could
tectable in most epithelia [40]. affect heterologously expressed proteins. If a foreign

membrane protein is to be expressed, oocytes should be
checked carefully for the presence of any endogenous

K* Channels protein, which possibly could influence the newly ex-
pressed function (for reviewee[118]).
The membrane potentiaV/() of defolliculatedXenopus A further class of endogenous®kchannels in oo-

laevisoocytes is mainly achieved and maintained by thecytes seems to be TEA-sensitive while being*Ba
plasma membrane’s permeability td kons. Reducing insensitive. Parker and Ivorra found thi$ hannel spe-
the electrochemical driving force for Kby elevating  cies in oocytes obtained from one donor frog [96]. They
[K*], induces nearly complete breakdown 4f, and  showed by means of noise analysis that the channels had
lowersV,, to around 10 percent of its original value at a unitary conductance of 20 pS and a mean open lifetime
physiological [K],. Oocytes possess several popula-of about 300 msec. Although a similar Bansensitve
tions of K" channels in their plasma membrane, one ofK™ current in oocytes from different donors was highly
which is characterized by its sensitivity to thé hannel  variable in current amplitudes, it could be found rou-
blockers tetraethylammonium (TEA) and Ba This tinely [78]. The K currents were insensitive to extra-
class of K currents is activated by depolarization. cellular C&" and showed characteristics similar to those
Huang et al. [54] showed that a close link exists betweerof the delayed rectifier found in some nerve and muscle
TEA-sensitive K currents and the endogenous™&-  cells.

ATPase which also has been subject to extensive inves- For completeness it has to be mentioned that follicle
tigations [131, 132]. However, when using TEA as@ K enclosed oocytes additionally possess & d¢hannel
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whose activity is lost when the follicle layer is removed channel current and reversibly inhibited channel open-
[29, 86, 150]. ing. In the same study the authors showed that*Ca
influenced open time and currents produced by MS chan-
- . nels in the same way than &d However, C&" pro-
Mechanosensitive Cation Channels (MS Channels)  gyced only partial block of MS channels, mainly because
the channels accept this ion also as substrate?* Mg-
In addition to a large number of Ckhannels, oocytes haves similar as G4 by blocking MS channels and by
express a particularly high density of MS channels [83]being accepted as a substrate [145].
as also described in full detail by a separate review [49].  The introduction of the pressure clamp technique
MS channels, also termed stretch-activated channelgjiowed investigations of pressure adaptation kinetics of
(SAC) are distinct from voltage- and ligand-gated chan-pms channels and yielded new insights into the relaxation
nels and are activated mainly by applying positive oryinetics of MS channels that inactivate with maintained
negative pressure to patch pipettes in the range of abowech [82]. The technique utilizes step perturbations in

_2 .
10 to 50 mmHg= [147]. They are predominantly con- nressure and the rate at which the process relaxes to its
ductive for cations with a selectivity for permeation of o, equilibrium is measured. Using this technique it

+ + + + + s+ +
K*>NH; > Cs">Rb" Na* > Li" > C&" calculated from .14 e shown that adaptation is intrinsic to the MS
the slope conductance [147]. Yang and Sachs deter:

ined th losed and tate of the MS ch hannel and requires intact interactions of the cytoskel-
mined three closed and one open state of the cnanN€on and the plasma membrane [47]. Sustained stretch
the open time being independent of both pressure an

. ... Ted to reduced open probability of the MS channel, while
voitage [147]. The channel was found to be msensmveMS channel coEducﬁance re)r/nained mainly unaffected
ts%g\r/]vi dK;h;f;aS]r;elesloiI;(;ran;A. o-ls—zzsgg;hct)\:fo fgghg:a?gd repeated stretch pulses induced loss of pressure re-
S ) . el p o pa sponsiveness. Another astonishing feature emerging
bl_ndlng sites one being an |r_1trachannel site in relatlonfrom these studies is the voltage dependence of adapta-
with ﬁ?hgsggl?]%alhfglhozts gccif;s(;tet})] ocker of MS channels tion: at positive voltages no adaptation could be observed
has been found, amiloride, known to be a blocker ofWhIIe negative voltages mduped_ rapid adaptat.|on follow-

ing persistent pressure application [47]. Hamill and Mc-

epithelial N& channels, in high concentrations ({500 : .
uM) was shown to evoke voltage-dependent&t:)?ock 0fBrlde compared oocyte MS channels with MS channels
found in hair cells of the inner ear [48]. They found

inward currents at negative (i.e., physiological) holding i ,
potentials mediated by MS channels Xenopus laevis SCMe basic common properties such as conductance, se-
oocytes [70]. However, outward currents of MS chan-lectivity, and b_ch_ker profile. However, wh_lle in oocytes
nels recorded at positivé,, remained almost unaffected Mechanosensitivity and adaptation are independent of
by amiloride. Amiloride block was only voltage- the presence of €4 in hair cells both processes require
dependent when the inhibitor was applied on the extrathe attendance of Ca
cellular side; internally applied amiloride exhibited volt- ~MS channels are sensitive to volume changes as de-
age-independent block of MS channels [70]. The amilo-Scribed by Schi and Sackin [116]. This volume sensi-
ride analogues dimethylamiloride (DMA), benzamil, andtivity involved cytoskeleton elements as the authors
bromohexamethylamiloride (BrHMA) were shown to could show using vesicles derived from excised inside-
block oocytes MS channels in the same highly voltage-out patches of oocyte membranes. The results confirmed
dependent manner as amiloride [71]. Yet, all analogue@.nd extended the observations of Hamill and McBride
were more potent blockers than amiloride itself. Thethat functional cytoskeleton elements adhering to the
amiloride analogue fingerprinting, as the authors termedlasma membrane rather than the presence of freely dif-
their study, revealed that MS channels of oocytes ardusible components of the oocyte cytoplasm are a pre-
distinct form previously described amiloride-sensitive requisite for proper MS channel function [47].
ion transport mechanisms such as ENaC!/R&" ex- Recently, data from our laboratory demonstrated
changer and N4H"-exchanger [62]. The presence of that MS channels could exhibit spontaneous open activi-
extracellular C&" in physiological concentration (i.es,  ties without the need of externally applied pressure
1.8 mm) reduced the blocking efficacy of amiloride [72]. [111]. These spontaneous openings were found in about
Despite the MS channel's preference fof Kver N&,  half of all patches and were strongly dependent on tem-
amiloride block was independent of Nar K* being the  perature and voltage. In the same study the authors fur-
charge carrier [72]. The pharmacology and blocker charther showed that MS channels needed far highet*Gd
acteristics of amiloride and its analogues on oocytes M®oncentrations (i.e., 10Qm Gd** blocked 90% of MS
channels has been thoroughly reviewed elsewhere [46]current) for complete block than reported earlier [146].
Yang and Sachs introduced gadolinium f3das In a very extensive study Wilkinson et al. [144]
another blocker of MS channels Kenopus laevi®o-  investigated the role of MS channel activity on oocyte
cytes [146]. GA" decreased channel open time and operdevelopment. In a clever series of experiments Hamill's
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group showed that inhibiting MS channels with d  ing the above mentioned nonselective cation channels
amiloride or gentamicin had no serious influence on oo-and CI' channels.

cyte growth, maturation, fertilization or embryogenesis. Several other compounds were reported to induce
From these data they concluded that other mechanismectivation of nonselective cation channels in oocytes.
could compensate MS channel activity or that the chanpPalytoxin (PTX), the most potent nonpeptidic toxin
nels somehow managed to become insensitive to thRnown to date is able to stimulate a 7-8 pS poorly se-
blockers. lective cation conductance by binding to a specific state
of the XenopusNa'/K*-ATPase [136]. NH enters the
oocyte via a pathway that could be blocked by typical
inhibitors of nonselective cation channels such a¥'La
o ] diphenylamine-2-carboxylate (DPC), and p-chloro-
Depolarization of the oocyte plasma membrane activateghercuribenzoate (pCMB) [17]. The NHuptake by
nonselective endogenous hemi-gap-junctional cationyscc was activated by trimethylamine [19]. These re-
channels [35]. These channels were sensitive to external;ts were confirmed and extended by Cougnon et al.

divalent cations such as €aand Md"; increasing [25] who also showed that NH -
2 . permeation occurred
[Ca™"], or [Mg*'], evoked marked reduction of channel ,6,,4h multiple pathways including DPC-sensitive non-

current amphtudes. Furthermore, mcreasmgz_[q:@ac' elective cationic conductance(s). The authors further
celerated the time course of channel deactivation an rgued for some ways of NHuptake different from
reduced clamp current at negativg. In the same paper, NSCC such as the N&K*-ATPase or a R/H*-

it was also demonstrated that these hemi—gap—junctionf%lmiporter

channels in the nonjunctional oocyte membrane were Heterblogous expression of cloned proteins is able
strongly temperature-dependent. Raising temperature bt¥) cause activation of endogenous silent ion conduc-

only some degrees reversibly elevated current ampli- : .

tudes produced by the channels. Injection of antisensiarecssse:etse‘ge:ﬁgsﬁgl LZ::tﬁ)nCFEE-Irneii?gr?o(kfhrﬁnETlev-
oligonucleotides complementary to the sequence of eI?s of human orDrosophila Iz; chznnels i oo?: o5
Xenopusconnexin reduced the activity of the endog- = ph . oCcy
enous hemi-gap-junctional cation channel [35]. Con_sumulated endogenous silent nonselective cation chan-

nexin seems to be an endogenous protein that has s'[rorgIS [130]. The NSCC could be activated by hyperpo-

Nonselective Cation Channels (NSCC)

regulatory influences on ion channels as also reported b ’riz.ation, was blpcked by 4’,(4iisothiocyanostilbene-z-.
Zhang et al. [153]. -disulphonic acid (DIDS) and TEA, was further acti-

These hemi-gap-junctional channels share som&ated by chlofilium and sensitive to changes in external
similarities with divalent cation sensitive NSCC de- PH- )
scribed by two other groups including slow activation ~_More recently, Bieldfeld-Ackermann et al. [9] de-
kinetics, block by external divalent cations, and linsar ~ Scribed activation of NSCC in oocytes by maitotoxin
relationship [3, 153]. Arrellano et al. showed that exter-(MTX, 50 pM to 1 nv), one of the most potent marine
na' Cé"' |nh|b|ted a poor'y Se|ective Cation Channe' tOXin deriVed from din0f|age||at@ambierdiscus tOXiCUS.
which accepted Kand Ng as a Charge carrier [3] éa The current was sensitive to amiloride, benzamil and
block was voltage-dependent and had ag,|6f 61 um Gd®*, while other NSCC blockers, such as flufenamic
at -60 mV and 212um at 0 mV. Oocyte maturation acid, niflumic acid or 35'-dichlorodiphenylamine-2-
substantially reduced the current. More recently, anothe¢arboxylic acid (DCDPC) had no significant effects on
group showed that the channel inactivated by extracelthe conductance. Possible mechanisms of NSCC activa-
lular C&* is also conductive for large organic monova- tion by MTX involve phosphoinositide signaling path-
lent cations and glucose with permeability ratios of 1 :ways, C&" influx or release from intracellular stores and
0.45:0.35:0.2:0.2:0.2 for K: NMDG" : TEA*:  exocytotic delivery and functional insertion of silent
TPA" : TBA™ : glucose [153]. Cl was permeant with NSCC from intracellular membranes into the plasma
nearly the same rate as glucose. The channels could membrane. Recently, MTX-induced functional insertion
blocked by amiloride, gentamicin, &dand by two CT of NSCC into the oocyte plasma membrane has been
channel blockers such as flufenamic acid and niflumicdemonstrated in an abstract [140].
acid. The latter blockers has also been shown to block However, comparing all recent reports on NSCC
C&* inactivated CI channels inXenopus laevisocytes and MS channels while working on this review, it be-
[138, 139]. Zhang et al. [153] further reported down- came increasingly obvious that it might not always be
regulation of the C&-inactivated poorly selective ion possible to undoubtedly distinguish between MS chan-
conductance following progesterone-induced maturatiomels and NSCC. Things have been further complicated
of the oocytes. However, as discussed in thedBannel by a recent report demonstrating that MS channels ex-
section, removal of external divalent cations seems tdibit spontaneous opening without externally applied
release block from different channel populations includ-pressure working as NSCC [111]. The authors con-
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cluded that one ion channel protein could operate in twaocytes could be blocked by di- and trivalent cations
modes and switch, depending on the environmental conwith the following potency sequence: Mig<< Ni** =
ditions, from MS to NSCC mode of operation. On the Co®* = Mn?* > Cd?* >> Zn** >> La>" and by the CI
other hand, one can speculate that activating effectshannel blocker niflumic acid [149]. Other blockers of
could target several ion transport pathways including MSSOCs weras-conotoxins [76] and primaquine [43].
channels and NSCC at one time. The mechanism by which SOCs sense and respond
to C&*-store depletion remains controversial: one model
postulates the involvement of a messenger molecule that
activates C&" entry in response to store depletion; in an
alternative model, Ins(1,4,5)fPeceptors in the stores are
VOLTAGE-DEPENDENT C&" CHANNELS (VDCC) linked with SOC. While in human tumor lymphocytes a
low-molecular-weight C&-influx factor (CIF) was iden-
Xenopus laevisoocytes are endowed with voltage- tified [109], a recent paper provided evidence for the
dependent Cd channels firstly described by Dascal et coupling hypothesis in HEK293 cells stably expressing
al. [30]. Transient C& entry through VDCCs could be SOC [61]. However, so far there is no evidence suggest-
found in fewer than 30% of oocytes, was evoked bying the existence of a low-molecular-weight CIF in oo-
depolarization and produced small currents ranging frontytes [93]. The most convincing data on a possible sig-
20 nA [88] to 50 nA [73] although oocytes of a few toads nal transduction mechanism came from a study designed
exhibited large currents up to 100 nA [28]. However, by Parekh et al. [95]. The authors demonstrated, that
under physiological conditions €aconductance of oo- okadaic acid stimulated store-operated Oaflux after
cytes is rather low. Almost all groups who studied?Ca receptor stimulation and explained their observations
channels in oocytes replaced Cay B&* to prevent postulating a diffusible messenger which might be a
activation of C4"-dependent Clchannels and to block novel kinase, gating Gainflux through a phosphoryla-
K* channels which could contaminate the results; someion/dephosphorylation cycle [95]. Further evidence for
groups additionally added TTX (100uj to exclude in- 3 diffusible messenger was introduced also by Parekh et
fluence of endogenous Nachannels. Patch clamp ga|. [94]. In a very detailed experimental work they
analySiS of Single channel events revealed the eXiSten%owed that Cramming a patch back into the Oocyte re-
of two classes of Cd channels namely a 18 pS N-type tyrned the SOC current that was lost on excision of the
and a 9 pST-type C&" channel [69]. C& channels patch.
were totally _bIocked by Cdina reversible way [30] and On the other hand, capacitative Caentry was
were sensitive to some organic ?Ca:hannel blockers  shown to be predominantly localized to the region of
such asw-conotoxin [69]. A detailed pharmacological gtjmulation arguing against a highly diffusible an-
profile [77] revealed that Cd b'ogk (0.1 mv) was more 1,y factor [107]. In this study, injection of cytoplasm
effective than Ni (1. M), Mn _and Ca* (10 ™  from oocytes with depleted calcium stores into untreated
each). 2,3-buta_ned|one monoxime .(B.D.M) eXhlb'tS oocytes failed to activate Gainflux suggesting that no
phosphatase action and was shown 'to inhibit N-typ€ Ca diffusible messenger was involved. Overexpression of
channels in OOC%%S after upregulafuon of VDCC by ex'Ins(1,4,5)|g-kinase inhibited SOC, leading to the sugges-
oger|1_|ous L-tyFe_ _chanfnTII su_bunl'_cs_[Z]._ fl tion that Ins(1,4,5)Palone plays the crucial role in the
(1.4 5>)/|F3Jeirr?t(c)> a;[]léagc())é} teos %Yélg%nljndgggoga%ﬂu?(s- activation of capacitative Ga entry by emptying intra-
et Iy 00Cy cellular stores [133]. An argument against this view
i?[r)ocucgharg&re_sligtselzvg VPDKiCar[]%jO%’]kCFl;rsth;:gnv\(I)r:eB came from the observation that oocytes do not express
9 y ythe type 3 Ins(1,4,5)Preceptor when examined using

marked increase in Gacurrent amplitude and a slowing ) :
of the inactivation time course after injection of CAMP or Western blots [31_]' Yet, n the I|g_ht of_th_ese controver-
bath application of phorbol ester [13]. sial data the crucial experlme_nts |_dent|fy|_ng the molecu-
lar nature of the postulated diffusible activator are to be
awaited.
STORE-OPERATED C& CHANNELS (SOC) Low level activation of PKC resulted in potentiation
of C&* entry through SOCs while higher levels of PKC
Depletion of intracellular C& stores by injection of activity reduced capacitative €aentry [106]. Parekh
Ca* chelators, Ins(1,4,5)p ionomycin or incubation [92] showed that SOC interacted with €alependent
with thapsigargin induced G& influx through C&- CI” channels by clustering Clchannels in the plasma
selective channels termed store-operated*@aannels membrane. Further analysis revealed that oocytes pos-
(SOC) [149]. These currents were similar in most butsess two distinct Ga-dependent Clchannels: one was
not all aspects to G4 release-activated Gachannels activated by both C4 influx and by C&" release while
(Icrad originally described in mast cells [53]. SOCs in the other was activated preferentially by capacitative

Ca?* Channels
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C& ™" influx through SOCs [50]. Cd was shown to con-  Ins(1,4,5)R response [8]. Niflumic acid and flufenamic
trol capacitative C# influx itself by a negative feedback acid exhibited direct interaction with the CaCC protein
mechanism involving the C&calmodulin-dependent and were described as reversible high affinity CaCC
protein kinase Il pathway [81]. blockers [143]. L&" and Gd* produced almost irrevers-
SOCs are involved in formation of so-called®a ible block of CaCC while C#, Cc*, Ni2*, and Mrt*
waves inXenopus laevi®ocytes [41]. Complex intra- allowed partially channel recovery [129].
cellular C&* signals control various cellular processes.  CaCC were asymmetrically distributed in the oocyte
Ins(1,4,5)R opens its receptor channel on internal storesplasma membrane having the highest density in the ani-
and controls C# influx via SOCs thereby modulating mal pole [7, 65, 84, 100]. Using patch-clamp analysis of
frequency and velocity of C& waves through the 00-  inside-out macropatches, Gomes-Hernandez et al. could
cytes [5, 14, 21]. show that the current density on the animal pole was ten
times higher leading to functional polarity of the oocyte
[42]. Therefore, caution in data interpretation is neces-

Water Channels . .
sary when CaCCs are utilized as the only monitor of

While using oocytes as an expression system two groupgzazqi' ! )
independently found endogenous water channels which . Parkerand Yao first argued for a single CaCC popu-
shall be mentioned in order to be complete. Zhang andtion with changing kinetic behavior [104, 148]. How-
Verkman discovered low water permeability by exposing€Ver, Boton et al. already in 1987 speculated on the ex-
oocytes to osmotic gradients and subsequent measuréSience of more than one Efaactlv_ateq Cl channel with
ments of oocyte volume [134, 151, 152]. Expression Ofdlffere_nt ca& dgpendence of activation and inactivation
human CFTR in oocytes activated an endogenous watétnd different time course of inactivation [11]. Several
channel as measured by volume increase [115]. Watgpapers brought more evidence for the 2-channel model:
conductance was sensitive to pCMBS and pmoretin'HartzeII demonstrated that one current was activated
commonly known as a blocker of glucose-facilitated dif- Preferentially by C&" influx through SOCs and that the
fusion carrier. However, since it has been reported tha@ther one could be activated by store released” @a
glucose transporters can be water permeable [75] andell as by C&" influx [50]. The different activation pat-
oocytes reportedly own at least two glucose transportern of these two CaCCs could be mediated by asym-
systems [141, 142], it cannot be ruled out that water usegetrical distribution of SOC and CaCC as thoroughly
these carriers to enter the cell. investigated recently by the same group [79]. Yet, it
should be noted that results can also differ dependent of
_ the recording methods. Grygorczyk et al. reported that
CI” Channels bioluminescence data show other results than electro-

_ _ . physiologically obtained data because of the different
The predominant class of ion channels<enopus laevis sensitivity of the techniques [44].

oocytes includes several types of €hannels which are Oocytes seem to have the ability to sense where
by far the most abundant channels of the.oocytes. Mosg 2+ is coming from leading to fine tuning of the re-
of the recent papers aboyt endogenous ion chan'nels gbqnse. C# entering the oocyte_from the exte_rnal space
the oocyte are dealing with Tlchannels all of _Wh'ch activated a C&-dependent putative PKC causing subse-
cannot be addressed here because of space I|m|tat|on§quent inactivation of CaCCs while &areleased from

intracellular stores did not initiate an inactivating process

Ca"-AcTIVATED Cl~ CHANNELS (CaCC) [12]. The slow inducible Nacurrent seemed to be in-
volved in the inactivation mechanism [22].
Initially, it was found that activation of muscarinic re- Experiments utilizing photorelease of Ins(1,45)P

ceptors or receptors for serotonin and glutamate inducettom a caged precursor revealed that a threshold concen-
a transient Cl current followed by sustaining oscillatory tration of Ins(1,4,5)R (60 nv) is required for C&' re-

ClI™ currents evoked by G4 release from intracellular lease and CaCC activation [99]. External lysophospha-
stores via an Ins(1,4,5)Pand Ins(1,3,4,5)Rsensitive tidic acid (LPA) induced activation of CaCC in a TTX-
pathway [32, 85, 98]. CaCC currents were drasticallysensitive manner suggesting the participation of a LPA-
reduced when oocytes were stored at 4 °C for 3 days anspecific C&"-mobilizing membrane receptor linked to a
had a selectivity sequence of # Br” = CI” [58]. The  TTX-sensitive G protein [34]. CaCC activation was also
channels were sensitive to DPC, 9-AC and intracellularachieved with the protease trypsin and the authors ex-
injection of C&* chelators [11, 58]. Caffeine was shown plained this effect by the existence of a trypsin-specific
to inhibit the Ins(1,4,5)pmediated C& release, thereby receptor in the oocyte plasma membrane [33]. Follow-
abolishing CaCC currents [65, 97]. However, while in-ing removal of external Na endogenous N&Ca*-
hibiting CaCC, caffeine did not affect the early exchangers reversed their mode of operation by extrud-
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ing Na" from the cytoplasm and importing €ainto the  thyroid [15]. Table 2 summarizes the most important
cell, leading to CaCC activation [113]. Since then, sev-features of the Cd-inactivated ion conductances de-
eral other CaCC activation pathways were reported, inscribed up to now. However, from Table 2 it also be-
cluding injection of pyrimidine nucleotide-glucose con- comes clear that there is a lack of some important data on
jugates [60], external application of hyaluronan [37], the C&*-inactivated ion channels reported by the three
AlF4~ [87], or the antipsychotic drugs chlorpromazine groups.
and trifluoroperazine [108]. 5-hydroxytryptamine in- At the moment there is controversy about the ionic
duced a fast transient inward current probably carried bynature of the C&H-inactivated currents. The observed
SOCs followed by a slowly activating current attributed reversal potentialsi.,) around —10 mV do not allow an
to CaCCs [92]. accurate classification of the currents since they differ
Expression and cAMP activation of human CFTR from the calculated,,, for K* (=100 mV), N& (60 mV)
caused inhibition of CaCC in oocytes demonstrating aand CI' (=30 mV). One explanation for the obvious dis-
further regulatory function of CFTR [66]. Annexins, a crepancies could be that removal of‘Cactivates dif-
family of C&* binding proteins derived from a mouse ferent ion channels that might change their selectivity
tumor cell line also caused block of CaCC [55]. depending on the ionic environment. It could be also
It remains an open question how many differentthat several endogenous channels need @sa “cofac-
types of CaCCs are expressed in oocytes. Kuruma antbr” in their selectivity pore and removal of the cofactor
Hartzell [68] observed three currents after injection ofchanges the conductive behavior of the channels nor-
Ins(1,4,5)R. They discuss whether these different cur-mally kept closed by Cd. Therefore, the apparent con-
rents were mediated by different channels or one channetadictory results of the three groups may indicate that
operating in different modes. Although they favor the the macroscopic Ga-sensitive current is mediated by a
one channel theory, further work has to be done to idenfamily of more or less specific cation- and anion-
tify the molecular identity of the channel(s). selective conductances whose interactive regulation is
unclear. Depending on the environmental conditions one
channel type might be masked so that the other channel
Ca"-INACTIVATED CI” CHANNELS (CalC) type dominates. The gap-junctional hemichannel de-
scribed by Ebihara could also be involved [35]. The
As already mentioned in the cation section removal ofchannel is blocked by external divalent cations and
external C4" unblocks several ion conductances [3,shares some properties with €dnactivated cation
153]. While these authors identified the unblocked con-channels (pleassee alsathe section on NSCC). How-
ductance as a nonselective cation channel, data from owver, the hemichannel can be clearly distinguished from
laboratory identified a Clchannel that was activated by CalC by its low current amplitude (i.e., 100 nA com-
removal of external C4 and consequently was termed pared to > 1A for CalC) and its low C&" sensitivity:
CalC [110, 138, 139]. The C&inactivated ion conduc- while 90% of CalC inactivate at [G4, of 200 um,
tances described by the three groups mentioned aboveemichannel currents are maximal at this {Ga[35].
share some features, however CalC differs in some cru-  Another explanation for the discrepancies observed
cial properties: (i) CalC was still fully functional after by the different groups could be the existence of a single
maturation, shown by whole cell measurements [138channel population of poorly selective channels that
and by single channel events [110] obtained from matuhardly discriminate between anions and cations. De-
rated oocytes (eggs). While the vast majority of ionpending on the environmental conditions the channel is
transporters in oocytes are inactivated during maturationpermeable to cations or anions. The fact that the channel
the active CalC in eggs seems to play a crucial physiis sensitive to almost every blocker makes this hypoth-
ological role in fertilization events. (ii) Single channel esis a viable alternative.
analysis of CalC undoubtedly revealed a 90 pScblan- The physiological role of the C&inactivated ion
nel that could be inhibited via pipette perfusion of?Ca channels remains also as mysterious as the fact that Arel-
or Cl"channel blockers such as flufenamic acid, niflumiclano et al. [3] and Zhang et al. [153] saw downregulation
acid, DPC and 9-AC. Unfortunately, single channel dateof the channels following maturation while we always
for the C&*-inactivated NSCC are not available. (iii) had active channels in eggs. However, it remains to be
CalC was active even in the absence of any externatlucidated, how these €ainactivated ion conductances
permeable cation. (iv) Removal of external®Céed to  are relating on each other and how they might be inter-
considerable efflux of Clthrough CalCs which could be acting with each other.
measured as quenching of fluorescent-§#nsitive dye
6-methoxy-N-(sulfopropyl)quinolinium (SPQ). It can be HyperpoLARIZATION-INDUCED CI™ CHANNELS (Clpy,)
further speculated that the different €anactivated Y
channels could use a common extracellulaf'Gansing  Hyperpolarizing pulses slowly activated persistent Cl
receptor whose existence was reported from bovine paraurrents that were sensitive to SITS,?Band L&", and
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Table 2. Properties of the Ca-inactivated ion channels

Channel property

Arellano et al. [3]

Weber et al. [139]

Zhang et al. [153]

[110, 138]
Ca*-dependence at,y O 20-30 n.a.
= -60 mV, K5, pM
Selectivity Nd, K™>> CI I”>Br > CI” >> Na'", K* Na" = K*>> CI”
Permeability to large n.a. n.a. +

organic cations and
anions

Transport direction at
physiologicalV,,

Cation absorption

“Glecretion

Cation absorption

Sensitivity to CI n.a. + (FFA, NFA, DPC, + (FFA, NFA)
channel blockers NPPB, AZT 9-AC, - (9-AC, SITS)
SITS)
Sensitivity to cation + + (Unpublished data) +
channel blockers
Activity in absence of n.a. + n.a.
extracellular permeant
cations
Sensitivity to Gd* + + (Unpublished data) +
Reversal potential, mV -8.2+38 -12.2+0.8 -95+3
Conductance, pS n.a. 920 n.a.
V,-dependence of K, + - n.a.
for C&*
Activity in eggs - + -
Activation by cyclic n.a. + (cCAMP, cGMP) n.a.
nucleotides
Regulation by connexin n.a. n.a. +
Methods applied Voltage-clamp Voltage-clamp Voltage-clamp
patch-clamp
optical Crefflux
measurements

Abbreviations: +, observed; -, not observed; 9-AC, anthracene-9-carboxylic acid; AZazid-
3'deoxythymidine; DPC, diphenylamine-2-carboxylate; FFA, flufenamic acid; n.a., data not available;
NFA, niflumic acid; NPPB, 5-nitrophenyl-aminopropyl-benzoic acid; SITS, '4detoamido-
4'isothiocyanatostilbene-2 2lisulfonicacid

insensitive to external or cytoplasmic €aexternal N4  ClI~ channels [105]. However, when oocytes were defol-
or pH [63, 129]. Strong hyperpolarization (> -100 mV) liculated manually, hypotonicity-activated, voltage-
gave rise to well maintained Cturrents in oocytes from independent but volume-sensitive"@hannels could be
some donors [103]. Current amplitude was highly vari-detected in nearly every oocyte [1]. In contrast to the
able between oocytes of different donors and showed &&*-dependent Clchannels, these channels were insen-
selectivity sequence of > NO; > Br™ > CI” > propio-  sitive to C&" and niflumic acid but sensitive to Ba[1].
nate > acetate [63]. (,channels exhibited inward rec- Activation of the CJ,, channel was dependent on an
tification and could be stimulated by external pituitary abundant cytoplasmic regulatory protein termed,p!
adenylate cyclase activating polypeptide (PACAP) [59].[128]. The authors showed that a monoclonal antibody
Peptides derived from the amino-terminal domain of pu-recognizing p4,, blocked volume-sensitive Cthannels
tative K" channel forming protein IsK (or minksee also  and suggested thatg), might be involved in linking the
K™ channel section) were claimed to inducgGin 00-  channels to actin-bound cytoskeletal elements. How-
cytes [6]. However, it became not quite clear whethergyer, as shown more recently, the.glinduced CT cur-

IsK itself formed a channel or endogenous,;were  rent js different from the endogenous volume-sensitive
activated. CI” channel [135]. The extensive patch-clamp study of
Voets et al. [135] revealed differences in rectification,
selectivity, inactivation kinetics, and extracellular pH.
Moreover, pk,-induced CI currents could only be
Paulmichl et al. reported that only 4% of collagenase-found in follicle-enclosed or manually defolliculated oo-
treated oocytes exhibited endogenous volume-sensitiveytes. These findings clearly show that thg,pinduced

HypoTonicITY-AcTIVATED CI™ CHANNELS (Cl™,)
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current and the volume-sensitive @urrent are different 5.

conductances.

Further evidence against the hypothesis that,p$
the CI',,, channel came from work done by Li et al. [74]. 2
The authors reconstituted recombinangpiinto artifi- 8
cial and biological membranes and showed that the chan- g
nel was at least seven times more selective for cations

than for anions. Therefore, the physiological role of 10.

plci, remains unknown and controversial.

11.

Concluding Remarks

The advantages and possibilities Xénopus laevi®o-
cytes attract more and more scientists to use the oocytes

for the expression and characterization of foreign pro- 15.

teins. The result has been an explosion of knowledge
regarding the physiology of cellular transport systems.
Although not applicable for the expression of all trans-
port systems (e.g., electroneutral transporters), the use o{
expression cloning in oocytes proved to be enormously ;g
helpful when transport systems are present in too small a

number to be successfully investigated in native tissuesiog.
[118]. Especially, the rapid development of powerful 2o0.

tools using molecular biology and the combination with
electrophysiological methods ofenopus laevisocytes
brought fascinating insights into ion channel function.
However, the native oocyte itself is a fascinating object
for the study of transport systems. It has provided and ,,
will provide new insights on ion transporter function,

regulation and channel-channel interactions. And de-24,

spite the large amount of work that has been done on

endogenous transport proteins of the oocyte, which 125.

tried to compile at least partly with the present review,

much additional work will be required. As repeatedly 25 . _
§7. Dascal, N. 1987Crit. Rev. Biochem22:317-387

28. Dascal, N., Lotan, I., Karni, E., Gigi, A. 1993. Physiol.

mentioned above, some basic ionic transport phenomen
remain unexplained and the solution of those problems

will not only help to understand the physiology of oo- ,q4
30.

cytes but of mammalian cells on the whole.

This review is dedicated to Prof. Wolfgang Schwarz who invested 31.

much patience to awake in me the fascination of the oocytes and to

Prof. Wolfgang Clauss who gave me all the possibilities to intensify 32.

this fascination. | gratefully thank Dr. Ulrike Weber for her comments

and suggestions. Supported by Deutsche Forschungsgemeinschaft (W&3.

1858/2-1 and We 1858/2-2).

34.
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