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Abstract
amplifier under current clamp mode, which is essentially resulted by electronic design of the headstage of the patch clamp. A new kind

Previous research revealed that distortion is detected in transient voltage signal recorded with traditional patch clamp

of headstage is designed to modify the defect, the circuit of which not only measures the transient potentials as the classical voltage
follower does but also is quite suitable for the standard voltage-clamp mode. Furthermore, the technique of voltage-clamp-controlled
current-clamp is applied for modifying the conventional patch-clamp amplifier, the variable low-pass filter is added into the circuit to
reduce the response speed of voltage-clamp module, thus the transient potentials changes can be measured while membrane potential is
kept at a constant value. Bridge balance circuitry is designed to eliminate the voltage drop while the variable current injected into the
electrode. And fast capacitance compensation stage of conventional PCA is modified to neutralize the capacitance and accelerate
system response speed for current-clamp mode. The experimental results on cell model demonstrate that modified PCA meets the

requirement of monitoring transient potential changes in electrophysiology research.
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The patch-clamp technique is a fundamental and
powerful method for studying the electrophysiological
properties of cell membranes. Conventional patch-
clamp amplifiers (PCAs) are applied to record not only
the ion channel currents in voltage-clamp (VC) mode
but also the membrane potential in current-clamp (CC)
mode [ 3. Investigations of the membrane potential
events in different excitable cell systems have been
carried out in the previous researches®™ 4. However, the
experimental results demonstrated that fast transient
potential signals, such as action potentials (APs) and
excitatory postsynaptics potentials (EPSPs), would be
remarkably distorted when recording with the
conventional PCAs in CC model.

The generation of the error current and distortion
of membrane potentials by PCAs in CC mode is the
consequence of the function principles and electronic
design of the headstage™ ®. In the conventional PCAs,
the CC mode (Figure 1) is accomplished by employing
a feedback between the current monitor signal and the
electrode potential. The feedback acts rapidly to keep
the current at zero by varying the electrode potential
appropriately. In this way, the high input impedance
voltage
However, the input impedance is only improved to a

measuring amplifier is accomplished.

limited extent and an error current is absorbed by the

patch-clamp amplifier, current-clamp, voltage-clamp-controlled current-clamp, low-pass filter, bridge balance,

PCA in the CC mode. The error current flow through
the PCAs alters the recorded voltage signals in two
ways: a voltage drop across the series resistance and by
altering the amount of the current charging the
membrane capacitance®. Moreover, it is impossible to
obtain actual voltage signals by performing the off-line
corrections of distorted signals, because the related
parameters adopted in off-line correction could not
actually reflect the practical conditions of the cell
membrane during the recording!”.

Therefore, the best way is to modify the circuit of
the PCA for CC recording in order to overcome the
problems and the limitations. Peters ez al.’¥ designed a
low frequency voltage clamp (IfVC) system that
modifies the conventional current-clamp mode of PCA
for recording the transient potential events while the
average membrane potential is kept constant. Later,
Sutor et al. ¥ presented an extended technique which
“ voltage-clamp-controlled current-clamp”
(VCcCC) and implemented it using a discontinuous
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Fig. 1 Schematic of conventional patch-clamp amplifiers in CC mode

single-electrode voltage-clamp amplifier. In this paper,
we redesign a new headstage to overcome the above
mentioned limitations of the headstage of PCAs in CC
the VCcCC
implemented to modify the electronic circuit of the

mode. Moreover, technique is
conventional PCA. The improved PCA can be used to
record the transient potential changes accurately at the

preset membrane potentials.

1 Methods

1.1 TImprovement of headstage

The essence of the voltage follower is a
unity-gain buffer amplifier which has an input
resistance many orders of magnitude greater than the
resistance of electrode and cell, so that the output of it
reflects the voltage at the tip of the electrode exactly
and the amplifier draws no current from the cell under
ideal conditions. Thus, voltage follower has been
considered as the first selection for CC recordings, and
the PCA working as a voltage follower in CC mode

should be regarded as the optimum scheme. That’s

why the principle and design of the voltage follower is
introduced into the modification of the conventional
PCAs P,

Figure 2 shows the schematic diagram of the new
headstage for CC mode. The feedback between
operation amplifiers (OAs) Al and A2 makes the
headstage for VCcCC mode has a very large input
resistance as voltage follower (Figure 2a). The OA A3
and the feedback resistor (R, in Figure 2a) are used to
make a high quality current source for generating and
injecting the command current, which is the essence
difference between the new headstage and the
conventional PCAs headstage. The input of A3 is the
sum of the electrode potential V, and the command
voltage V., so the voltage drop across the feedback
resistor R is equal to the V., regardless of V,,, and the
corresponding current across the R;is given exactly by
I = Va/R;. The closed-loop control system circuit is
maintained stable under all conditions and the
frequency response characteristic would not be
influenced when the feedback factor £ is set at 10.
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Fig. 2 The new headstage proposed for current-clamp mode
(a) The schematic diagram of the new headstage. The feedback between operational amplifiers (OAs) Al and A2 is of the voltage-series type. A3 is

implemented for current injection. See text for details. (b) Circuit of the new headstage for voltage-clamp mode and voltage-clamp-controlled

current-clamp mode. Analog switches SW2 and SW3 are used to set the modes. SW1 is used to set the range of feedback resistors.



2008; 35 (4)

REfR%E. mRJETHITH

TEHEYIR T 2467

The actual circuit of new headstage of PCAs is
shown in Figure 2b. The switching between VC mode
and VCcCC mode is accomplished by analog switches
SW2 and SW3. When the PCA works in VC mode
(SW2 is switched to Record while SW3 to V), the
headstage circuit retains the same elements as

conventional headstage and the function or
performance of the headstage in VC mode wouldn’t be
influenced. As a consequence, the new headstage is
suitable for accurately recording the transient voltage
signals in current-clamp mode and is perfectly
compatible with the classic VC mode.

1.2 Principle of VCcCC

The equivalent diagram of the modified PCA

injection

system in VCcCC mode is as shown in Figure 3. The
membrane potential V,, will be obtained, after the
output signal ¥V, of the headstage is corrected by
capacitance compensation unit (compensating the
capacitance of the headstage and electrode), R,
compensation unit (correcting the voltage drop across
the series resistor) and offset adjustment unit
(correcting the offset of the headstage). The membrane
potential V,, and the holding voltage V4 are fed into a
difference amplifier (A5), and the resulting error signal
e is amplified by the proportional controller unit. The
output signal y is fed into the current injection unit via
the variable low-pass filter unit after being summed
with the input command current signal /.
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Fig. 3 Schematic diagram of modified patch-clamp amplifier for VCcCC mode recording

1.3 Low pass filter

The low-pass filter is added into the closed loop
control system to remove the transient changes of the
membrane potentials and to reduce response speed of
the VC module. If membrane potential V,, has slow
potential changes, the low frequency component of
signal y can pass through the low-pass filter and
negative feedback to keep V,, at V. On the contrary,
the high frequency portion of signal y couldn’t pass the
low pass filter when the V, has transient potential
changes, thus the membrane potential V,, would not be
influenced. In this way, the modified amplifier thus
performs recording transient voltage changes while
holding the membrane potential at a constant value.

In the VCcCC mode, only signals below the
preset frequency can be voltage-clamped and the

response time of the system must be at least 100 times
slower than the frequency response of the signals of
interests . To meet the requirement of monitoring
membrane potential under different conditions, the
time constant of the low-pass filter is selectable. The
low-pass filter consists of a 1 000 wF capacitor and a
series of selectable resistors of four possible values:
10 kQ, 100 kQ, 1 MQ and 10 M), resulting in the
system time constants between 10 s, 100 s, 1 ks and
10 ks. The time constant of the low-pass filter is
selected by the combination of two analog switches.
1.4 R, compensation

Experimental evidences had demonstrated that
the series resistance (R,) can distort the membrane
potential signals by causing a significant voltage
drop®7. The variable current injected into the
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headstage causes a corresponding voltage drop across
R, so the output of the headstage is:
Vo=V + Lo - Ry (1)
In order to separate the membrane potential V,,
from the output potential ¥V, of the headstage, a
subtraction technique named as “ Bridge Balance
Technique” is used in our circuit. The essence of the
technology is to generate a signal that is proportional
to the product of the electrode current and series
resistance, and then the actual membrane potential is
isolated by subtracting the signal from V,. The circuit
in Figure 4 is used to generate the signal and then
eliminate it. The multiplying digital-to-analog
converters (MDACs) DA1 and DA2 are used to set the
proportional factor of R, compensation as variable
resistances!'”. The membrane potential V, is given by:
VamVo + Voot — gﬂvm (2)

DAl
Where command voltage Ve = Iaw - R: -

The commonly used method is to apply repetitive
pulses of current to the electrode when it is immersed
in the bath. The control codes of DA1 and DA2 in R,
compensation stage are adjusted until the steady-state
pulse response is completely eliminated. The value of
series resistance can be calculated by the parameters of
the compensation circuit. Special attention should be
given to that R, compensation stage can work only
under the condition that the series resistance is
constant!'!l,

Vp+ Vp offset

Fig. 4 Detailed Schematic diagram of series
resistance compensation
Multiplying digital-to-analog converters DA1 and DA2 are used to set
the proportional factor of series resistance compensation stage.
Difference amplifier A2 is used to subtract the scaled fraction of the

current from V.

1.5 Capacitance compensation

The high frequency performance and bandwidth
of the amplifier is limited by the presence of the input
capacitance of headstage and the stray capacitance of
the electrode. The capacitance and the series resistance
form a low pass filter, so the high frequency portion of

signal is attenuated when the step stimulus signal is
injected into the headstage. The special electrical
circuit named “ capacitance compensation stage” is
added to neutralize the capacitance. We modified the
C-fast compensation circuit of VC mode, because the
principle of the capacitance compensation in VCcCC
mode is the same as the C-fast compensation in VC
mode. The essence difference of the two modes is that
the input signal of compensation circuit is clamped
voltage V. in VC mode while it is the output of the
headstage in VCcCC mode. When compensation
current injected through the injection capacitor is
exactly equal to the current that passes through the
capacitance of headstage and the
capacitance of the electrode, the influence of the
capacitor will be completely eliminated.

The headstage and capacitance compensation

input stray

stage will form a closed loop control system, when the
output of headstage used as the input of capacitance
compensation stage and being injected to the electrode.
Therefore, the circuit will oscillate if the gain of the
capacitance compensation stage exceeds a certain
adjust C-fast
compensation stage to neutralize all capacitance in the
VC mode first, and then adjust the value of the
compensation 0.5 pF lower; and finally switch to
VCcCC mode (HEKA -elektronik GmbH. EPCI10

Patch-clamp amplifier user’s manual 8.6. 65-65).

setting. It is recommended to

2 Results and discussion

A conventional PCA PC-2C (InBio life science
instruments, China) ' was modified to perform
intracellular recording in VCcCC mode. In order to
estimate the performance of the modified PCA in
VCcCC mode, we performed a series of tests on a cell
model (CM1, InBio life science instrument, China).

Figure 5 shows the process of the capacitance
compensation. A repetitive pulse (2 kHz, V,, =20 mV)
was injected into the Cell Model, and then the
response was acquired at the V,, monitor. As shown in
Figure 5a, the high frequency portion of signal is
attenuated when the step signal passes through due to
the presence of stray capacitance of electrode and
input capacitance of the headstage. After exact
compensation the system response is accelerated
remarkably (Figure 5b). The current injected into the
input of headstage caused the output signal to
overshoot when the gain of capacitance compensation
stage exceeds the optimum setting (Figure 5c).
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Fig. 5 Results of capacitance compensation
(a) The high frequency component of response is attenuated for the
presence of capacitance. (b) System response is accelerated remarkably
after exact compensation. (¢) The injecting current caused the output
signal to overshoot when the gain of compensation stage past the

optimum setting.

Figure 6 illustrates the results of the series
resistance compensation experiment. The repetitive
step signal (200 Hz, V, =40 mV) was applied to a
5.1 MQ) series resistance at /., and then the response
was acquired at the V,, monitor. Figure 6a reveals that
there is a rapid voltage step on the response due to the
voltage drop across the series resistance before Rs
compensation. When optimum compensation is used,
the voltage drop across the series resistance is
eliminated in Figure 6b. If the compensation is
advanced too far, the voltage drop is overcompensated
and a reverse-polarity rapid voltage step appears

(Figure 6¢).
@ Z
1 ms
(b)/\/\
©

Fig. 6 Results of the series resistance compensation
(a) The response has a rapid voltage step on the response due to the
voltage drop across the series resistance before compensation. (b) The
voltage drop is eliminated when the series resistance is exactly
compensated. (c) The voltage drop is overcompensated and a
reverse-polarity voltage step appears.

The most important performance of system is the
response speed to the disturbances of membrane

potential. Repetitive step signals were injected at the
input of the headstage (Cell point in Figure 2a) as the
disturbances of the membrane potential, and the
response was acquired at the V,, monitor. When the
series resistances are 1 M() and 10 M(), the bandwidth
of system before capacitance compensation is
15.8 kHz and 1.5 kHz, respectively. After optimum
capacitance compensation, the bandwidth is increased
to 42 kHz and 10.5 kHz, respectively™. Experimental
results demonstrate that the system has a bandwidth of
above 10 kHz after capacitance compensation, which

is enough for measuring physiological signals.

3 Conclusion

A new headstage for CC mode recording is
designed to overcome the electronic design limitations
of conventional PCAs headstage. The new headstage is
suitable for accurately recording physiological voltage
signals as conventional voltage followers. The VCcCC
technique  was modify  the
conventional PCAs. The experimental results of the
cell mode demonstrate that the improved circuits can
overcome the disadvantage of conventional PCAs in
the CC mode and enable monitoring of fast potential
changes at preset holding potentials. The new
headstage and VCcCC technique will facilitate the
measurement of the transient membrane potentials and

implemented  to

might increase the accuracy of the system.

References

1 Hamill O P, Marty A, Neher E, et al. Improved patch-clamp
techniques for high-resolution current recording from cells and
cell-free membrane patches. Pflfigers Arch, 1981, 391: 85~100

2 Kandel E R, Schwartz J H, Jessell T M. Principles of Neural Science.
4th . New York: McGraw-Hill, 2000. 152~153

3 Stern P, Edwards F A, Sakmann B. Fast and slow components of
unitary EPSCs on stellate cells elicited by focal stimulation in slices
of rat visual cortex. The Journal of Physiology, 1992, 449: 247 ~
278

4 Jung H Y, Staff N P, Spruston N. Action potential bursting in
subicular pyramidal neurons is driven by a calcium tail current. The
Journal of Neuroscience, 2001, 21(10): 3312~3321

5 Magistretti J, Mantegazza M, Guatteo E, et al. Action potentials
recorded with patch-clamp amplifiers: are they genuine?. Trends
Neuroscience, 1996, 19: 530~534

6 Zhang C, Fan F, Qu A L. True current clamp-analysis and
improvement of current clamp in the conventional patch clamp
amplifier. Modern Scientific Instruments, 2005(4):28~31

7 Magistretti J, Mantegazza M, Curtis M, et al. Modalities of distortion

of physiological voltage signals by patch-clamp amplifiers: a



<470 EMLESEMEHRE Prog. Biochem. Biophys. 2008; 35 (4)

modeling study. Biophysical Journal, 1999, 74: 831~842 11 Rivka S G. The Axon Guide for Electrophysiology & Biophysics
8 Peters F, Gennerich A, Czesnik D, et al. Low frequency voltage Techniques. Foster City, CA: Axon Instruments Inc., 1993. 27~43
clamp: recording of voltage transients at constant average command 12 WRTE, ABFFM, HEAR. 35— ARE B IR 28 o A DG S e i i
voltage. Journal of Neuroscience Methods, 2000, 99: 129~135 T AR BT O 2E 244, 1995, 23(5F) 2): 92~96
9 Sutor B, Grimm C, Polder H R. Voltage-clamp-controlled current- Cao Z S, Zou S B, Kang H G. Journal of Huazhong University of
clamp recording from neurons: an electrophysiological technique Science and Technology, 1995, 23(Sup. I ): 92~96
enabling the detection of fast potential changes at preset holding 13 A, PR 23 e T B I ) B AR A ) s i e . R A e
potentials. Pflugers Arch-Eur J Physiol, 2003, 446: 133~141 THE, 2005, 26(2): 91~93
10 Alzaher H, Ismail M. Digitally tuned analog integrated filters using Fan F, Qu A L. Shanghai Journal of Biomedical Engineering, 2005,
the R-2R ladder. Electronics, Circuits and Systems (ICECS), 2000: 26(2): 91~93
383~385

& ‘EJEH:: thl EE,I)IL%H BT

o B® O BT
(TR R S5 LG0T L 430074)

WE WITIEY, R TSRS AR R R Il SR B DR AR S A AE R, Ht R AR AR S A2 el Ty
AR REBEE . T SRR e G F v h TSk, O Sk AN BE R AR S O T R AS AR R L, T
HAE ARG R AR, Bedh, i 44 D ri s BHA 1 £ PRI BRI P AR S EA% 8 PR P BHTBOR A . T T AR )
AR PRI 5% A T A P s A e g i IR, AN S P S A7 £ ) B A A SR DR HL S A5 5. P48 LB P RV B e 2
P LI R 10 L BELINS H SR A LT R 2. T A G v R PR P4 DA et P SR A M LA 20 A AR SR TBOR B BN
FLAIF B e VBT S AR G R i N . A RS PR S S SR T, S s PR BT TBOR 45 RE 8 0 A HEL 2 FRUAJT 9 v bRkt LA
AR IR 1 75 2L

KR WETATIOC RS, WA, AR A, AR RS, MRS, PR M
ZRSES  Q337, TN7223

* [ AR T B (30327001).
TR .

Tel: 027-87792032, E-mail: alqu@mail.hust.edu.cn
W HH: 2007-07-31, #%3 HMH: 2007-10-25



