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Abstract. The rate-limiting step for the maternofetal ex- suggests a physiological role for this ion channel as a
change of low molecular-weight solutes in humans ismechanotransducer during syncytiotrophoblast-volume
constituted by transport across a single epithelial layeregulation.

(syncytiotrophoblast) of the placenta. Other than the

well-established presence of a large-conductance, mukey words: Syncytiotrophoblast — Epithelia — Chan-
tisubstate Cl channel, the ionic channels occurring in nel reconstitution — Substates — Mechanosensitivity
this syncytial tissue are, for the most part, unknown. We

have found that fusion of apical plasma membrane- ]

enriched vesicle fractions with planar lipid bilayers Introduction

leads, mainly (96% of 353 reconstitutions), to the recon- _ o
stitution of nonselective cation channels. Here we deln the human placenta at term a single epithelial layer
scribe the properties of this novel placental conductancéSyncytiotrophoblast) acts as the transport barrier for
at the single-channel level. The channel has a largéMall molecules between the maternal and fetal blood-
(>200 pS) and variable conductance, is cation Se|ecti\,§tream_s. This tissue, unlike most othgr eplthella,' forms a
(Pe/Px 0 0.024), is reversibly inhibited (presumably Syncytium (Gaunt & Ockleford, 1986) i.e., a continuous,
blocked) by submillimolar L3, has very unstable kinet- Multinucleated cytoplasmic mass delimited by an apical
ics, and displays a large number (>10) of current Sub(mlcrovnlous,_mater.nal-facmg) and a ba;al (fetal-facing)
levels with a “promiscuous” connectivity pattern. The Membrane without intercellular boundaries. The syncy-
occurrence of both “staircaselike” and “all-or-nothing” tium results from the fusion of individual cells (cytotro-
transitions between the minimum and maximum currenfPhoblast cells) during gestation. The syncytial nature of
levels was intriguing, particularly considering the large this epithelium suggests that the transport of ions and
number of conductance levels spanned at a time durinfpW-molecular weight hydrophilic solutes can only take
the concerted current steps. Single-channel data similace through the transcellular pathway, i.e., involving
lated according to a multistate linear reaction schemetheir translocation across both the apical and basal mem-
with rate constants that can vary spontaneously in timePranes. Nevertheless, the finding that the placental per-
reproduce many aspects of the recorded subconductangeability to some hydrophilic molecules such as manni-
behavior. The channel’'s sensitivity to lanthanides istol. sucrose, raffinose and inulin is approximately pro-

taken as an indication that paracellular pathways must

also contribute to the maternofetal ion exchange (Stulc

1989). Yet, there is still some debate about the existence

of such alternative pathways because compelling struc-

tural evidences are lacking.

+* Deceased However, regardless of the extent to which the para-
cellular pathway contributes to the total transepithelial
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cesses are known to take place through the apical an_ﬁires Hospital), in agreement with institutior_]al guidelines, and were
basal membranes pIaying a role in transepithelial transu_mmedlately processed. All steps.were carried out at 0—4°C. Villous
port, and/or tissue homeostasis (Shennan & Boyd, 1987iSsu€ was fragmented, washed with unbuffered 150NaCl, and cut
Stule 1997: Sibl tal. 1998). Th | | h ihto small pieces. A given amount of tissue was agitated with a mag-
. ulG » olbley et al., ) € molecular _mec a'netiu: stirrer for 1 hr in 1.5 volumes of a 10MTHEPES-KOH, pH 7.4
nisms of these processes are “ttl_e known_- For instancgygfer solution containing 0.1 MEGTA, 0.2 ma phenylmethylsulfo-
for many years the only available information about pla-nyi fluoride, and either 150 mNaCl, 250 nu sucrose or 150 mKI
cental ion channels has been inferred from studies inas homogenization buffer osmolytes. The agitated tissue was poured
i i - i -through several layers of cheesecloth, and the filtrate was used to
volving radiotracer-flux experiments (Byrne et al., 1993;
Faller O’Reilly & Ryan 1994) membrane potential prepare a microsomal fraction by differential centrifugation. Apical
measurements (Greenwood, Boyd & Sibley, 1993)' an(glasma membrane fragments were separated from nonapical mem-

L i b ial L. b s ranes (i.e., basal plasma membrane, and intracellular membrane frag-
partition of membrane potential-sensitive probes ( SI€Yments present in the microsomes) by selectively precipitating the latter

& Sellers, 1992). It was only during the past few yearsyit 10 mu MgCl,. The final membrane suspension was then ali-

that the first single-channel currents were recorded byjuoted, stored at -20°C, and assayed for biochemical and morphologi-
applying the patch-clamp technique to both intact chori-cal markers. Both marker enzyme analysis and electron microscopy
onic villi (Brown et al., 1993) and giant liposomes re- indicated that the iso_lated rr_1err_1_brane fraction is enrich_ed in apical
constituted with placental apical-membrane fragment§lasma membranes with no significant subcellular contaminants (Gros-

. . _ . an et al., 1997). The alkaline phosphatase activity (an apical plasma
(Riquelme et al., 1995). These single-channel studies le embrane enzymatic marker) in the final membrane suspension nor-

to th.ET identification of . a h|gh-co_nductance, . DIDS- malized to that in the filtrate was >20 while these ratios for enzymes

sensitive CI channel which, most likely, underlies the that are markers of nonapical membranes were <1.5. Marker enzyme
DIDS-sensitive component of the Ttonductance first analysis, polyacrylamide gel electrophoresis in sodium dodecy! sulfate,
revealed by radiotracer-flux studies (Byrne et al., 1993)_e|ectron microscopy, and ion channel reconstitution suggested that the
More recently, we found (Grosman & Reisin, 1996) thatfragtigns thained using either homogenization buffer osmolyte were

the planar lipid bilayer reconstitution technique is also andistinguishable (Grosman et al., 1997).

valuable tool for studying the ionic channels present in

the microvillous membrane of the syncytiotrophoblastCHANNEL RECONSTITUTION

which, because of its highly irregular surface, offers a

difficult access to the conventional patch-clamp tech_Lipid bilayers were formed by using different mixtures of synthetic
nique (BI‘OWH etal., 1993)_ We reported (Grosman et al. phospholipids (Avanti Polar Lipids, Birmingham, AL) with or without

tholesterol (recrystallized in ethanol)irdecane. All the phospholip-

1997) that the reconstitution technlque led to the Incor“lds used were 1-palmitoyl-2-oleoyl-based, the polar head group being

poration of an overwhelming majority (96% of 353 re- ejther choline (POPC), ethanolamine (POPE) or serine (POPS). The
constitutions) of nonselective cation channels in additionipid solution (20-25 mg/mL) was spread over a 2fé diameter

to the maxi-CI channel previously revealed by patch- aperture in a polystyrene cuvette by means of a thin glass or plastic rod.
clamp studies (Brown et al., 1993; Riquelme et al., The cuvette was inserted into one of a pair of pits machined on a
1995)’ and to an apparently novelr@hannel CU.OO pS polyvinyl chloride holder thus defining two agueous compartments

. . - . _ (800 and 160QuL) separated by a planar lipid film, as described by
in symmetrical 295 ma CI7). Previous patch-clamp Alvarez, Benos and Latorre (1985). At the beginning of every experi-

studies have made little (Riquelme et al., 1995, 199_9) pFnent both sides of the bilayer were bathed by a solution containing
no (Brown et al., 1993) comments on placental cationicio-15,m Cz* and 10 1 MOPS-KOH, pH 7.4 ([K] 05 mm). The
conductances. This paper characterizes some conductigelution in thecis side (the one into which the membrane vesicles were
and gating properties of this novel placental nonselectivedded) also contained 145wKCl. Thus, thecis compartment was
cation channel emphasizing its complex kinetics, thel50 ™ inK”and 145 m in CI” whereas thérans side was justs
multiplicity of conductance states, and the inhibition by mm in K*. Once a successful channel insertion took place, appropriate

bmilli lar La*. | ticul th itivity o | volumes of concentrated solutions were added to either side of the
submitiimolar - In particuiar, the sensitivity 1o 1an- bilayer to achieve the desired solute concentration, as stated in the text.

thqnidgs is reminiscent of me_ChanosenSitive Chan.nelétherwise stated, all chemicals were purchased from Sigma Chemical,
which, in turn, suggests a role in cell-volume regulationst. Louis, MO.
for this ion channel.

ELECTRICAL RECORDINGS

Materials and Methods Voltage was applied to th&ans solution with either a DC voltage

source or a function generator. The opposite siitg,was defined as

virtual ground. Nevertheless, throughout the paperctbminustrans
MicroviLLOUS MEMBRANE VESICLE PREPARATION voltage is indicated. Electrical contacts were made through Ag/AgCl
AND CHARACTERIZATION electrodes and 200K Cl, 2% (w/v) agar bridges. The current across

the bilayer was recorded using a current-to-voltage converter with a
The method outlined by Booth, Olaniyan and Vanderpuye (1980) wasl0-c()-feedback resistor. The output voltage was low-pass filtered at 1
followed with some minor modifications, as previously described kHz (-3dB) with an eight-pole, Bessel-type filter (Frequency Devices,
(Grosman et al., 1997). Briefly, full term, normal human placentas Haverhill, MA), digitized with a pulse code modulator, stored on video
were obtained within 20 min of vaginal delivery (University of Buenos tapes with a VCR, and acquired (offline) at 4 kHz for subsequent
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analysis. Current traces shown in Results were further filtered (Gaussnumber of conductance levels involved in a current step
ian digital filter), for display purposes, and the overall cutoff frequencyincreases, a situation that contrasts with the observed
(cascaded filters) was 450 Hz (-3 dB). Bilayer formation was moni- single-channel data. Also, the frequent observation of
tored by applying a 2.5-mV-peak-to-peak, 20-Hz, triangular wave. . ’ - . . .
Typically, 100-200-pF bilayers were obtained. All the experimentsIong'llved (UD to seconds) silent §010urns .m the mini-
were performed at room temperature (20-25°C). mum, maximum, or some of the intermediate conduc-
tance levels argues against the multichannel nature of the
bilayers. In summary, these observations allow us to as-
sert that all the information presented in this paper cor-
responds to single channels.

pc|amp Version 5.5 (Axon |nstruments’ Foster C|ty’ CA)’ and S|gma_ FIgUI’e 4 |||UStratES another UnUSU3.| CharaCterlSth Of
Plot Version 4.02 (Jandel Scientific, Corte Madera, CA) programs werethis channel: the bilayer to bilayer variability of the
used for acquisition and analysis of experimentally derived data. Amaximum conductance reached. The current steps
single-channel simulation program of our own design was used toshown were recorded in three different experiments with

SINGLE-CHANNEL DATA ACQUISITION, ANALYSIS
AND SIMULATION

generate the data in Fig. 8. 150 mu K* and 145 v CI™ in thecis side, and 5 m K*
in thetransside. These current steps indicate the maxi-
Results mum current attained at the indicated voltage in each
experiment.
The reversal potential when the bilayer was bathed
ANALYSIS OF SINGLE-CHANNEL RECORDINGS by 150 mv K* and 145 nm CI~ in thecis side, and 5 m

A vesicle fraction enriched (more than twentyfold) in K" in thetransside was close to ~80 mV, the’KNemst
Y potential under such ionic conditions. Occasionally, the

apical plasma membranes from the human syncymtro?eversal potential appeared shifted towards less negative

phoblast was assayed for the presence of ion channels botentials but the addition of 14mDIDS “corrected”

reconstitution on planar lipid bilayers. Most (96% of |, . . S :
353) of the reconstitutions led to the insertion of c:han-thIS shit. .Th's finding was mterpreEed as the bIockade of
coreconstituted, low-conductance™Gihannels that, in

nels whose electrical behavior is shown in Fig. 1. EaChth b fthe block I q@ns f theci
panel of current traceAED) corresponds to a different € absence of the blocker, allowed 4ns from thecls
experiment, and illustrates the channel's activity at dif-COMPartmentto carry some (negative) current at negative

ferent voltages and under the same ionic conditions (15§°tentials ransis taken as ground). Figure 5 shows the
mm K*, 145 ma CI~ in cis,and 5 nu K* in trang). The current-voltage I¢V) relationships under asymmetric

abundance of ill-defined current sublevels and the highly©Nic conditions obtained from the analysis of ten inde-
variable behavior recorded both during a given experiPéndent bilayers. Due to the difficulties encountered to
ment and from bilayer to bilayer (Figs. 1, 2, 3 and 4) define a main Cor_1du_c_tance level in agiven bllayer{ to the
made difficult the quantitative characterization and theconductance variability from experiment to experiment,
unequivocal identification of this channel once a suc-and to the occurrence of what sometimes appeared to be
cessful reconstitution took place. Thus, we considered continuous spectrum of current sublevels, lthedata
that collecting data from a large number of experimentgP0ints were obtained according to the following (arbi-
was a reasonable way of dealing with this problem. Thelrary) procedure. Every single-channel trace was seg-
data presented in this paper is representative of the rénented in 19-sec long intervals. The maximum current-
sults obtained in 339 single-channel reconstitutions.  amplitude value attained in each of these intervals was
Four functional characteristics were used as “finger-assigned a data point in theé/ plot. Additionally, every
prints” for channel identification: (i) cationic selectivity, 19-sec long interval was further divided in 512-msec
(i) large conductance, (iii) highly variable kinetics, and long periods. Any current value that for four consecutive
(iv) complex subconductance organization. In most of512-msec periods was the largest (even when being
the experiments the currents were very irregularlylower than the maximum value of the corresponding 19-
shaped to the extent that, for certain periods of time, thepec interval) was also included as a data point in the
seemed to arise from the independent activity of severaturve. Thus, theskV relationships include information
coreconstituted low-conductance ion channels. Thisabout the largest-conductance states. We used the pro-
situation is exemplified in some of the traces in Figd. 1 gram FETCHAN (pClamp software) for the estimation
andB. However, even a qualitative visual analysisatif  of the different current levels. Current recordings €
the traces in Figs. 1, 2, and 3 is enough to rule out thist50 Hz, 512 msec/sweep) were browsed and horizontal
possibility. For example, current steps spanning severatursors were manually placed at positions that fitted best
conductances levels at a time (data displayed at 450 Heby eye) the clearest current levels. Fitting all-point cur-
bandwith and 4 kHz sampling rate) were frequently ob-rent-amplitude histograms to mixtures of Gaussian den-
served. The probability of this finding occurring just as sities usually provides a much more objective means to
a result of a coincidence decreases monotonically as thiaterpret the subconductance organization of a multisub-
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v, = +10 mV V= +20 mV

V= +30 mV V= +40 mv

—

- o J—
40 ms
10 pA 40 ms

10 pA

Fig. 1. Selected single-channel current traces from the placental nonselective cation chami®l.P@nels of continuous current traces
corresponding to four independent bilayers at different voltages. Arrowheads indicate the closed state. Note the different current-artelitude sc:
for panelD.
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Fig. 2. Multiplicity of conductance statesA¢C) Panels of continuous current traces recorded from the same bilayer at different voltages. Note the
abundance and complexity of sojourns in subconductance states. Arrowheads indicate the closBjlIstafeofile of a putative 19-pS elementary
unit.

state channel (Krouse, Schneider & Gage, 1986; Huntesublevels blurred the current-amplitude histograms to the
& Giebisch, 1987). However in the present case, as iextent that they appeared as single, broad peaks that
was in the placental maxi-Cthannel’'s (Grosman et al., could not be fitted to Gaussian densities.

1997), the unfavorable signal to noise ratio of the current  In an attempt to regulate the activity of this ion
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Fig. 3. Different gating modes. Single-channel currenté\iand B were recorded from the same bilayer as, and some seconds after, those shown
in Fig. 2. Note the spontaneous switch from a gating behavior characterized by frequent sojourns in subconductance states (Fig. 2) to one dur
which concerted current steps predominated. Arrowheads indicate the closed state.

V.= +20 mV V= +40 mV V,= +60 mV

Fig. 4. Single-channel conductance variability
between bilayers. Example current steps recorded

w in three different bilayers showing the highest
' conductance attained in each case. Currents are

shown at different voltages to emphasize the

! variable conductance. The arrowhead indicates the
o S LMMM - - LMW(‘ closed state.
40 ms I
10 pA

channel, a variety of inorganic ions and organic com-(right side-out or inside-out). As shown in Fig. 6, in the
pounds were added to the solutions bathing the bilayempresence of 10Qm La>" the current dropped to virtually
The addition of Mg*, C&*, or B&* to thecisside up to  zero. The figure also shows that addition of 4 EBDTA

1 mwm did not affect the general behavior of the channel.(its affinity constant for L&" at pH 7.4 is[B.3 x 10
The reduction of C& concentration in either chamber m™) reverted this effect. Among organic compounds,
(initially 10-15 M) down to subnanomolar concentra- tetraethylammonium chloride (10nmy, heptanol (7 m),
tions (upon addition of 1 m EDTA) also failed to alter or ryanodine (2Qum) added to either or both sides of the
the activity of the reconstituted channels. In contrastbilayer did not exert any obvious effect on the channel's
micromolar concentrations of LagCteversibly reduced activity. As shown in Figs. 1, 2, and 3, the potential
the activity of the channel (Fig. 6) being effective only difference across the membrane also failed to regulate
from one side of the bilayer. The Basensitive side of the behavior of this channel.

the channel was not always exposed to the same aqueous To learn about the role played by the surface charge
compartmentdis or trans), a fact that most likely was and stiffness of the lipid bilayer on the behavior of the
due to the existence of vesicles with different orientationchannel, we tested bilayers of varying compositions.
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Fig. 5. I-V profile. Current amplitudes were estimated according to a

procedure indicated in the text. The procedure was aimed at including
information about the largest-conductance current levels i.e., those that
were most reliably measured. Every symbol type identifies a set Of iy _ 9 - _ s i b e

values obtained from the same bilayer. The plot includes data from ten 00
. . 2 ms
independent bilayers. 10 pA

The lipids used were: POPE (neutral), POPC (neutraI)Fig' 6. Inhibition by La**. Channel currents\f, = +40 mV) sequen-
) ’ tially recorded under control conditions (top two traces), in the pres-

POPS_ (negative!y charged), and_ cholesterol (tO in(_:reasgnce of 10Qum La®** (middle two traces), and with 1mEDTA added
the bilayer’s stiffness). The different combinations pottom two traces). Arrowheads indicate the closed state.

tested were: POPE:POPC, 7:3 (the combination used in
all the traces shown in this paper); POPE:POPC:choles2D. A fit of the experimental points to a straight line has
terol, 5:2.1:2.9, and 6.2:2.6:1.2; and POPE:POPS:choles slope of 19 pS. The extrapolated reversal potential,
terol, 6.2:2.6:1.2, all dissolved imdecane. The activity calculated from a fit of the experimental points to a sec-
of the channel appeared to be oblivious to the particulannd-order polynomial (solid line), indicated thag, /P,
composition of the bilayer. (J0.024. This fit was preferred over a fit to a straight line
Figures 2 and 3 show current traces recorded at difbecause it captured, at least in part, the rectification
ferent voltages from the same single-channel-containinglearly observed under the asymmetric ionic conditions
bilayer. Figure 3 traces were recorded some seconds afised. It was difficult, however, to reliably quantify cur-
ter those in Fig. 2. These figures clearly show two spon+ent amplitudes that were smaller than 0.5 pA and, there-
taneously occurring gating modes: while subconductancéore, they do not appear in the/ plot. By no means are
sojourns are frequent in Fig. 2, single-channel currents ithese results meant to characterize all the single-channel
Fig. 3 occur, for the most part, as “all-or-nothing,” con- currents recorded in the 339 successful reconstitutions
certed steps. These recordings best illustrate the generialt, at least, a model of fourteen 19-pS elementary con-
functional characteristics of the placental cation channelductances (260—270 pS total) fitted well the data in Figs.
discrete subconductances, heterogeneous kinetics @f and 3. A similar analysis was attempted in several
main and substates, and both concerted and “staircasether sets of traces (as those in Fig. 1, for example) but
like” (sequential) openings and closures. In this particu-the reliability of the results was always questionable.
lar bilayer, sojourns in the various current levels wereFigure 2 also shows that the dwell-times in the different
longer-lived than those shown in Fig. 1, which madecurrent levels are highly heterogeneous, suggesting that
their visual analysis more reliable. The close inspectiortheir distributions are best described by mixtures of sev-
of these traces (the same analysis as for Fig. 1) allowedral exponential densities rather than by single compo-
us to identify fourteen nearly equally spaced current subnents.
levels. Thel-V relationship of the elementary conduc- As mentioned above, current transitions (both open-
tance under asymmetric ionic conditions is shown in Fig.ings and closures) between any two conductance-levels
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v, =

14/14 14/14
1014 10/14 z
6/14

40 ms |

10 pA
Fig. 7. Sequentials.concerted openings recorded in the same bilayer. The horizontal lines identify the different conductance levels expressed ¢
fractions of their total number. The arrowhead indicates the closed state.

occurred either as single, all-or-nothing steps or as aections required in the case of the placental channel
series of smaller current steps in quick succession (“sewhat makes this model little likely from a physical view-
guential”). Figure 7 shows an example of this behaviorpoint. For example, for a channel having ten conduc-
for four channel openings going from the totally closedtances (including the zero-current level), this model re-
to the maximum open level reached during this particulaquires as many as forty-five independent conformational
recording. All four openings correspond to the same bi-changes (i.e., ninety rate constants). Of course, it is not
layer steadily clamped at +50 mV, under the same ionidhe large number of rate constants itself what makes this
conditions. The figure emphasizes that the size (andmodel improbable but the structural complexity pre-
therefore, the number) of sequential steps needed tdicted by it. An alternative model, which is more parsi-
reach the fully open level was highly variable, evenmonious and seems to be more physically plausible, was
within the same experiment. This same sequentialthen considered. According to this hypothetical mecha-
concerted pattern was also observed during channel clatism, the channel has two major conformational states
sures. that correspond to the totally open and totally closed
channel. In its transition between these two states, the
channel “visits” a series of intermediate conformations
which account for the subconductances. When the so-

. . . journs in these intermediate states are very brief, the full
A close inspection of the recorded single-channel trace%pening (or full closing) of the channel is manifest as an

suggested that most (if not all) of the different conduc-4_or_nothing switch. In contrast, when the channel lin-
tance levels are “connected” to each other. This appar

. S ) X gers on intermediate conformations, the transition ap-
ently simple finding represents an interesting problem agiqo ¢ as a stepwise change with detectable sublevels.

far as the underlying reaction scheme is concerned, pafris model also consists of (at least) as many states as
ticularly when the number of subconductances present i§jterent conductances but these are arranged in a linear
large. The most straightforward model that can accounf.pame which, for the ten-conductance model of our ex-

for such “promiscuous” state C(_)nnectivity is one that hf'is_ample, implies nine conformational changes and, there-
(at least) as many states as different conductances, it Rre, only eighteen rate constants. The ability of this

fully connected, and it is time homogeneous (i.e., the ralginear model to predict the recorded data was tested by
constants do not vary with time). According to this gimjating single-channel currents. The following ki-
mechanistic view, every current step between any tWg,atic scheme was used:

conductance levels reflects a distinct conformational

change that is independent of those linking all the other | I mo vV VIV v IX

pairs of states. Thus, all-or-nothing current transitionsC=5+=S,+=5==§=%=5 = %=0
between the fully closed and fully open current levels

would result from a single conformational change whilewhere C and O denote the fully closed and fully open
sequential current transitions between those two statestates of the channel, respective$y to S; represent the
(exemplified in Fig. 7) would reflect a series of unrelated eight substates, and the roman numerals identify the nine
conformational changes that happen to occur in quicksomerization steps. Only for interpretation convenience
succession. For a channel with few sublevels this modelve will assume, in what follows, that this hypothetical
may be satisfactory, but it is the large number of con-channel is formed by nine identical monomers (either

A REACTION SCHEME
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Table 1. Single-channel transition rates used for simulation

Scheme Rate* Isomerization step
| 1] 1 \Y \% VI VI VI IX

A Forward 100 80,000 70,000 60,000 50,000 40,000 30,000 20,000 10,000
Backward 10,000 20,000 30,000 40,000 50,000 60,000 70,000 80,000 100

B Forward 100 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000
Backward 50,000 50,000 50,000 50,000 50,000 50,000 50,000 50,000 100

C Forward 100 2,500 2,500 2,500 2,500 2,500 2,500 2,500 2,500
Backward 2,500 2,500 2,500 2,500 2,500 2,500 2,500 2,500 100

D Forward 100 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000
Backward 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 100

E Forward 500 500 500 500 500 500 500 500 500
Backward 500 500 500 500 500 500 500 500 500

F Forward 100 50,000 50,000 50,000 50,000 50,000 250 50,000 50,000
Backward 250 50,000 50,000 50,000 50,000 50,000 50,000 50,000 100

* All rates are given in se¢

subunits lining a single pore or protochannels each linindated thanS;. By generalizing this concept we conclude
an individual pore of a multibarreled channel) each ofthat, except from the long sojourns@andO, the chan-
which can undergo a binary closed open conforma- nel spends longer ir§, and S; not because they are
tional change. ThusC and O correspond to the two longer lived (all the subconductances have the same
homomeric configurations (all monomers closed or all ofmean lifetime of(1L1 psec) but because they are visited
them open, respectively) whereas e&sirepresents the more often. The fact that such behavior was practically
set of equivalent heteromeric structures withmono-  absent from the recordings (flickery transitions were re-
mers in the open conformation. Based on the results obeorded but not necessarily around 50% of the total am-
tained during the reconstitution experiments, we asplitude) indicates that scheme A is inappropriate. In
sumed that the opening of every additional monomeischemes3, C, D, andE the statistically corrected tran-
contributes with the same elementary conductance. Difsition rates for opening or closing are the same from all
ferent sets of rate constants were simulated to test ththe substates as if the opening (or closing) of one subunit
validity of the model and to get an order-of-magnitudeincreased the microscopic rate of opening (or closing) of
idea of the values of the rate constants between statethe remaining subunits. This incorporation of positive
The kinetic parameters and results of six such simulacooperativity greatly improved the ability of the linear
tions are shown in Table 1 and Fig. 8, respectively. Thenodel to mimic the experimentally derived data.
rate constants in Table 1 are “macroscopic” or “statisti-Scheme B predicts the occurrence of concerted openings
cally corrected” in the sense that they reflect the numbeand closures like those shown in Figs. 2, 3, and 4. Itis
of hypothetical monomers that can undergo a givenalso remarkable how well it predicts the existence of
isomerization step. In schemés B, C, D,andF both  brief spikes of currents. Because of the fast transition
the fully closed and fully open states are particularlyrates between subconductance levels (50,000 se0/-
stable, a characteristic that is needed to account for thery sequence of current transitions that starting at the
long sojourns usually observed in these states. Thesdosed level does not reach the fully open level and,
five schemes differ, however, in the remaining rate con-instead, goes back to closed (ace versg, gives rise to
stants. In schem#, once the channel reach8sor S;  one such spikes many of which go undetected. The fine
the eight remaining subunits behave independently okinetic structure of these brief current transitions is better
each other, opening and closing at a (microscopic) rate oflustrated in Fig. &—E,where the rates between sublev-
10,000 sec* per subunit. This scheme predicts someels are considerably smaller. Schen@sE succeed in
“flickery” gating around 50% of the total amplitude. predicting the existence of longer-lived sojourns in in-
This is hardly surprising because only f§y andS; the  termediate conductance levels, and the frequent occur-
two transition rates leading away from them are veryrence of sequential openings and closures of the type
similar to each other (40,000 and 50,000 $gcThus, shown, most notably, in Fig. 7. Finally, scherfRepre-
once any of these sublevels is reached, the probabilitiedicts the type of flickery behavior better illustrated
of further opening or closing are almost equivaledt{ in Fig. 2B. This scheme is basically scherBebut the
0.5). In contrast oncs, is reached, for example, the S, - CandS; - S, transitions are made much slower
channel proceeds 8, with a probability of(D.78 (and  so that the currents adopt the form of bursts of activity
to S, with P J0.22) which makess; a more populated betweenS, andS; interrupted by longer-duration dwell-
substate tha®,. For the same reasd® is more popu- ingsinCandO. These bursts are far from being simple,
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Fig. 8. Simulated single-channel data according to
a linear multistate reaction scheme. The transition
rates are indicated in Table 1. The current-step

<— size and root mean square (rms) excess noise
between any two adjacent conductance levels were
2 pA and 0.46 pA, respectively. The rms noise of

F the zero-current level (baseline) was 1 pA.
Currents were simulated, and are displayed at, a
sampling rate of 100 kHz and a filter cutoff

<«—— (Gaussian digital filter) of 50 kHz.

40 msI
10 pA

p.

two-state transitions betwee}) andS;. From the tran-  The fusion of plasma membrane vesicles to planar lipid
sition rates in Table 1, it can be calculated that each suchilayers turned out to be a useful tool and this approach
burst has a rather complex kinetics consisting, on avershould also be followed to study the ion channels present
age, of 100.5 sojourns i, andS;, 200 inS,, S;, S;, and  in the basal membrane, which are even much less known.
S, and 1 inS; and S;, and has a mean duration of 12 Application of the patch-clamp technique to the intact
msec. tissue was reported to be difficult in terms of gigaseal

In conclusion, a multistate linear kinetic scheme formation (Brown et al., 1993). In addition, syncytiotro-
with transition rates that can spontaneously vary seemphoblast tissue cannot be maintained in culture, and use
to capture several aspects of the gating kinetics of thi®f differentiating cytotrophoblast cells as an alternative
novel cation-selective channel. source of ion channels seems inappropriate as these cells
might not attain the same degree of differentiation as
they do in the placental syncytium at term (Hoshina et
al., 1985). Nevertheless, even though the reconstitution
of native membrane fragments on planar lipid bilayers
CHANNEL RECONSTITUTION allowed the identification and characterization of a novel

channel (this paper), it should be also borne in mind that

To the best of our knowledge, this paper provides thevesicle isolation procedures might have caused the loss
first electrophysiological evidence for the existence of aof cellular constituents (cytosolic factors, cytoskeletal
nonselective cation conductance in the microvillousproteins, ancillary subunits) that could be important for
membrane of the human syncytiotrophoblast at termnormal channel function (Rossier, 1998).

Discussion
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PHYsIoLoGICAL ROLE channel would contribute to these processes depends on
its probability of being open in-vivo. To address this
Based on the presented results, we can only speculaissue, we will need to know the factors that control chan-
about a physiological role for this channel. Clearly, thenel opening (which may include situations other than
only peculiarity with some pharmacological interest is cell-swelling), and the degree to which this channel gates
the channel’s sensitivity to 4, which is highly char- spontaneously.
acteristic (though, certainly, not indicative) of mechano- Within the framework of the RVD response, it is
sensitive channels (Yang & Sachs, 1989; Caldwell,also possible that at least one of the two €hannels
Clemo & Baumgarten, 1998). Mechanosensitive chandescribed in the placental microvillous membrane (Gros-
nels have been described in a variety of epithelia wherenan et al., 1997) acts as a pathway for @hd negatively
they were suggested to act as swelling-activated channetharged osmolyte efflux, as recently suggested (Birdsey
during cell-volume regulation. Most cell types, includ- et al., 1999). Several Clchannels have been shown to
ing the syncytiotrophoblast at term (Shennan, McNeilliefulfill this role in other, epithelial and nonepithelial, tis-
& Curran, 1993), undergo an increase in volume whersues (Kirk, 1997).
exposed to hyposmotic conditions. This initial swelling
(caused by the influx of water) is followed by an efflux
of intracellular osmolytes (K CI”, amino acids, 6-car- SINGLE-CHANNEL BEHAVIOR
bon polyols) and osmoatically obliged water which allows
the cell to recover its initial size, a process known Kinetic heterogeneity has been reported for almost every
as regulatory volume decrease (RVD). During RVD, ion channel characterized at the single-channel level.
mechanosensitive nonselective cation channels are prédowever, data selection procedures usually succeed in
posed to open upon cell swelling catalyzing the influx of separating the current traces in more homogeneous data
Na" and C&* which, in turn, activate Kand CI efflux ~ subsets that are more appropriate for functional studies.
through C&*-activated K or CI” channels. Our reversal For the particular case of the placental cation-selective
potentials measurements in experiments conducted in thehannel described in this paper, we could not find any
presence of different chloride-based salts suggest that thetraightforward criterion to classify the recordings as be-
placental cation-selective channel is also readily permelonging to one class or another. Instead, we can only
able to the other monovalent and divalent cations, instate that no simple kinetic model accounts for the chan-
addition to K. Electrophysiological experiments have nel’'s recorded behavior. By simulating single-channel
failed, however, to demonstrate the existence of'Ca recordings we arrived at the conclusion that we have to
activated K channels in the syncytiotrophoblast apical invoke the occurrence of temporal changes in the tran-
membrane but it is possible that these ion-selective pathsition rates of a multistate linear kinetic scheme to ac-
ways exist in the basal membrane. ThéGsensitivity — count for many aspects of this channel’s behavior in a
of the apical CI channels has not been studied thus far.parsimonious manner. This avoids the need of resorting
This indirect involvement of stretch-activated channelsto more complicated models where a different confor-
in regulatory volume decrease, coupling the mechanicamational change underlies each current transition. The
deformation of the cell to an increase in<ahas also  hypothesized spontaneous changes in the transition rates
been suggested in a variety of tissues such as choroibletween states, however, have eluded every attempt to be
plexus (Christensen, 1987), renal proximal tubule cellsexperimentally controlled, and represent the next intrigu-
(Hunter, 1990; Filipovic & Sackin, 1991, 1992), brain ing issue in understanding how this novel channel gates.
capillary endothelial cells (Popp et al., 1992), and GH The similarities between the single-channel proper-
cells (Chen et al., 1996). Admittedly, though, we do notties of these nonselective cation channels and the maxi-
have any experimental evidence for the channel beindgl™ channels present in the placental microvillous mem-
mechanosensitive. However, as planar lipid bilayers ardrane (other than the ion selectivity and sensitivity to
tension clamped (Sachs, 1997), attempts to modulate bblockers, of course) are remarkable (Grosman et al.,
layer tension (for example by imposing a transmembrand 997). Clearly, both have large conductances, multiple
hydrostatic pressure gradient) as a means of regulatingonductance states, complex kinetics, and unstable kinet-
the activity of the channel, would have been fu-ics. However, the relationship between this particular
tile. Patch-clamp experiments will be needed to addresshannel behavior and the physiology of syncytial epithe-
this issue conclusively. lia (if any) remains unknown.

Some other roles for this nonselective cation channel ~ As mentioned earlier, planar lipid bilayers are ten-
such as participation in the transepithelial transfer of sol-sion clamped. Due to the excess lipid available in the
utes between mother and fetus, and in the establishmefitorus” their tension does not change even when sub-
of the rather depolarized microvillous membrane potenjected to a transmembrane pressure gradient. Yet, the
tial (median0 -22 mV, Greenwood, Boyd & Sibley, fact that the described channel was active in planar lipid
1993) cannot be ruled out. The extent to which thisbilayers is not in conflict with its proposed mechanosen-
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sitivity. In eukaryotes, mechanical forces are suggestegrosman, C., Mariano, M.l., Bozzini, J.P., Reisin, I.L. 1997. Properties
to reach the channel through the cortical cytoskeleton of two multisubstate Clchannels from human syncytiotrophoblast

(Sachs, 1997; Sachs & Morris, 1998) which, very likely reconstituted on planar lipid bilayes.Membrane Biol157:83-95
' ’ ' ' ' Grosman, C., Reisin, I.L. 1996. Nonselective cation channels from

un.derwent alterations dur_ln_g the membrane-vesmle 1S0- apical plasma membranes of human term placenta reconstituted on
lation procedures: Thus, it is conceivable that some Cy- janar lipid bilayersBiophys. J.70:A199 @Abstr)

toskeletal disruption could have rendered the channeligshina, M., Boothby, R., Hussa, R., Pattillo, R., Camel, H.M., Boime,
tonically active. Furthermore, planar lipid bilayers are 1. 1985. Linkage of human chorionic gonadotrophin and placental
under a substantial intrinsic tension which could be suf- lactogen biosynthesis to trophoblast differentiation and tumori-
ficient to activate the channel even “at rest” (Sachs, 9enesisPlacental3:163-172 _

1997)_ Finally, background activity could be expected adHunter, M. 1990. Stretch-activated channels in the basolateral mem-

some stretch-activated channels (Sackin & Palmer, 1987; 2;%?:451 455'29'8 proximal cells of frog kidneyfluegers Arch.

Ch(_:"n etal, 1996) dISplay some degree of Spontanem‘ﬁunter, M., Giebisch, G. 1987. Multi-barrelled K channels in renal
gating. tubules.Nature 327:522-524
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