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Preface

First edition

The use of microelectrodes as a means of probing the physiological properties of
cells has grown enormously since the pioneering work of Ling & Gerard and
Hodgkin & Nastuk. Microelectrodes are now used in many areas of biological
sciences, to determine not only the membrane properties of cells with voltage
clamp techniques, but also to measure the intracellular free ion concentrations of
important inorganic ions, to study the overall architecture of cells by injection of
markers, to determine the direct connections between cells and, with the advent of
the patch clamp approach, to examine membrane properties at the level of single
ion channels.

In 1983 a number of us working in the biological sciences became aware of an
acute shortage of young research workers with adequate training in such modern
electrophysiological techniques. This shortfall was apparent across a wide range of
biological sciences as techniques that were originally the province of membrane
physiologists interested in excitable cells spread into such diverse areas as
developmental biology and plant sciences. Despite such widespread application,
opportunities for training were few and diminishing as reduced financial resources bit
into University and Research Council funding. Our concern led us to launch a
postgraduate Workshop, designed to provide intensive practical and theoretical
training in Microelectrode Techniques for Cell Physiology.

It was decided to hold the Workshop at the Laboratory of the Marine Biological
Association, Plymouth. The Laboratory has a distinguished record in providing
facilities for membrane physiologists to carry out their research and our suggestion
was received with enthusiasm by the Director of the Laboratory, Professor Sir Eric
Denton FRS, and the Council of the Marine Biological Association. The Natural
Environment Research Council, which provides a Grant in Aid to the Laboratory,
gave full support to the Director. Generous financial assistance was offered by The
Physiological Society, The Nuffield Foundation and the Company of Biologists.
The Science and Engineering Research Council, the Medical Research Council and
NERC all agreed to support a number of their research students and the
Physiological Society, through its Dale Fund, was prepared to give grants to assist
those offered places.

The first Workshop took place in April 1984; the demand was very high — 85
applications for 14 places — fully justifying our concerns about the lack of suitable
training. Two further Workshops have followed, each drawing more than 50
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applicants from all over the United Kingdom, Europe and the rest of the World,
including the United States. We hope that it will become as established and
prestigious as those at Woods Hole and Cold Spring Harbor. The Research Councils
have continued to support their students and the Physiological Society has continued
to give grants to assist those offered places through its Dale and Rushton Funds. The
Laboratory of the Marine Biological Association at Plymouth has been a generous
and supportive host, providing a wealth of marine preparations for our experiments.
The Staff of the Laboratory have received our annual invasion with good humour and
much practical support. We are especially grateful to the late Dr J. P. Gilpin-Brown,
the Bursar of the Laboratory, who has looked after our accounts.

Each Workshop has held firm to the principle of intensive experimental work,
together with theoretical sessions, provided by the resident staff and a number of
visitors. Each of them is distinguished in their own field and has heavy teaching
responsibilities in their own University. The success of the Workshop is a direct
consequence of their enthusiasm, dedication and willingness to give up precious
research time in order to train others. Each year valuable technical help has been
provided by research students or assistants from the laboratories of some of the staff.
Our original sponsors have been joined by Smith, Kline & French, Linton
Instrumentation and the Sandoz Institute for Medical Research. We have also been
fortunate in the number of companies who have generously loaned equipment for use
during the Workshop.

This book is the Workshop Handbook. Like the Workshop itself, it is a cooperative
venture. All the authors have taught on the Workshop and it has benefitted from the
criticisms of the 1986 participants. Three of our number, Peter Gray, Nick Standen
and Michael Whitaker have acted as editors of the various contributions and Judy
Lewis and Carole Wright, secretaries at the University of Leicester, took our ill-
prepared manuscripts and turned them into documents fit for the Press. Our
publishers are the Company of Biologists. They, together with the Physiological
Society, the Nuffield Foundation and the Research Councils, deserve much credit for
making it possible for our tentative plans to materialize into the fully-fledged
Workshop. We hope that other groups of scientists will be encouraged by our success
and that the Microelectrode Techniques Workshop will prove to be the fore-runner of
many other similar ventures.

Anne Warner
Department of Anatomy & Embryology,
University College London.
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Second edition

This second edition of ‘Microelectrode Techniques’ has arisen from the need to
extend the set of lecture notes, which is essentially the purpose of this Handbook, to
cover techniques that are currently taught on the Workshop but were not in the first
edition. In particular, optical techniques — quantitative fluorescence microscopy for
ion concentration measurements and flash photolysis — which are often used in
conjunction with microelectrode and patch clamp methods nowadays are given a
practical treatment in the style of the first edition. The electrophysiological
techniques are extended to include channel reconstitution and recording in lipid
bilayers and patch clamp recording from cells in tissue slices. The techniques
described in the first edition have been updated, notably the chapter on computer
analysis, and expanded or rewritten to take account of feedback from the workshop
itself and from readers. The aim is to provide an introduction to each technique and its
instrumentation, and to extend that to cover the ideas and techniques of analysis and
particular aspects of current practice.

The Handbook originates with the Plymouth Workshop and the authors of the
second edition are current or past teachers. An updated list of teachers, who keep the
Workshops running, is given below.

The Workshop enjoys the continued support and hospitality of the Marine
Biological Association of the UK at their laboratories on Citadel Hill, Plymouth.
Direct financial support is received from the Medical Research Council, the Science
and Engineering Research Council (or its successor), the Company of Biologists and
the Physiological Society. There are several Companies listed below who generously
loan equipment each year.

David Ogden
National Institute for Medical Research, London.
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neurobiotin, in cell-cell communication studies 377
Neurolog system 220-1
nickel, in intracellular marking 370-1
nitr-5 calcium ion chelator 394, 395-6, 395
nitr-7 calcium ion chelator 396
noise
bilayers 93
components of 191
patch clamp amplifiers 429
in photodetectors 329-31
shot 329, 429
current flow and 330
thermal (Johnson) 329
noise analysis 189-207, 425
autocovariance see autocovariance of signal
basis of 190-1



data analysis 195

data preparation for 193-5

in estimating unitary amplitudes 190-8

non-stationary 196-8, 197, 198

software for 236-7

stationary 190-5, 194

techniques 50-1
noise reduction, ion-sensitive microelectrodes 300-1
non-equilibrium conditions 145
non-inverting amplifiers 415, 417
Notebook programs (Labtech) 232
Novell Netware 216, 217
Nyquist frequency 194, 206, 237
nystatin, in vesicle-bilayer fusion 89

octadecyl(Cig)-indocarbocyanine (Dil) 368
on-line sampling 104-5 '
open probability (ion channels) 121-2
operational amplifiers 413-19

see also amplifiers
optical discs 215
optical resolution 13
optical signals

detection 325-34

quantal nature of 318-19
organelles, patch clamp studies 352
oscilloscopes, digital 233
output (computers) 211
outside-out patches 69-70
oxycarbocyanine (DiO) 368

P/N method 231
painted bilayers
resolution 93
spreading from dispersions of 81-3
Pascal programming language 242
patch clamp amplifiers 57-8, 58, 428-33
capacitor feedback 433
frequency response 430-1
noise 429
setting gain 432
patch clamp studies 17, 22, 53-75, 189
choice of preparation 66-7
earthing 59
first used 53
from sliced tissue cells 255-72
giant patches 56-7, 64
gigaseals see gigaseals
identification of ion channels 75
incorporation of ion channels into liposomes 90-2
liquid junction potentials 64-5
loose-patch clamp 55-6
microorganism studies 353
noise in 55
organelles 352
plant cell studies 349-52
plasma membrane 349-52
proteoliposomes 92
pump current measurement 56-7
recording circuit for 54
recording method 53-7
seal factor 56
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seal resistance 53-4
signal resolution 255-6
sliced tissue cells
development of techniques 256
preparation of brain slices 257
whole cell 38
patch permeabilisation 74
patch pipettes 60-3
bilayers on 86
choice of glass 60
coating to reduce capacitance 62-3
in dye injection 364
fire polishing 61-3
manufacture 61-3
stray capacitance 62-3
two-stage pull 62
PC-NFS system 216, 217
pCLAMP 229
pH, intra/extracellular measurement 292, 304
pharmacological current separation 39-41
phase contrast 14
phosphatidyl ethanolamine 86
phosphatidyl serine 86
phospholipid bilayers
chamber preparation 83
formed from monolayers 83-7, 85, 87
incorporation of ion channels into 87-90, 89
membrane capacitance 82-3
on patch pipettes 86
planar 81-3
solution preparation 83
spreading from dispersions of 81-3
photodetectors 325-34
analogue v. photon counting 332-4
Charge Coupled Devices 328
noise in 329-31
photodiodes 327-9
photolabile cation chelators 394-7
photolabile probes see flash photolysis
photomultipliers 325-7, 326
image intensifiers 327
photon counting technique 332-4
photoprotein measurements 319-20
pipettes, patch see patch pipettes
plant cell studies 347-56, 348
ion-selective electrodes 355-6
microinjection 354
pressure probe technique 354-5
voltage clamp 347-9
plasma membrane, patch clamp technique 349-52
point-amplitude histogram 106, 109
Poisson process 318
Postscript language 226
potash glasses 61
power spectrum 422
preparations used 66-7
adult cells 66
cultured cells 66
lipid membranes 66
reincorporation 67
pressure injection 363-4
see also dye injection
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pressure probe technique, plant cell studies 354-5

printers
ink jet 226
laser 225-6
probability density function 122-3,150
exponential 148-53
processing (computers) 211
programming, computer 241-4
languages 242-4
see also software, computer
proline intracellular marker 371
proteoliposomes, patch-clamping 92
protoplast, membrane potential 350
pullers 1-2
PULSE 229
pump currents, measurement 56-7
‘Pyrex’ borosilicate glass 60

quantisation of signals 318-19

R-C filters 423, 423
radioactive labelling 371-2
lineage tracing 372-3
random lifetimes, distribution of 147-8
rate constants 142-4
mean lifetime and 145-6
probabilities and 146
as transition frequencies 145-6
ratio measurements 322-5
relaxation analysis 190, 198-206
voltage jump experiments 200-1, 200
resistors 409-10
bilayer electronics 93-5
- current flow in 407-9
feedback 58
resolving power 13
restoration (of observed record) 102
rhodamine isothiocyanate 368
‘ringing’ (electrode voltage oscillation) 363, 378

Scatchard plot 313, 314
scrape labelling 381
screening (electronics) 59, 436-7
patch clamps 59
‘seal factor’ 56
seals, patchclamp 53-6
resistance 53-4
see also gigaseals
series resistance 20
compensation 26, 436
shield, low-impedance 8§
shot noise 329, 429
current flow and 330
‘Sigmacote’ 63
Sigmaplot fitting program 239
signal aliasing 194
signal conditioner, all-in-one 220-1
signal resolution, patch clamp recordings 255-6
silanization 285-6, 289, 293-4
silver/silver chloride electrodes 3
silver wires 291
single channel recording 57-60

cell-attached 67-9, 68, 69
from sliced tissue cells 270-1, 271
low-noise, glasses for 60-1

single channel records 101-38, 141-86

aims of analysis 102-3
amplitude measurement 105-9, 706-8, 108
effect of duration on 113
separate estimates for each opening 109
attenuation of brief events 105-7
baseline drift 110
capacitative transients 105
computer programs for analysis 102-3
concentration-jumps 173-7
corrections for missed events 137
correlations 135
current transitions
detection 109-10
false event rate 110
interval measurements 111-13
measurement 110-11
threshold crossing method 111-13
digitization of data 104
distribution display 122-9
distribution of lifetimes 146-55
duration measurement 109-22
threshold crossing method 111-13
time course fitting method 113-15
false events 110, 119
filtering data 102-4
fitting channel transitions 115, /15, 117
fitting mechanism to data 178
inferring reaction mechanisms 177
interpretation 141-86
channel number problem 181
mechanism indeterminacy problem 182
parameter indeterminacy problem 181-2
levels of opening 106
limited time resolution, effects of 136-8
macroscopic measurements 141-6
maximum likelihood fitting, simultaneous 178-9
mechanisms
agonist activated channel 156
channel block 156-7, 159-61
simple agonist example 161
with three states 159-73
missed events 137-8, 177-8
fitting with 179-81, 179, 180
multiple conductance levels 118
noise 110
non-equilibrium conditions 145
open probability 121-2
point-amplitude histogram 106, 107
randomness in 144-5
rapid binding 157-8
rate constants 142, 143-4
recording system step-response function 113-15
resolution imposition 120-1
resolution specification 119-21
restoration 102
sampling on-line 105-6
speed of analysis 116-18
temporal resolution 118-19
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threshhold crossing method 116-19
time constant 143
time-course fitting method 116-19
transients 136
transition rates 142
voltage-jumps 173-7
single electrode voltage clamp technique 27-33, 30
amplifiers 32
circuits 28, 32
conventional bridge-balance 29
current recording 29
discontinuous current 29
duty cycle choice 31
plant cell studies 348-9
voltage recording 29
Wilson and Goldner method 27-8, 28
with sharp electrodes 29-33
single-barrelled microelectrodes 283-91
sliced tissue cells
heathiness of 261-2, 264-5
identifying 262
immobilizing in recording chamber 260-1
incubation chamber 260
labelling 262
microscope requirements 262-4
patch clamp recording 255-72
applications 267-72 )
electrodes 264
blind 266-7
single channel 270-1, 271
under visual control 265
see also patch clamp studies
solutions 260
stimulation of 265-6
synaptic transmission in 268-9, 269
technique 258-61
slicers see tissue slicers
slicing solutions 260
soda glasses 61
software, computer 209-10, 226-44
applications programmer interface (API) 227
commercially available, hardware requirements for
251
electrophysiology see electrophysiology software
graphical user interface (GUI) 227, 228
laboratory interfaces 222-3, 247, 249-50
languages 242-4
macros 242
off-the-shelf 210
operating systems 226-8
character-based 227
programming 241-4
space clamps 21
spectral shifts 322-5
Spike2 229
squid axons 22
current kinetics 48-9
stability plots 129, /30
amplitude 129
static data display 224
stationary current fluctuations /94
statistical analysis, software for 235-40

step input 423
step-response function 113-15, 114
stereotaxis method 364-5
suberyldicholine 165
suction pipette voltage clamp methods 22, 24
sulphrhodamine 368
in cell-cell communication studies 377
summing amplifiers 415-16
surface electrodes, ion-sensitive 291-2
switched current clamp
artefacts encountered 10, /2
principle of 10, 11
Sylgard (Corning) 7, 63
synaptic currents
simulation /75
time course 174-7
synaptic transmission in sliced tissues see sliced tissue
cells

tape recorders, FM 215-16
Tchebychef filters 104, 115, 220
characteristic 425
test equipment 437
tetraethylammonium ions 40
tetramethyl rhodamine isothiocyanate (TRITC), in cell-
cell communication studies 377
tetrodotoxin (TTX) 40
Texas Red 368
thermal noise 329
time constants 123, 143
Castillo-Katz mechanism 185
macroscopic 143-4
time course, software for 236
time measurement separation method 38
tip potentials 5-7
measurement 6
tissue slicers 258-9
blades 259
tissue slices see sliced tissue cells
TMSDMA (N,N-dimethyltrimethylsilylamine) 286,
293-4
transgenic generation 379
transition frequencies, rate constants as 145-6
transition rates 142
see also rate constants
two-electrode voltage clamp technique 24-7
amplifier 25, 26, 33-4
capacity compensation 26-7
circuit 25
electrodes 25-6
leakage 26-7
membrane current measurement 26
series resistance compensation 26
voltage recording 25-6

UNIX (computer system) 227

variance meter 193
vector-graphics files 241
vesicle-bilayer fusion 87-90
conditions for 89
video cassette recorders, PCM encoder 216
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video graphics display 224 voltage-jumps 136, 173-7

voltage clamp techniques 17-34 relaxations 141, 200-1, 200
applications 21-4 voltage measurement 410-11
axial wire 22-3, 22 voltage pulse protocol methods 41-2
clamp speed 20-1 volume measurements 294-5

double method 17

gap methods 22, 23

isopotentiality 21

microelectrode clamp methods 22, 23-4

plant cell studies 347-9

schematic circuit /9

series resistance 20

single electrode see single electrode voltage clamp

waiting time paradox 151-3

whole-cell recording 70-5, 434-6
current analysis 189-207
diffusional exchange in 72-4
equivalent circuit 70, 73
membrane capacitance 74-5
series resistance errors in 70-2

technique s ‘
suction pipette methods 22, 24 Wilson and Goldner single electrode voltage clamp 27-
8,28
theory of 18-21 ¢
two-electrode see two-electrode voltage clamp Windows for Workgroups system 216, 217
technique WORM discs 215

see also patch clamp studies
voltage command inputs 433-6 xenon flashlamps 400



