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High-resolution patch-clamp technique based on feedback control of scanning
ion conductance microscopy
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Abstract: The ion channels located on the cell fine structures play an important role in the physiological functions of cell membrane.
However, it is impossible to achieve precise positioning on the nanometer scale cellular microstructures by conventional patch-clamp
technique, due to the 200 nm resolution limit of optical microscope. To solve this problem, we have established a high-resolution patch-
clamp technique, which combined commercial scanning ion conductance microscopy (SICM) and patch-clamp recording through a
nanopipette probe, based on SICM feedback control. MDCK cells were used as observation object to test the capability of the
technique. Firstly, a feedback controlled SICM nanopipette (~150 MQ) non-contactly scanned over a selected area of living MDCK
cells monolayer to obtain high-resolution topographic images of microvilli and tight-junction microstructures on the MDCK cells
monolayer. Secondly, the same nanopipette was non-contactly moved and precisely positioned over the microvilli or tight-junction
microstructure under SICM feedback control. Finally, the SICM feedback control was switched off, the nanopipette slowly contacted
with the cell membrane to get a patch-clamp giga-ohm sealing in the cell-attached patch-clamp configuration, and then performed ion
channel recording as a normal patch-clamp electrode. The ion channel recordings showed that ion channels of microvilli microstructure
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opened at pipette holding potential of -100, -60, -40, 0, +40, +60, +100 mV (n=11). However, the opening of ion channels of tight-
junction microstructure was not detected at pipette holding potential of -100, -40, 0, +40, +100 mV (n=9). These results suggest that
our high-resolution patch-clamp technique can achieve accurate nanopipette positioning and nanometer scale high-resolution patch-

clamp recording, which may provide a powerful tool to study the spatial distribution and functions of ion channel in the nanometer

scale microstructures of living biological samples.
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Fine Structure

B 1 BT 1 BB (SIC M) S B 1 42 B AR AR i 20 A B R
Fig. 1. High-resolution patch-clamp technique is constructed based on the feedback control of scanning ion conductance microscopy
(SICM). A: The scheme of SICM. B: The scheme of high-resolution patch-clamp. C: The operational process of high-resolution patch-

clamp.
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Fig. 2. Light microscope and SICM images of living MDCK cell monolayer. A: A typical light microscope image of living MDCK cells.
Scale bar, 50 um. B: A SICM image of living MDCK cell monolayer (from black dotted square of inset A, 40 um x40 pum).
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Fig. 3. Gradually enlarged SICM images of fine structures of living MDCK cell monolayer. A: A 40 umx40 um SICM image of MDCK
cell monolayer scanned by a SICM nanopipette. B: A 20 pmx20 um high-resolution SICM image of MDCK cell monolayer (from the
black dotted square of inset A). C: A 10 umx10 pum high-resolution SICM image of MDCK cell surface (from the black dotted square
of inset B). The black dotted circles of inset A/B/C represent the same tight-junction-joint structure among three MDCK cells. D: A further
5 umx5 um high-resolution SICM image of MDCK cell monolayer (from the black dotted square of inset C). The left solid arrow
demonstrates the tight-junction between MDCK cells, and the right dotted arrow indicates the ridge-like microvilli.
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Fig. 4. lon channel currents were recorded at the top of ridge-like microvilli in cell-attached configuration by high-resolution patch-clamp
technique. A: A high-resolution SICM image of microvilli on living MDCK cell (3 umx3 um). For ion channel recording, the nanopipette
of high-resolution patch-clamp was carefully moved and positioned over the ridge-like microvilli (white circle). B: The scanning profile
was derived from the image indicated by the dashed line on inset A (Scale bar, 50 nm). C: Cell-attached ion channel currents were recorded
when nanopipette voltage was held at +100, +60, +40, 0, -40, -60, -100 mV. D: An enlarged image of ion channel currents recorded at
0 mV of inset C. Letter “c” indicates the closing level, which is corresponding to level 0. Level 1 and 2 respectively indicate the ion channel

opening level one and two.
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Fig. 5. lon channel currents were recorded at the top of tight-junction in cell-attached configuration by high-resolution patch-clamp
technique. A: A SICM image of tight-junction on MDCK cell surface (5 umx5 um). For ion channel recording, the nanopipette of high-
resolution patch-clamp carefully moved and was placed over tight-junction (white circle). B: Cell-attached ion channel currents were
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3 it

ARSI ' A B R K R HISICME;
AR, M T HT SICM B imt 4 Fh 4 B 1 = 43
R EROR, SO T AR e R SRR AR 0
- IE A AR P ) e R R T A DR R I ) 43
AN, FER R A LA 3L 30 W) 40 ) —— H 2
MDCK A5 R SEBIL T 0355 A A= A i 1) v 20 3 24
1 AR T FAG DX 358 A A R i 2 T M K RS Al 45
Fa R I8 e % o

1 R 40 Ay Na®™ A1 K T3 2240 A /0 I 2 1
VRS ARG AN S R, X B T 7E 0 i A B Th g R
v B TR, DRI 5T 40 B SR TR N &5 )
BT R B A R L. A R
R SR T N Sl AT RS A, AT B
s NARARARI 10T #5202, 7 o i 2% 1 I i S
1 40 N R K S R, AR T

indicates the closing level of channel.

Fe AR e 0 B BETh AEPP . BT A MDCK 40 Jifg i
ey FRATTR o e A LA PG B =k
FLTOUBEZR T 9K N FE R B 5 M AT T 8 il v
WSk, sk I E SAHRE T E KT Na®
WA, T E FE R e 5 ) o R A ) 2
(TFH, AH R ITERR EAN RE 524> 5 i MDCK
o1 B ) S A W A B TR AT R
AR S 48 AR TR MD CK G T AN [R] 3l 45 40 v 5 1
I o0 A S LA B IhRE T e DI R, HIL
AR R Fe it — 20 0oL

TATR R 1) v 23 W2 i Bl R 2 55 F SICM
(1) B Wt 4 A ARG g R, AR T (1) A
H SICM EEARFRATF 2 T 15 43 2 135 14 MDCK 4
MRS, IEKs BB G LG 1 e T I G R
HREAMSER, $Em T A s S T R, H
Fil SICM 7K 23 B CUR TR Ly 24 2,



282

AR PR SRR AT S0 AR ZE R i 2 T 25 i 3
IO o3 A1 S R s AR PR BE I G R o FRATTA 22
MDA%K%H%ﬁ*T@WﬂMgﬂ%L&%%
Zith LREER, K
”AﬁiTﬁaMm(aEU% A ) SICM
BRBATHME R, DK R BRI S FE
i DREFAERAOIR A, ] I Hs ) S 11t DA S
B TR ET RS B RUE AL R P R RS e i
BUREFRTG R BEAN, TR B RIR A 5245 T
KNG P 10 s B BERS S AL AP 0 S5 S8
%%?ﬁ%”%%@ﬁ%ﬁ%&ﬂﬂ%%aﬂ%%
GEE A B ARAR A S0 2328 W] B3 WA o (i 2E
ﬁ?#ﬁ%ﬁEL%ﬁm&%@W%ﬁmu,a
B CERT 7 S, HIC iR SR D A
R R AR TR B BRI (5 S, R Ry 0 R
FERBR T AE KRR B A 22 AT R T K
ARy B TR IS, KRR TR A
AT N 5

g EPTA, T SICM AU w2 il i e 2y %
HRFT BB, MK ROBE R AN AT LY i 44¢
A MOUREEHEA T 5 20 A1 AR SRAS AR ML R T P 44
i TR TR RV RPN /€73 iV VAR R S ep AP DR 2
P REAT A B S IR HRE . DA, i
AT FORBI G A 40 MK R R #y b s 1
SR TEN 11 RS SN ¢ R A K= SN B Pl B
LA T VA 20 M A i 12 3 0 R 18 23T 1
VRS 2 S L o SINUNVSIBVE P N
FETSARET 45 40 L 2 T LU ASE /N R Ry 5 DX I an 16 s 7 Y
iy AU D A5 R, ESTICAAR T 15 HLBRCD
RS I TE LS, K, A PR R RO A
YORADIZAIEIT, R A0 MUER 2K RSO &5
Fe) e e AR BRI RE IR 0 R IP IR A BT R R TF B

B3 3k

1 Tousson A, Alley CD, Sorscher EJ, Brinkley BR, Benos DJ.
Immunochemical localization of amiloride-sensitive sodium

7y

channels in sodium-transporting epithelia. J Cell Sci 1989; 93
(Pt 2): 349-362.

2 Reinhardt J, Golenhofen N, Pongs O, Oberleithner H, Schwab
A. Migrating transformed MDCK cells are able to structur-
ally polarize a voltage-activated K* channel. Proc Natl Acad
Sci USA 1998; 95(9): 5378-5382.

3 Angelides KJ. Fluorescently labeled Na* channels are localized
and immobilized to synapses of innervated muscle fibres.
Nature 1986; 321(6065): 63-66.

A= 2#37 Acta Physiologica Sinica, June 25, 2010, 62(3): 275-283

4 Neher E, Sakmann B. Single-channel currents recorded from
membrane of denervated frog muscle fibres. Nature 1976; 260
(5554): 799-802.

5 Hamill OP, Marty A, Neher E, Sakmann B, Sigworth FJ.
Improved patch-clamp techniques for high-resolution cur-
rent recording from cells and cell-free membrane patches.
Pflugers Arch 1981; 391(2): 85-100.

6 Korchev YE, Negulyaev YA, Edwards CR, Vodyanoy I, Lab
MJ. Functional localization of single active ion channels on
the surface of a living cell. Nat Cell Biol. 2000: 2(9): 616-619.

7 GuY, Gorelik J, Spohr HA, Shevchuk A, Lab MJ, Harding SE,
Vodyanoy I, Klenerman D, Korchev YE. High-resolution scan-
ning patch-clamp: new insights into cell function. FASEB J
2002; 16(7): 748-750.

8 Hansma PK, Drake B, Marti O, Gould SA, Prater CB. The
scanning ion-conductance microscope. Science 1989; 243
(4891): 641-643.

9 Kaorchev YE, Bashford CL, Milovanovic M, Vodyanoy |, Lab
MJ. Scanning ion conductance microscopy of living cells.
Biophys J 1997; 73(2): 653-658.

10 Sanchez D, Anand U, Gorelik J, Benham CD, Bountra C, Lab
M, Klenerman D, Birch R, Anand P, Korchev Y. Localized
and non-contact mechanical stimulation of dorsal root gan-
glion sensory neurons using scanning ion conductance
microscopy. J Neurosci Methods 2007; 159(1): 26-34.

11 Gorelik J, Zhang Y, Shevchuk Al, Frolenkov Gl, Sanchez D,
Lab MJ, Vodyanoy I, Edwards CR, Klenerman D, Korchev
YE. The use of scanning ion conductance microscopy to image
A6 cells. Mol Cell Endocrinol 2004; 217(1-2): 101-108.

12 Gorelik J, Gu Y, Spohr HA, Shevchuk Al, Lab MJ, Harding
SE, Edwards CR, Whitaker M, Moss GW, Benton DC,
Sanchez D, Darszon A, Vodyanoy I, Klenerman D, Korchev
YE. lon channels in small cells and subcellular structures can
be studied with a smart patch-clamp system. Biophys J 2002;
83(6): 3296-3303.

13 Yang X (#7t), Liu X, Ma LY, LiCF, Bao YM, Gao RL, Zhang
XZ, Zhang YJ. Non-contact scanning ion conductance mi-
croscopy for high-resolution morphological imaging of live
cells. J Chin Electron Microscopy Soc (T~ & i 2#4K%) 2009;
28(5): 489-494 (Chinese, English abstract).

14 Zhang YJ (5K %7). Scanning ion conductance microscopy and
its applications in nanobiology. Mod Instruments (E{AX{%
#%) 2008; 3: 1-3 (Chinese, English abstract).

15 Gorelik J, Shevchuk Al, Frolenkov Gl, Diakonov IA, Lab MJ,
Kros CJ, Richardson GP, Vodyanoy |, Edwards CR,
Klenerman D, Korchev YE. Dynamic assembly of surface
structures in living cells. Proc Natl Acad Sci USA 2003; 100
(10): 5819-5822.

16 Gorelik J, Zhang Y, Sanchez D, Shevchuk A, Frolenkov G, Lab



¥

17

18

19

20

21

PR SEF I B T T OB R S B I T BB A 1 R R R A R

M, Klenerman D, Edwards C, Korchev Y. Aldosterone acts via
an ATP autocrine/paracrine system: the Edelman ATP hy-
pothesis revisited. Proc Natl Acad Sci USA 2005; 102(42):
15000-15005.

Gu Y. Effects of [Ca?*]; and pH on epithelial Na* channel
activity of cultured mouse cortical collecting ducts. J Exp
Biol 2008; 211(Pt 19): 3167-3173.

Zhang L, Caplan MJ. Transport protein sorting in polarized
epithelial cells. Acta Physiol Sin (4=Ff2%4k) 2007; 59(4):
505-511.

Tang VW, Goodenough DA. Paracellular ion channel at the
tight junction. Biophys J 2003; 84(3): 1660-1673.

Lifton RP, Gharavi AG, Geller DS. Molecular mechanisms of
human hypertension. Cell 2001; 104(4): 545-556.

Thomas W, McEneaney V, Harvey BJ. Aldosterone-induced

22

23

24

283

signalling and cation transport in the distal nephron. Steroids
2008; 73(9-10): 979-984.

Zhou ZH, Bubien JK. Nongenomic regulation of ENaC by
aldosterone. Am J Physiol Cell Physiol 2001; 281(4): 1118-
1130.

Novak P, Li C, Shevchuk Al, Stepanyan R, Caldwell M,
Hughes S, Smart TG, Gorelik J, Ostanin VP, Lab MJ, Moss
GW, Frolenkov GlI, Klenerman D, Korchev YE. Nanoscale
live-cell imaging using hopping probe ion conductance
microscopy. Nat Methods 2009; 6(4): 279-281.

Shevchuk Al, Frolenkov GI, Sanchez D, James PS, Freedman
N, Lab MJ, Jones R, Klenerman D, Korchev YE. Imaging
proteins in membranes of living cells by high-resolution scan-
ning ion conductance microscopy. Angew Chem Int Ed Engl
2006; 45(14): 2212-2216.



