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The Application of a New Push-Pull Amplifier in Plant Electrophysiology

Zastosowanie nowego typu wzmacniacza przeciwsobnego
w elektrofizjologii roslin

IIpuMeHeHne HOBOIO CHUMMETPUYECKOIO YCHMIMTENA [OCTOSIHHOTO TOKa
B 3JIEKTPOMU3NONOTHN PACTEHUM

The achievements made in Electrophysiology are undoubtelly connected
with the development of adequate experimental methods especially those
which made possible investigations of bioelectrical parameters and of
cells and tissues which accompany excitation.

The amplitude of impulses of action currents in organisms ranges
from very few microvolts to approximately two hundred millivolts. The
duration of impulses varies also in a wide range from one millisecond to
several seconds in plants. The frequency of oscillations of bioelectrical
currents does not usually exceed several hundred cycles per second, but
very slow bioelectrical processes lasting for several minutes are cha-
racteristic of some cells and organisms. Investigation of such processes
is possible with the application of very stable d. c. amplifiers with a small
zero drift and a high amplification. Unfortunately commercial ampli-
fiers which would satisfactorily fulfil such requirements are not at
present available in this country.

The above mentioned difficulties are more pronounced in the field
of Plant Electrophysiology where an additional restriction is imposed on
the measuring technique, namely the high electrical resistance of plant
tissue which is of the order of 105—10% ohms [6]. The high resistance of
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plant tissue involves a high input impedance of the measuring device,
which should be not less than 108 ohms.

However, present electrophysiological experiments involve the applic-
ation of glass microelectrodes with the tip diameter of ca. 1 n. The
resistance of such a microelectrode is as high as 10-—30 Mohms, electrical
measurements thus being only possible with the use of a very high input
impedance d. c. amplifier. This follows from the fact that the resistance
of such a microelectrode in series with the input resistance of the amplifier
would create a voltage divider diminishing the amplitude of the impulse
transmitted to the real input of the amplifier (Fig. 1).

Re

§
¥
|

]DNQ:— Cue

= = = =

Fig. 1. Equivalent circuit of the input of the amplifier

As far as the Electrophysiology of plants is concerned the experi-
mentalist has to face an acute lack of suitable commercial electronic
apparatus. The goal of the present paper is to cover at least partly the
great need for the development of electrophysiological technique in Plant
Physiology in Poland.

APPARATUS

Measurements of bioelectrical potentials are usually carried out by
means of direct current amplifiers of different types, though most often
simple amplifiers with direct coupling between particular stages are used
[1,8,17]. A big disadvantage of such circuits is a high zero drift which
either largely limits the sensitivity of the device or does not allow the
carrying out of long term experiments.
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The amplifiers, working on the principle of the change of direct
current into alternating with a relay at the input of a low frequency
amplifier, possess a relatively small zero drift, but the frequency range,
which is determined by relay is so narrow (e.g. 10—8 cycles — 15, 17),
that only very slow potential changes can be amplified.

It is perhaps noteworthy that sometimes very simple d.c. briiges
with electrometric valves are used for resting potential measurements,
their sensitivity being even as high as a hundred microvolts per one
division of the galvanometer scale with the zero drift not exceeding
0.2 mV per hour (11, 12).

We must now discuss the experimental conditions referring to both
the measurements of bioelectrical potentials and the features of amplifiers
used for this purpose.

1. Input impedance. A very high input impedance of the
measuring device is necessary due to the high resistance of the tissue
(which in the case of plant tissue is as high as 16 ohms per cm?) as well
as the enormously high resistance of microelectrodes transmitting current
to the input of amplifier.

The problem of grid current is in fact identical with that of the high
input impedance but in view of the possible effect of this current on the
tissue it deserves special attention. It appears from the literature and
our own experience that in the case of plant tissues this current should
not exceed the value of 10-!'°A. Such a value can be safely considered
to be negligible and not affecting cells and therefore the recorded
potential difference.

Strictly speaking in this case one can neglect the changes of grid
potential occurring at the moment when relatively small resistance is
connected to the input. The resistance in question is that of plant tissue
(106 ohms), which is small enough compared with the input impedance
(101* ohms) of the amplifier.

Sensitivity. The maximum sensitivity of the amplifier is de-
termined by the range of the measured potential differences. The
amplitudes of resting potentials reach the values of 100—200 millivolts,
but the action current pulses amplitude range is very wide starting from
several tenth of microvolts, the time of duration of the rising phase being
only of the order of milliseconds .

3. Zero drift. The zero drift in d.c. amplifiers is brought about
by unsteadiness of the parameters connected with valves and power
supply. The voltage appearing at the amplifier output due to the drift is
added to the recorded potential difference thus causing the error, which
may be quite substantial. Among many types of amplifier circuits
described in the literature there is one in particular with quite a high
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degree of stability, namely the parallel bridge circuit (4). The signal is
amplified in both arms of the bridge in opposite phases, but the voltage
changes caused by the drift and floating remain in the same phases and
therefore they are not detectable by the measurihg device (oscilloscope).

4. Frequency range of amplifiers. The time of the
rising phase of the voltage impulses produced by living cells may reach
several microseconds, so the range of transmitted pulses should be as large
as to range from zero to more than ten kilocycles per second. This range
is mainly limited by a high time constant of the input equivalent circuit
shown in Fig. 1.

The tissue is regarded as a generator G with internal resistance R,.
The values R, and C. denote the resistance and the capacity of a measur-
ing microelectrode (electrode). R;, and Cj, are corresponiingly the input
resistance and the capacity. The time constant of the input circuit is
expressed by the following simple equation,;

T = R*C, where

and C = C, + Cin.

If C=50pF (which is relatively easily reached) and R, =107 Q, R;, = 10119,
the time constant T = 100 microsec. In some cases this value may still
be too high. A fairly high compensaticn can be achieved by means of
a positive feedback, the last value being dependent upon frequency (10, 11).

5. Moise. Another factor which limits the sensitivity is noise. In
electronic valve devices there are three main sources of this phenomenon;
a) the thermal noise of the grid resistance, b) the noise of grid current and
¢) the noise of the emission current. As in the case when receiving valves
are used as electrometric ones the noise of the emission current is
especially high because then there is necessity for cathodes with a low
heating level.

The above briefly described conditions were taken into account, so
the amplifier constructed by us satisfies all the requirements and may
be used for bioelectrical potential measurements both on plant and animal
cells and organisms. The general applicability of the amplifier is due to
the fact that it is based on the combination of the advantages of the
two types of amplifiers, which are as follows: a) the amplification of
very slow potential changes of the order of millivolts by means of the
d. c. amplifier, with the characteristic frequency starting from =zero,
b) the amplification of the action currents with the amplitudes of several
microvolts by the a. c. push-pull amplifier without zero drift.

The d. c. amplifier operates in the double sided push-pull amplifier
circuit which seems to be the most suitable to the amplifiers with direct
coupling, where an additional restriction the required sensitivity ap-
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proaches the threshold one. The diagram of the circuit is shown
in Fig. 2. The amp!ifier consists of the input stage built on the valves 6zhlzh
working in electrometric regime and possessing a grid current not exceed-
ing 10714A. The grid resistor 101°Q provides the high input resistance
of the circuit. The error due to the voltage drop in the microelectrode
resistances is negligible even in the case when its resistance is as high
as 10’Q2, The change in the grid potential is so small after a short-
-circuiting of the input, that it is not detectable on the scope of the
oscillcgraph. This gives the evidence that the connecting of the amplifier
to the plant does not change its zero position.

The input valves are fed from the batteries with a voltage of 24V. and
the capacity of 100 Ah. Such a power supply system is rather complicated
but it does not affect the circuit as much as it would be affected even
in the case of direct and stabilized current feeding the valves.

By means of the resistor R;= 3JQ the suitable voltage required for
maintaining electrometric conditions of the valves 6zhlzh is achieved, the
antidynatrone grid being used as the control grid (Bonch-Bruye-
vich, 4). The drop in voltage across the cathode resistors in both valves
and across the resistor R, = 700Q provides the anode voltage also for
the screen grids. The high cathode resistance R; = 1.2 MQ substantially
improves the stability of the amplifier. It is perhaps noteworthy that
the potential of the cathodes has been raised to the level of +3V compared
to that of the mass. This has been done by adjusting the potential of the
first grids at the level of +3V which brought about the establishment
of the same potential at the cathodes. The changeable resistor P, con-
necting the anodes of both valves is used for the adjustment of the ampli-
fication of this stage from zero to 0.9- The resistors P3 and P, are used for
fine and course zero control.

The second stage consists of the simple push-pull circuit with a high
common cathode resistor and with the potentiometer output (resistors
R4, Rs, Ry and R7) which will secure a stable working of the d. c. amplifier
built in the oscilloscope OK-6. The sensitivity of the oscillograph is
20 mV/cm, but with the amplifier connected it rises to 3 mV/em. The
zero drift of the system does not exceed 1 mV/hour. The range of the
transmitted frequences varies between zero and 5kHz, the amplification
at the highest frequency being taken as the half of the maximum one.
The valves RV12P2000 are very suitable because of a very small heating
current.

The push-pull a.c. amplifier which is connected to the output makes
possible the amplification of fast impulses (for references see literature
13, 9, 5).
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The frequency range of the d.c. amplifier starts from 10 Hz, the
upper part of it being controlled within the range of 100 Hz to 10 kHz.
The sensitivity of the a.c. signal is 200 microvolts at the frequency
range 10—100 Hz, the ratio signal/noise being equal to 5. For the fre-
quences 10 Hz to 10 Hz the sensitivity decreases to 400 microvolts/cm,
the ratio signal/noise being the same as previously. The amplification
at this frequency range is controlled by means of the resistor P4 and the
highest frequency limit can be adjusted by using the resistor Ps (100 Hz
to 10 kHz). The double key allows disconnection of this amplifier from
the output of the d.c. amplifier. In order to maintain correct phase
proportions between slow and fast impulses it was necessary to cross the
input and output of the low frequency amplifiers. Despite this there is
no self-induction in the system, which is due to the high output resistances
(R4, Rs, Rg and Rj). All amplifier stages except the electrometric one are
fed from the electronic stabilizer, the circuit of which is shown in Fig. 3.

The stabilizer circuit is a conventional one. The built in millivoltmeter
controls the power supply including the voltage of the batteries which
are used for cathode heating in electrometric valves. The valves
RV12P2000 are fed from the anode voltage stabilizer, but the decrease
in the voltage from 200V to the required level is done in a very useful
way without altering the sensitivity, i.e. with the application of EL81
valves working in the cathode follower circuit. The floating level of the
supply voltage in this case does not exceed 4 mV.

The authors are indebted to Professors A. Paszewski and W. Zuk
for their encouragement and criticism during the course of the work.

This work was made possible by a grant from the Botanical Committee
of the Second Faculty of the Polish Academy of Sciences.
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STRESZCZENIE

We wstepie do pracy podano krotki przeglad literatury odnoszacej sie
do aparatury elektronicznej stosowanej w elektrofizjologii komoérek i tka-
nek zwierzecych i roslinnych. Rozwazono warunki pomiaréw potencjalow
bioelektrycznych w organizmach zywych zec szczegélnym uwzglednie-
niem komoérek i tkanek roslinnych. Rozpatrzono zasadnicze cechny, ktore
winny posiada¢ wzmacniacze stosowane w elektrofizjologii; sg to:

a) duzy opér wejsciowy,

b) maksymalna czulo$¢ wzmacniacza,

c¢) minimalny dryf zera wzmacniacza,

d) szerokie pasmo wzmacnianych czestotliwosci,

€) minimalny poziom szumow.

W artykule niniejszym opisano skonstruowany przez autoréow nowy
uniwersalny wzmacniacz przeciwsobny odpowiadajacy wymienionym wa-
runkom najlepiej ze wszystkich stosowanych dotychczas wzmacniaczy
w badaniach elektrofizjologicznych i opisanych w literaturze.

Podjecie niniejszej pracy bylo konieczne ze wzgledu na brak aparatury
elektronicznej, ktéra mozna byloby stosowaé w elektrofizjologii roslin.
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PE3IOME

Bo BBemeHum X Hacrosiueilr paGore JaeTcA KpaTKuit JIMTEPATYPHbIA
0630p MO 9JIEKTPOHHBIM YCMJIMTENIAM IpPYMEHAEMBIM B 3JIEKTPO(U3NO-
JIOTMM KJIETOK M TKAaHE IKMBOTHBIX M PacTUTENbHBIX opraHu3moB. Pac-
CMaTpMBAKOTCA YCJIOBUS INPOBENEHUA MU3MEpeHMit OGMO3JEeKTPUYECKUX ITo-
TEHLMAJIOB B XKMBBLIX OpPraHM3MaX, IIpudeM ocoboe BHMMaHMe obpaluaercs
Ha pacTUTeJIbHble KJIETKU M TKaHMU.

OmnpenesieHb! OCHOBHBIE CBOJCTBA KOTOPBLIMM XOJIXKHBI ObBJsiafaTh ycu-
JUTENN NpefHa3Ha4YeHHbIe IJA 3JeKTPOPU3UOJIOTUUECKUX MCCIIeROBAHMIL:
a) OoJsbluoe BXOAHOE COMPOTMBJIEHMe, 6) MakcuMMaldbHaA 4YyBCTBUTEJIb-
HOCTb, B) MMHMMAJIBHBIN Apeitd HyJA, T) IUMPOKMIA AMana3oH YCUJIN-
BaeMBIX 4YaCTOT, A) MMHMMAJbHLIM YPOBEHbL ILIYMOB.

IlockoabKky m0 cux mop He ObLIO yCMJIUTEJEN KOTOpble YAOBJIETBO-
paAau 6Bl BceM 3TMM TpeOOBaHUMAM aBTOpaMM CO3[laH M OMMCaH HOBBIA
YHMBEpPCAJILHBINA YCUJIUTEJb IIOCTOAHHOTO ¥ IIEPEMEHHOTO TOKa, NpEeBbI-
HIAlOIIMIA 110 KaYeCcTBY BCe M3BECTHblE YCHMJIMUTENM NPUMEHAEMBIE B 3JIE€K-
TPOUINOJIOrMYECKUX MCCIIeNOBAHUAX-
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