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ABSTRACT Inositol 1,4,5-trisphosphate (InsPy) receptors (InsP;Rs) are intracellular Ca®* channels gated by the second
messenger InsP,. Here we describe a novel approach for recording single-channel currents through recombinant InsPzRs in
mammalian cells that applies patch-clamp electrophysiology to nuclei isolated from COS-7 cells transiently transfected with
the neuronal (Sll(+)) and peripheral (Sli(—)) alternatively-spliced variants of the rat type 1 InsP;R. Single channels that were
activated by InsP; and inhibited by heparin were observed in 45% of patches from nuclei prepared from transfected cells
overexpressing recombinant InsPzRs. In contrast, nuclei from cells transfected with the vector alone had InsP;-dependent
channel activity in only 1.5% of patches. With K* (140 mM) as the permeant ion, recombinant Sli(+) and Sll(—) channels had
slope conductances of 370 pS and 390 pS, respectively. The recombinant channels were 4-fold more selective for Ca®" over
K™, and their open probabilities were biphasically regulated by cytoplasmic [Ca®*]. This approach provides a powerful new
methodology to study the permeation and gating properties of recombinant mammalian InsP;Rs in a native mammalian
membrane environment at the single-channel level.

INTRODUCTION

The second messengers inositol 1,4,5-trisposphate JjinsPto the presence of multiple isoforms in most tissues
and diacylglycerol are generated in response to agonists th@tVojcikiewicz, 1995; Taylor et al., 1999). To address this
activate phospholipase C (Berridge and Irvine, 1989). JnsPproblem, we have attempted to develop functional assays
diffuses through the cytoplasm and binds to its receptothat measure the properties of recombinant JRséhannels
(InsPR), which is an intracellular C4 channel (Patel et specifically. We previously showed tH&Ca&" fluxes from
al., 1999). Binding of Inspto the InsBR gates the channel microsomal vesicles prepared from COS-7 cells engineered
open. The resulting rapid release of stored Crom the  to overexpress recombinant In§¥ and sarcoplasmic- and
endoplasmic reticulum generates elevations of the concerndoplasmic-reticulum Ga-ATPase type 2b (SERCA-2b)
tration of free C&" in the cytoplasm ([C&'])), which is  could be attributed specifically to the recombinant RS
transduced into the modulation of a diverse array of cellulagBoehning and Joseph, 2000). However, this approach can-
processes (Marks, 1997). not provide detailed information about gating or ion perme-
Structurally, the InsgR is a tetrameric channel composed ation through InsgR channels. We therefore sought to
of subunits derived from three separate genes (types 1, develop a method to measure the activities of recombinant
and 3 InsBRs) (Mignery et al., 1990; Sinof et al., 1991; |nsP,Rs in mammalian endoplasmic reticulum membranes
Blondel et al., 1993). All three isoforms are capable ofat the single-channel level.
forming heterotetramers, adding to channel diversity (Jo- The intracellular location of InsjRs once precluded the
seph et al., 1995; Wojcikiewicz and He, 1995; Monkawa etyse of traditional patch-clamp electrophysiological ap-
al.,1995; Nucifora et al., 1996). Furthermore, the type lyroaches to measure single-channel currents, requiring that
isoform is alternatively spliced at three separate locations ifhe channels be reconstituted into planar lipid bilayers.
a tissue-specific manner (Mignery et al., 1990; Danoff et al. gjjayer reconstitution has recently been used to record the
1991; Newton et al., 1994). The resulting receptor heterosingle-channel activities of recombinant types 1 and 2
geneity is believed to contribute to the spatial and temporaﬂnspsRS (Kaznacheyeva et al., 1998; Ramos-Franco et al.,
complexity of [C&"]; signals observed in many cell types 1998a, 2000). Nevertheless, this approach suffers from the
(Miyakawa et al., 1999; Thomas et al., 1996). An importantncertainty that the observed channel properties may not
goal is to determine the functions, properties, and regulatiopafiect those of the channel when it is in its normal mem-
of specific InsBR isoforms, but this has proved difficult due 5346 environment. The understanding that the outer mem-
brane of the nuclear envelope is continuous with the endo-
plasmic reticulum membrane, and the ability to achieve
Received for publication 21 November 2000 and in final form 16 April gigohm seals on isolated nuclei with a patch pipette, has
i(()j(:r;ss reprint requests to Dr. J. Kevin Foskett, Department of Physiolenat-)Ied single-channel recordings of the naﬁ@lopus
ogy, B39 Anatomy-Chemistry Bldg/6085, Univérsity of Pennsylvania,]_aeVIStype 1 InsBR bY patch-clamp electrophysiology of
Philadelphia, PA 19104-6085. Tel.: 215-898-1354; Fax: 215-573-6808iS0lated oocyte nuclei (Mak and Foskett, 1994). More re-
E-mail: foskett@mail.med.upenn.edu. cently, this system has been successfully developed to
© 2001 by the Biophysical Society record the properties of recombinant IgBPchannels (rat
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have a method to record the activities of recombinant mamPreparation of cellular homogenates

malian channels in native mammalian membranes. Here, w. . .

have developed a novel methodology to study recombinan he cultgre flasks were washed twice with phosphate-buff-
InsP;R isoforms expressed in cultured mammalian ceIIs.ered sah.ne (PBS) and the ceI(!s were released by exposure
We have recorded single recombinant IgRRhannels by for 10 min to 5 mM EDTA, 0.5% b_ovme serum aTIbuemln n
patch-clamping nuclei isolated from COS-7 cells engi—PBS' The cells were then centnfugeq (500 g; 4°C),
neered to transiently overexpress recombinant rat;RsP washed once with 5 ml of resuspension buffer (0.25 M
COS-7 cells were chosen for these studies because reco’%g.crose, 0.15 M KCI, 3 m\g-mercaptoethanol, and 10 mM

binant InsBRs overexpressed in these cells do not associat rs, DE :f.S), peIITted ai]a('jn’ iﬁdlres&sgzlgﬁd Edldxr)nl of the
with the endogenous IngR channels (Boehning and Jo- same bulier suppiemented wi m a m-

seph, 2000). We describe, for the first, time, the Single_pIete protease inhibitor cocktail (Roche Molecular Bio-

. chemicals, Indianapolis, Indiana). The cell suspension was
channel properties of both the neuronal ($lJf and pe- then gentlv homoaenized by 25 strokes in a motor-driven
ripheral (SlI(=)) splice variants of the rat type 1 IngRin en gently homogenized by SUOKes Ih a motor-drive

native mammalian membranes. Both channels require lass teflon homogenizer operating at 350 rpm, with cell

InsP; for gating and they had similar permeation propertiesmtegrlty monitored by trypan biue staining. Homogeniza-

1 0,
and ionic selectivities. Examination of the [€3, depen- tion was stopped when-30% of cells showed nuclear

dence of the open probability of the SHY channel showed trydpan glue E‘at'ﬂ!?g- fF(;ththe; hoTogelzlz;\tl(r)]n reslulteg IIrI1 a
it to be biphasic and remarkably similar to that of the fe@uced probability of detecting nglated channels. Ce

X . lysates were stored in resuspension buffer on ice and used
enopustype 1 channel recorded in oocyte nuclear mem-th dav i tch-cl . i
branes. The experimental approach described here is advane Same day in paich-clamp experiments.
tageous over other methods because of the ability to record

single recombinant IngR channels in native mammalian

membranes. The simplicity and reproducibility of express-Patch-clamping COS-7 cell nuclei

ing and detecting recombinant IngPchannels on COS-7
cell nuclei should significantly advance efforts to elucidate
the structure-function relationships in this important intra-

cellular C&* channel.

Approximately 10ul of cellular homogenate was added
to a dish containing 1 ml of bath solution and 0.001%
trypan blue (see Patch-clamp solutions) and transferred
to the stage of a microscope. Isolated nuclei visually free
of extraneous cellular debris were identified by trypan
blue staining, and patch-clamped at room temperature.
EXPERIMENTAL PROCEDURES Because InsfR channel open probabilityP() decreased
after ~40 min in bath buffer at room temperature, nuclei
were replaced regularly. Patch pipettes typically had re-
The neuronal rat type 1 INSR SI(=), SHI(+), SlI(+) sistances of 10—20 megohms; nuclear seals greater than 5
splice variant was the kind gift of Dr. Thomas'@wf gigohms were routinely obtained. Most experiments were
(University of Texas Southwestern Medical Center, Hous-done in the on-nucleus configuration, although patches
ton, TX). This cDNA was cloned into pcDNA3.1, as de- could be excised, exposing the luminal aspect of the
scribed elsewhere (Boehning and Joseph, 2000). The comsP;R to the bath, without degradation of seal quality or
struct encoding the rat SH() splice variant lacking amino channel activity. Single-channel currents were amplified
acids 1693-1732 has been described previously (Lin et alysing an Axopatch-1D amplifier (Axon Instruments, Fos-
2000). ter City, CA.) with anti-aliasing filtering at 1 kHz, and
transferred to a Power Macintosh 8100 via an ITC-16
interface (Instrutech Corp, Port Washington, NY). Data
were digitized at 5 kHz, and written directly to hard disk
by Pulse+ PulseFit software (HEKA Elektronik, Lam-
Maintenance and transfection of COS-7 cells with 48P brecht/Pfalz, Germany). The applied potential is the pi-
cDNA has been described in detail elsewhere (Boehningette electrode potential minus the bath electrode refer-
and Joseph, 2000). Briefly, 75-érflasks were seeded with ence potential, and positive current flows from the pipette
1.2 x 1C° cells the day before transfection. Cells wereto bath. Single-channel recordings were analyzed using
transfected with LT1 transfection reagent (Mirus, Madison, TAC 3.03 (Bruxton, Seattle, WA) and plotted using lgor
WI) for 5 hours in serum-free Dulbecco’s modified Eagle’s Pro 3 (WaveMetrics, Lake Oswego, OR) and SigmaPlot
medium (DMEM) before replacing the medium with (SPSS science, Chicago, IL). Permeability ratios were
DMEM supplemented with 10% fetal bovine serum. Cellscalculated using the experimentally determined reversal
were processed after 48 hours, as described below. potentials (Hille, 1992).

Expression constructs

Cell culture and transfection

Biophysical Journal 81(1) 117-124



Patch-Clamp Recording of Mammalian InsP;Rs 119

Patch-clamp solutions cell type might provide a consistently low background level

. . of endogenous IngR channel activity in their isolated
15-88 ba’\t/lh T?,OAI\LII:;“'?X C%”é%';;d %;(;;Mb'fucell 1;)”?'\/'2?0EPnEMS'nuclei. We reasoned that nuclei isolated from transfected
K 1o 0 ! COS-7 cell nuclei might therefore provide a useful system
[C& ;o0 (~220 uM added C&") adjusted to pH 7.1 with g P 4

for recording single recombinant mammalian IgRB in a
KOH. Bath trypan blue concentratiorrs0.002% reduced ; g sihg 5
InSP.R sinale-channeP. (d h d h native mammalian membrane.
fns 3 s!ggde-(;.ann O(I Qta nots °.W”)O'| ?20 Wel\r/le}iceiri-o COS-7 cell homogenates were added directly to a bath
rﬁr’\j aVEOIIDEeS. 1(')%Et|t\j SB?ALIS'II?:SOan:r?II\r/IwNaATPmlo M, containing trypan blue on the stage of an inverted micro-
! " T Sy scope equipped with video imaging. Isolated COS-7 cell
InsP,, and 200 nM [C&'];.. (unless otherwise noted), pe equipp ging

: " : nuclei were typically 10-3Qum in diameter (Fig. 1A).
adjusted to pH 7.1 with KOH. To determine th.e effects 0fNucIei suitable for patching were identified as those that
[Ca®*]fee ON INSRR P,, the free C&" concentration in the
patch pipette was varied. AP, calculations were per-
formed on recordings exhibiting only a single channel. Each
P, data point represents the average of at least three separat
recordings obtained under identical experimental condi-
tions. Free C&" concentrations in all buffers were deter- ~ 20pm
mined with a C&*-selective mini-electrode (Sigel and Af-
folter, 1987). To determine relative ionic selectivity, we
used a high-Cd bath solution with 50 mM CagJ 30 mM
KCI, and 10 mM HEPES, adjusted to pH 7.1 with KOH; and
alow K* (osmolarity not adjusted) pipette solution with 14
mM KCI, 10 mM HEPES, 100uM BAPTA, 0.5 mM
NaATP, 10uM IP, and 200 nM [C&"];,.. adjusted to pH
7.1 with KOH. All ion selectivity determinations were cor-
rected for the liquid junction potential (Neher, 1995).

RESULTS B

Recording of recombinant InsP;Rs on +10uM 1P,

isolated nuclei *FMMWWWNWWMWWWWMW

We have shown previously that IngPisoforms expressed

in COS-7 cells form tetramers, bind InsRand localize to No IP,
the endoplasmic reticulum (Joseph et al., 2000). Impor-
tantly, the recombinant channels do not hetero-multimerize
with the endogenous receptor population, and their expres- 19, m IP,

sion does not up-regulate the expression of the native type_,._
2 and type 3 InsfRs (Joseph et al., 2000; Boehning and WMWMMMMMUWW
Joseph, 2000). Recombinant InBR transfected into

COS-7 cells form functional Ga release channels, as

determined using 4°C&" flux assay (Boehning and Jo- +10uM 1P; +10pg/ml Heparin

seph, 2000). Previous studies demonstrated that native™ =~ T vt v o P
InsP;R channel activities can be recorded by patch-clamp-

ing isolatedXenopus laevisocyte nuclei (Mak and Foskett, 10pA I_
1994, 1997, 1998; Mak et al., 1998, 1999). The single 10Gms

channel activities of expressed recombinant mammalian

.. . FIGURE 1 Detection of recombinant Ing® channels.4) Isolated nu-
InSPSRS can be Slmllarly recorded, using batches of OOCyte%Iei free of cellular debris were visually identified for patch clamp elec-

that express |0W _|9V9|5 Of native Ing®s (Mak et gl., 2000).  trophysiology. An intact cell is visible directly below the isolated nucleus
Nevertheless, it is technically challenging to discover suchbeing patched, and a damaged cell is present in bottom BT e InsR

batches, and the system is not ideal because the recombinaigpendence of gating was confirmed by repeatedly patching onto the same

mammalian channels are examined in an amphibian menfucleus with pipettes alternatiyely contair_1ing iy Iqug, no I+nsP3, or

brane. Because COS-7 cells express a relatively low densi InsP; plus heparin (1Qug/ml). Pipette solutions contained low'Kbuffer,
) L P . y tzynd the bath contained 140 mM KCI (see Patch-clamp solutiémsjw,

of endogenous InsRs (Wojcikiewicz, 1995; Joseph et al., zero current level. Traces from type 1 St splice variant recorded at 0

2000; Boehning and Joseph, 2000), we considered that thisv holding potential. Variability inP, among patches is typical.
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displayed a smooth aspect over 50-100% of their surfackonic conductance and selectivity of alternatively

area, and we attempted to form seals on those smooth aregpliced rat InsP;R-1

It was possible to routinely obtain seals with resistanegs

gigohms on such nuclei. To record InfPchannel activi- In symmetric K" solutions, the SIi) splice variant chan-
ties, a saturating concentration of Ins@0 uM) was in-  nel had a linear current-voltage relation, with a slope con-
cluded in the pipette solution, because the ligand-bindingluctance of 369+ 6 picosiemens (pS). The SH{ splice
region of the expressed Ing®is located on the cytoplasmic variant channel had a similar slope conductance of 389
aspect of the channel, which faced into the pipette. In nucleps (Figs. 2A and 2B). These values are similar to those
from COS-7 cells transiently transfected with IgBRype 1 determined for the types 1 and 3 channels measured under
cDNA, large conductance channels were detected in 45% ofimilar recording conditions orXenopusoocyte nuclei
nuclei examined with Insfin the pipette solution (Table 1; (320-360 pS; Mak and Foskett, 1998; Mak et al., 2000). To
Fig. 1B). This rate of detecting channel activity is consis- getermine the ion selectivities of the recombinant channels,
tent with the 40- 60% transfection efficiency of In¥  eyersal potentials were measured in the presence of asym-

CDNA into COS-7 cells (Joseph et al.,, 2000). Multiple metrical KCI solutions. With a low K buffer in the pipette
channel levels were detected+B80% of the patches (Table 4,4 140 mM KCl in the bath (see Patch-clamp solutions)

1). The probability of detecting channel activity increased tosurrent through the SH#) channel reversed at44.9+ 0.5
>95% when membrane patches were obtained from thg,. ihe sii(-) splice variant displayed a similar reversal
same nucleus that had previously shown channel activity. I'E)otential (+44.8+ 0.2 mV) (Fig. 2C). Using the Goldman-

smiey experinen usig sk sl 7 <ol Vet cquations (il 1952, 1 e peme
' bilities of the channel to K and CI" (Pc*: Pg.) was

2 of 12.6 seals (1.5%; Table 1). Therefore, the probabilit_y 0d termined to be 15. Thus, the channel is cation selective.
detecting channels was dependent upon the expression Ill is value is in good agreément with the relativé &I~

binant | . . .
recombinant InsgRs permeability determined for th&enopustype 1 InsBR

To confirm that the observed channel activities were . .
contributed by the InsfR, the InsR dependence of chan- (M_a_k_ and Fosk+ett, 1994). To determine th_e relative perme-
bilities of C&" and K", channels were first detected in

nel activity was investigated by repeated patching of thé® X )
same nucleus with pipettes alternately containing eithefYmMmetrical 140-mM KCl solutions, and then t+he patch was
10 uM InsPs, no Insk, or Ins plus the InsBR com- excised and the bath was replaced with a high'Gaolution
petitive antagonist heparin (1@g/ml; Sigma Chemical (see Patch-clamp solutions). Voltage ramps frei20 mV
Co., St. Louis, MO; low molecular weight). Membrane to +60 mV were employed to determine the reversal po-
patches could be obtained successively from the sami@ntial (Fig. 3A). Under these conditions, both SHf and
nucleus, as demonstrated in the series of traces in Fig. $!l(—) splice variant channels had reversal potentials of
B, and this sequence could be repeated for as long as thiel8 mV when corrected for the liquid junction potential
nucleus remained undamaged and attached to the surfaffeig. 3 B). The value for the reversal potential is similar to
of the coverslip. Channel activity was observed whenthose determined for théenopudype 1 (Mak and Foskett,
InsP, was present in the pipette solution, but not when it1994) and rat type 3 (Mak et al., 2000) channels in native
was absent or present together with heparin. (Fig)l membranes. Using the Goldman-Hodgkin-Katz equations
We therefore conclude that the channels we observednd the value of R, :Pc, the relative permeability of G4
were the expressed IngR. to K" (Pcaz:Pc) was determined to be-4. Thus, both

TABLE 1 Detection of InsP;-sensitive channels on transfected COS-7 cell nuclei

Condition InsBR PD >1 channel (%) Inactivation (%)*
Recombinant type 1 IngR + InsP; 317 (708) 45.0% 27% 9.3% (Ba= 1 puM)
77.0% (C&" = 10 uM)
Recombinant type IngR — InsP; 0(11) 0.0% 0% N/D
Recombinant type IngR + heparin 0 (20) 0.0% 0% N/D
Recombinant type InsR + heparin+ InsP; 0(19) 0.0% 0% N/D
pcDNA3.1 + Insk; 2 (126) 1.5% 0% N/D

InsPR, number of InsRgated channels detected, with total attempts in parenthesis; PD, probability of detecting agalesPchannel; N/D, not
determined.

Sensitivities to heparin (1Q.g/ml) or the absence of IngRvere determined using nuclei previously demonstrating Jz&sitive recombinant channel
activity (PD > 95% when membrane patches were obtained from;Hrsidsfected nuclei previously demonstrating lpsEnsitive channel activity).
*Inactivation defined as channel activity lasting fewer than two minutes from the start of recording.
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; ‘P FIGURE 3 Divalent cation selectivities of recombinant I1gRR splice
O 104 variants. f) Voltage ramp protocol used to determine the reversal potential
i in the presence of 140 mM KClI in pipette and high*Cén the bath (see
g < Patch-clamp solutions). A ramp protocol was employed to minimiZe Ca
« -201 @/ flux through the channel toward the cytoplasmic face, to minimize possible
5 Ca*inhibition of channel activity. B) Single-channel openings during
30 ; i . . . . , voltage ramp. Zero current level, indicated bglid line was not leak
0 10 20 30 40 50 60 70 subtractedDashed linewas fitted to channel openings. This recording of
Applied Potential (mV) the Sli(—) splice variant is representative of at least three separate deter-

minations. The Sli-) splice variant was not significantly different (not

FIGURE 2 Conductances and ion selectivities of alternatively splicedshown).
InsP;Rs. () Typical current traces at various holding potentials of recom-
binant InsRR activities in symmetrical 140 mM KCI solutions. The traces
are a continuous recording of the type 1 Si)(splice variant channel. The  kett, 1994, 1997; Mak et al., 2000). The recombinant
Sli(+) splice variant demonstrated similar gating behavior (not shown).lnsp Rs observed in the present study occasionally opened
(B) Current-voltage relationship of the SHJ splice variant §pen circle¥ t |3 lv defined b duct | Is f hort iod
and the SlI¢) splice variant ¢losed circley Data points represent 0 Clearly delined sub-conductance levels for short periods
mean S.E.M. of three separate determinations. In most cases error bafs~10 t0 100 ms). However, these events were rare, ob-
are smaller than the symbolSolid lines linear regressions through the served in<0.01% of all channel openings. Whereas a half
data points. The Sli) channel had a slope conductance of 38% pS,  (H) conductance state, reminiscent of an H state in the
and the SlI¢) chanqel hqd a slope conductaqce of 3696 pS. C) XenopuslnsP3R-l (Mak and Foskett, 1994, 1997), was
Current-voltage relationship of the SHJ (open circle} and the Sli) b d (Fig. 4A). the InsBR-1 ch | ded i
(closed circleysplice variants with low K in pipette and 140 mM KCl in observed (Fig. .)’ e ins E channeis recorded In
bath (see Patch-clamp solutions). Current amplitudes determined at holdifgOS-7 cell nuclei also exhibited other sub-conductance
potentials betweer-10 mV and+60 mV. Solid lines linear regressions ~ States that have not been previously reported (Fig.ahd
through the data points. C). The flicker kinetic mode and the double (D) substates,
which have been observed in both the rat type 3 (Mak et al.,
recombinant splice variant of the rat type 1 IgRPare  2000) and the nativeXenopustype 1 (Mak and Foskett,
Céa " -selective cation channels. 1997) InsRRs recorded in the oocyte nuclear envelope,
A feature of InsBR channel gating is the presence of were not observed in the IngR channels recorded in

sub-conductance states (Watras et al., 1991; Mak and Fo€OS-7 cells.
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Gating of the InsgER is sensitive to [C&']; as well as
[InsPy]. Low [Ca®*]; stimulate InsRliganded channels,
whereas higher [Cd]; are inhibitory (Patel et al., 1999; 0-01‘0 ™
Taylor, 1998; Thomas et al., 1996). The biphasic effects of

[C&*], on InsR-mediated C&' release are believed to

underlie oscillations, waves, and transitions from localized

P IGURE 5 [C&"]; dependence of recombinant In&Pchannel open
to glObal cellular responses. Althoth Itis genera”y agreed;robalbility. (@) Typical current traces of the recombinant Si)(channel

that the type 1 isoform is inhibited by high [@qi’ it has at various free C& concentrationsArrow, zero current level. Recordings
been suggested that the types 2 (Ramos-Franco et aperformed in symmetrical 140 mM KCI at holding potential-620 mV.
1998b, 2000) and 3 (Hagar et al., 1998) isoforms are not(B) Dependence of IngR channel open probability on free Caconcen-
Gating of both theXenopudnsP,R-1 (Mak et al., 1998) and tration..Da_ta points represent mean S.E._M. of at least three separate
recombinant rat InsfR-3 (Mak et al., 2001) channels in the d?‘?rm'”at'ons‘ [Cal]; dependence of nativéenopusnsPR open prob-
. . . ility, measured by patch clamping isolated oocyte nuclei (Mak et al.,

oocyte nuclear envelOpe membrane is regulated blphaSICaI 98) is plotted for comparisorilled circles). Solid lines biphasic Hill
by [C&"];. Because of the central role of [€3; in regu- equation fit to thexenopugdata (Mak et al., 1998).
lating the channel, we investigated the effects of{Gaon
the gating of the recombinant rat SHf InsP,R-1 in COS-7
cell nuclear membranes. Inactivation of the channels was consistently observed

To examine specifically the effects of [€4, on  (Table 1), although channel activities sometimes lasted for
InsP,R-1 channel gating, a functionally saturating [lgl6f >20 min (data not shown). At low [G4 ] (=1 uM),
10 uM was applied to the cytoplasmic (pipette) side of thedurations of channel activities were longer, with ort$%
channel to stimulate it fully at all experimental [€4,. At  of channels inactivating within 2 min, whereas at {C§,
[Ca*]; corresponding to resting levels in cells (10-100>10 uM, >75% of channels inactivated within 2 min
nM), the open probability F,) of the channel was low (Table 1). These observations suggest that the loss of
(<0.1, Fig. 5). TheP, increased to 0.6 - 0.8 when [€7, InsP;R activity observed during patch-clamp recording may
was raised from 100 nM to &M (Fig. 5). Between [C&'],  be due to an InsPand C& " -dependent inactivation process.
of 1 uM and 25uM, P, remained high0.8). As [C&"]
was increased beyond 26M, P, dropped precipitously
(Fig. 5). This biphasic [C&]; dependence of the recombi- DISCUSSION
nant rat Sli¢+) type 1 channel is remarkably similar to that In this report we have described a new methodology for
of the Xenopugype 1 InsRR recorded in the oocyte nuclear studying recombinant IngR C&* channels at the single-
membrane system (Fig. B; Mak et al., 1998). Similar channel level involving patch clamp electrophysiology of
results were obtained in recordings of the Sli(type 1  nuclei isolated from transfected COS-7 cells. Because
channel (data not shown). gigohm electrical seals were readily obtained on isolated

FIGURE 4 Recombinant IngR channels have multiple subconductance 100ms
states. Brief transitions to subconductance states were occasionally ob-
served, including a half (H) subconductance state (B)5;and others, B
including one at 39%K) and 28% C) of the main state, were also 1.0
observedDashed linesopen levelssolid ling zero current levelM, the ’
main open state. All traces from type 1 Stl(channels in symmetrical 140 +
mM KCl at +20 mV in 1.0uM Ca®". Similar sub-conductance states were Q.C 0.8 -
observed in the Sli) splice variant (not shown). o
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COS-7 cell nuclei, the limiting factor in recording channel InsP;-induced process, although the underlying mechanisms
activities was the level of recombinant channel expressionnvolved are not known (Mak and Foskett, 1997). A similar
The probability of detecting IngRgated channel activities inactivation phenomenon was observed in the present study
was very low in nuclei isolated from mock-transfected cellsfor rat InsBR-1 channels measured on COS-7 cell nuclei,
(1.5%). In contrast, it was dramatically enhanced by 40-foldalthough channel activity could sometimes be recorded for
in nuclei isolated from cells transfected with In&21  many minutes. The rate of Ingfihduced channel inactiva-
cDNA. The rate of detection of recombinant InBRchannel  tion appeared to be [&]; dependent, although further
activity in the present study~45%) is somewhat greater studies will be necessary to elucidate the mechanisms of
than the probability of detecting recombinant IgRB ex-  InsP;R inactivation.

pressed in COS cells and incorporated into planar lipid A different [C&"]; dependence of the recombinant type 1
bilayers (20—24%; Ramos-Franco et al., 1998a, 2000). It isshannel activity was determined previously usinff@a*
however, similar to the probability of detecting recombinantflux assay (Boehning and Joseph, 2000). The results from
InsP,R channels expressed Xenopusocyte nuclei (50%) those measurements indicated a more bell-shapeti'[Ca
(Mak et al., 2000). A notable advantage of the COS-7 celdependence, with the [€4]; for both the peak activity and
system for patch-clamp electrophysiology of recombinantnhibition of the channel activity displaced to much lower
InsP,R channels is the consistently low rate of detection ofconcentrations than observed here. The discrepancy be-
the endogenous InsR channels. In contrast, use of the tween the [C&"]; sensitivities determined in nuclear patch-
oocyte expression system requires identification of particuing compared with those derived from measurements of
lar batches of oocytes that functionally express very low**Ce" fluxes from microsomal vesicles suggest that un-
levels of the endogenous IngR1 channel (Mak et al., controlled variables can effect the apparent{Qadepen-
2000). In theory, a significant advantage of the nucleadence of channel activity. The [€%];, dependence mea-
patch-clamping approach for studying permeation, gatingured in global C& release assays may be influenced by
and regulatory properties of Ing® channels is that it en- C&" fluxes through the channel that act upon cytoplasmic
ables recording of channels in their native mammalian ensites, and/or by the luminal & concentration, variables
doplasmic reticulum membrane. This approach obviates thehich are highly controlled in the patch clamp experiments.
requirement for the extensive purification and reconstitutionlt may also be possible that outer nuclear membrane-local-
procedures necessary for recording recombinant ;RsP ized InsRRs may have unique sensitivities to fC#, or
channels in planar lipid bilayers. Thus, regulatory factorsthat important regulatory mechanisms are different in the
that might be associated with the endoplasmic reticulumiwo approaches. Further experiments will be necessary to
membrane or within its lumen are more likely to be retainedresolve the quantitative differences obtained between the
with this technique, by comparison with reconstitution ap-two approaches.

proaches, and the channels are exposed to their naturalln conclusion, we have developed a new method for the
complement of membrane lipids. Therefore, the single-measurement of the single-channel activities of recombinant

channel properties observed for recombinant jRsPre- InsP;Rs. The advantages of this nuclear patch clamp ap-
corded in nuclei from transfected COS-7 cells may moreproach include the ability to record mammalian recombi-
faithfully reflect native InsgR channel function in vivo. nant channel activity in native mammalian endoplasmic

In this regard, it is notable that the recombinant ratreticulum membrane, and the ability to record these activi-
InsP;R-1 channel activities recorded in the present studyties in isolation from those of the endogenous ki&Rop-
share many of the properties of the endogengasopus ulation. Utilization of this technique should significantly
InsP,;R-1 recorded in its native oocyte nuclear membrane. Iredvance efforts to elucidate the structure-function relation-
addition to displaying the basic properties of activation byships in InsRR C&* channels.

InsP; and inhibition by heparin, the recombinant channels

displayed rare sub-conductance states, they were similarly
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