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The voltage clamp measurement method developed by H o d g k i n — 
H u x l e y — K atz has recently come into widespread use ( H o d g k in  et al., 1951). 
According to this method, the potential of the investigated cell membrane 
is shifted from a defined quiescent value to different values by applying 
a square-wave, and the potential is held at these shifted values with high 
accuracy by the use o f a feedback amplifier. The potential values are within 
the normal operating range of the cell; recording o f the membrane currents 
pertaining to different potentials is thus possible with sufficient accuracy. The 
recorded responses may be used to determine the specific quality and quantity 
cell parameters, and problems involving the potential generation of the cell 
may be investigated with sufficient details.

The measurement method is explained by Fig. 1, showing the simplified 
equivalent circuit of the voltage clamp circuit made up of the control amplifier, 
the cell membrane and the current amplifier. Principal parameters of the 
method are determined as follows. The difference between amplifier input 
command voltage E c and instantaneous membrane voltage Vm will result in 
amplifier output voltage A(EC — V m) =  V0. Output voltage V0 is loaded by
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current electrode resistance R ME and membrane resistance R m. From these, 
R m is not constant, and the instantaneous membrane potential Vm is generated 
across this resistance. From the two equations, Vm may be expressed, and mem
brane current Im can be deduced from the I/V converter output voltage.

I t  is seen from the expressions presented in Fig. 1 that increasing the 
gain of the control circuit will decrease the effect o f current electrode resistance 
R me, and the membrane voltage V m will approximate voltage E CA/ 1 + A  
which is the command voltage E c. The current measurement accuracy is de
pendent on the difference between E c and Vm so the control circuit gain should 
be chosen as high as possible (Nasttjk, 1963; Cole, 1968).

W ith a given gain, the difference <5 between E c and Vm is determined 
from the following relation:

£  T r i  T T  Rc “f~ Rme -̂ má =  E c- V n  =  -  1 + д

Thus the gain required from a given difference is given by

д  _  E c -f- R me Im _  j 
Ö

Fig. 2 shows the block diagram of the voltage clamp measurement 
set-up as completed in our Biological Research Institute. A  mode switch is 
provided to choose between two-channel normal recording and voltage-clamp  
investigation. A chamber for preparation having adjustable temperature is also 
provided for temperature investigations, in addition to substance investi
gations.
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According to the arrangement shown in Fig. 2, the change of membrane 
potential is sensed by a FET input amplifier, the output of which is connected 
to  the input of a two-stage control amplifier. This is also driven by the square- 
wave generator supplying the command signal and by the adjustable DC 
signal generating the quiescent membrane potential. The current necessary 
for fixing the adjusted membrane potential level is generated by the difference 
of the command signal driving the control amplifier and the instantaneous 
membrane potential. Thus the necessary membrane current flowing through 
the current micro-electrode is supplied by the second control amplifier. Mem
brane current is sensed by a current-voltage converter giving an output volt
age proportional to  the instantaneous membrane current (Ch a m b e r l a i n  and 
K e r k u t , 1969).

The circuit diagram of the voltage clamp measurement set-up is shown in 
Fig. 3. More im portant details are explained as follows (T o b e y  et al., 1971).

NCA-1. This is a non-inverting type negative capacitance amplifier 
sensing the membrane potential change through VME, and having an input 
impedance of 1011 ohms. I t  has unity  gain and a ten  times internal gain for 
neutralizing the input capacitance. The output of this amplifier may be con
nected to  the digital voltm eter thus making possible, without external instru
mentation, simple adjustm ent of zero level, compensation of voltage electrode 
tip  potential and measurement of voltage electrode resistance.

NCA-2. Inverting type negative capacitance amplifier for control of 
I Me depth of penetration. I t  has an input impedance of 1011 ohms and ten 
times gain. During measurement, it serves to  make possible a switch-over 
from normal connection to  voltage clamp measurement. The NCA-2 amplifier 
has compensating and control circuits similarly to  NCA-1.

CONT. А -l. This is a three-input analog adder with an amplification 
adjustable from 40 dB to 56 dB. The three inputs are fed by the DC voltage 
generating the quiescent potential, the instantaneous membrane voltage and 
the square wave generator command signal. The amplifier output, supplying 
the algebraic sum of the three signals multiplied by amlifier gain A, is con
nected to  amplifier CONT. A-2.

CONT. A-2. Noninverting type amplifier with a gain adjustable be
tween 20 and 26 dB. The amplifier output supplies the current, flowing through 
the current electrode, necessary for clamping the cell membrane voltage.

The two-stage control amplifier solution was justified by the requirement 
for following rapid potential changes. W ith the gain required, this was the only 
means to  realize the required bandwidth.

/ /  V CONV. Operational amplifier with current amplification circuit. 
The current of the high impedance signal source, flowing through the feedback 
resistance, generates an output voltage e0 =  — I m É F. Thus the error of 
current measurement is given by the accuracy and stability of resistance R F. 
In  the current-voltage converter for membrane current sensing, a high stability 
R F =  1 megohm ± 1 %  resistor has been applied.

Double step SQW gen. The second generator is triggered by the square 
wave of the first generator. Time durations, amplitudes and polarities of the 
two square waves are independently adjustable. Maximum pulse duration is 
40 seconds and maximum amplitude is ±200 mV, which data  meet all test 
requirements. The square wave generator is single-shot operated by a push
button, bu t an external trigger signal may also be used.
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DC LE V E L .  The membrane quiescent potential within the cell operating 
range is set by the DC level a t the summing amplifier input. DC adjustm ent 
range is zero to  -f- 200 mV.

MODE SW IT C H  (A , В ).  This serves for simplifying and speeding up 
the test procedure. According to  the test sequence, switch position A  is used 
for two channel recording. In  this mode, the zero level adjustm ents of ampli
fiers NCA-1 and NCA-2, the tip-compensation of VME and I ME and their 
resistance measurements by the digital voltm eter are performed. Following 
these procedures, the suitable penetration depth of the two electrodes can be 
checked on a double-beam scope. In  switch position В  the circuit is suitable 
for voltage clamp measurements. In  this arrangement, the quiescent potential 
of the cell can be checked by the digital voltmeter. According to  the measure
ment, one scope channel serves for membrane potential indication and the 
other channel for membrane current indication.

The highest ion current which m ay be compensated by the voltage 
clamp circuit of Fig. 3 can be calculated by the expressions given in Fig. 1. 
W ith a 5 megohm current electrode, the highest current which can be com
pensated is ±  3 и A which is suitable for our purposes.

The accuracy of membrane current measurement may be determined 
from Fig. 1. Our tests showed th a t a membrane potential change of E c -)- 70 mV 
caused a membrane current change of I m =  800 nA. Current electrode resist
ance was R me =  5 megohm and amplification was A =  104. Thus accuracy 
is calculated as follows:

d =  Ec +  RMElm =  70. 10 — 3+  (5 , 106 . 8 . 10*. 10-») =  Q ^  m y  
1 +  A 104

d =  0.407 mV voltage error corresponds to  4.65 nA current error, so the ac
curacy of current measurement is 581% if a linear relation between command 
voltage and current is assumed. The actual <5-error will be worse because of 
nonlinear membrane current sub-ranges, bu t will still meet the requirements.

A photograph of the voltage clamp measurement set-up together with 
the chamber for preparation is shown in Fig. 4. The circuits are housed in 
subracks corresponding to  the block diagram groupings. The photograph 
shows in the right column the amplifier NCA-1, the I /V converter and control 
amplifier (in a single subrack), the NCA-2 amplifier and the J- 15 Y power 
supply feeding all circuits. The center part shows the digital voltm eter and 
the mode switch, and the unit supplying the tem perature control of the chamber 
for preparation is shown a t the left side.

Summary

According to  the voltage clamp method, measurement is performed by 
the aid of the two intracellular glass microelectrodes applied to  the nerve 
cell. One of the electrodes is used to  record the changing voltage of the cell 
membrane. This voltage and a defined command step voltage are applied to 
a summing network, and the current corresponding to  the sum is applied to 
the other (current) electrode. Membrane voltage is thus constant with good
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approximation, and the ion currents flowing during the measurement may be 
recorded by a suitable current-voltage converter.

In  the paper, the basic measurement principle, the design criteria of 
the amplifier param eters, the data  of the double step square wave generator 
and the detailed circuit description used for actual measurements are pre
sented.
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V O L T A G E  C LA M P M É R É S I Ö SSZ E Á L L ÍT Á S M E M B R Á N  P A R A M É T E R E K
V IZSG Á LA TÁ H O Z

Véró M ih á ly

Összefoglalás
A  v o ltage  c lam p m ódszernek  m egfelelően a  m érés az idegsejtben  in trace llu lá risan  

b e v it t  k é t üveg m ik ro e lek tró d a  segítségével tö r té n ik . A z egyik  e lek tró d a  a  se jtm em b rán  
változó  feszü ltségét reg isz trá lja . A  m em b rán  feszültség  egy  m e g h a tá ro z o tt id e jű  k o n stan s  
feszültséggel e g y ü tt  összegző á ram k ö rre  k e rü l és az e redm énynek  m egfelelő á ra m  foly ik  
á t  a  m ásodik , ú g y n ev eze tt á ram elek tró d án . A  m em b rán  feszültsége a  m érés a la t t  jó  
közelítéssel á llandó , így  a  m érés a la t t  fo lyó io n á ram o k  m egfelelő áram -feszü ltség  k o n 
v e r te r  seg ítségével reg isz trá lh a tó k .

A  do lgozat ism erte ti a  m érés a lap e lv é t, az e rő s ítő k  p a ra m é te re it m eg h a tá ro zó  
szem p o n to k a t, a  k o n stan s  feszü ltséget szo lgálta tó  négyszöggeneráto r a d a ta it  és a  k o n k ré t 
m éréshez h a szn á lt összeállítás részletes á ram k ö ri m ego ldásait.
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