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ABSTRACT

The membrane potentials in the frog toe and sartorious
£ibres were investigated by two methods:

In the first method microelectrodes were used and for
this method a preamplifier was designed and built having a
frequency response dc to 80 ke/s; input current 10-10 ampere and

input impedance more than 700 megohms.

The resistance of microelectrodes was investigated for
a comparison between the values derived theoretically with those
measured experimentally. A good agreement was found between
theoretical and experimental values for probes having 1-3 megohms
resistance. The probes of higher resistance whose dimensions could
not be found accurately did not show such a good agreement.

A "Sucrose Gap Method" was used as the second approach.
The resting potential measured by this method was 73 aV without

compensation and 85 uV with compensation.
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CHAPTER I

1.1 Introduction - Historical Review of Literature

Galvani, in his classical experiment on tcontraction
without metals" published in 1794, showed that when the nerve of a
miscle was placed between the cut end and the intact surface of a
second muscle, the first muscle was stimulated. This phenomenon,
although not understood at that time, showed the existence of
electromotive force between the cut end and the intact surface of
a muscle. |

We have been aware of "animal electricity" for over
150 years but its significance in the living animal was debated and
the exact mechanism by which currents were generated gave rise to
many theories and speculations. Our knowledge of the subject has
alvays been limited by the ability of investigators to measure the
small voltages and currents involved in resting and active tissues,
Although many ingenious and semsitive recording devices have been
made, it is only in the last 10 - 20 years that instruments capable
of measuring intracellular electrical events with any accuracy, have
been devised. Before considering the mew instrumentation and
methods, the early work and ideas in this field will be briefly
reviewed.

The first serious work in the field of animal elec-
tricity started with the discoveries of DuBois Reymond (1857) and
Bernstein (1869).

The theory presented by DuBois Reymond known as the



"Molecular Theory" can be summed up as follows:

(1) A muscle (or nerve) fibre contains electromotive
particles suspended in an indifferent (inactive) material, of which
the negative surfaces look towards the end surface of the fibre, the
positive surface towards its lateral surface.

(i1) At the natursl end surface of muscle, particles
of a peculiar kind exist in greater or less degree of development,
of which the surface directed to the end of the fibre are positive.
The development of these particles is favoured by cold - this con-
stitutes the parelectronomic layer.

(iii) In consequence of excitation the electromotive
forces of particles (called by DuBois “nolecules") either diminish
or assume a different arrangement by virtue of which their external
action is impaired. The molecules of parelectronomic layer take no
part in this excitatory change.

Bernstein regards the chemical process associated with
electrical behavior of tissues as consisting of three stages:

(i) The transition of oxygen from intramolecular to
the free state.

(ii) Oxidation.

(iii) Assimilation of oxygen and reconstitution of
inogenitic molecule.

He considers the sudden appearance of difference of
potential between the excited and unexcited parts - the initial
culmination of electrical change - as sign of first stage in the
chemical process viz. splitting off of oxygen; the transformation

of chemical into mechanical energy having its electrical emncomitant



the rapid diminution of difference of potential which occupies the
remainder of the period during which the monophasic variation lasts.

These studies prompted the need for developing instru-
ments to record electrical behavior of living tissues. Prof. Hermann
devised a special apparatus - the "Fall Rheotome" to give experimental
evidence of his theory thét the electromotive forces are not pre-
existent and that there is a measurable delay between the injury and
its effect, i.e. that a certain time is required for these forces to
develop proving thereby that the forces in question were not pre-
existing forces, which required only unmasking, but that they were
called into existence in consequence of changes in the muscular
substance produced at the moment of injury. The principle of "Fall
Rheotome" was that a galvanometric circuit comprising the muscle was
closed at the same moment that the mscle itself was injured and
opened at a very short time afterwards. A survey of Prof. Hermann's
work appears in the first publication of The Journal of Physiology (1).

In 1886 Prof. Hermann set forth the theory of Capillary
Electrometer (2) according to which the rate of polarization of the
meniscus of a mercury column when acted upon by a current is propor-
tional to the current strength. Based upon this principle, Capillary
Electrometers were designed by Hermann (3) and others (4, 5) and were
used successfully for investigation of current strengths of.short
duration in living tissues (6).

Introduction of vacuum triode amplifiers made it possible
to greatly increase the sensitivity of measuring instruments. Forbes
in 1920 (7) and Gasser and Newcomer in 1921 (8) used a vacuum tube

amplifier with string galvanometer to measure bioelectric currents.




As pointed out by Adrian (9), inertia of the moving system in string
galvanometer was an inherent limitation which could nof be cured by
the use of an amplifier. Adrian in 1926 used vacuum tube amplifier
with capillary electrometer in which the inertia factor was extremely
small, With the three tube amplifier giving a gain of 1850, the
overall sensitivity achieved by him was .01 mv at the input.

In these early studies as described above, and others,
the resting and action potentials of nerves and muscles were usually
measured between a "killed end" and the region investigated. These
potentials would be the actual potential difference across the mem-
branes if there were no external current flow and if the membrane
potential at the "killed end" had been reduced to zero, but such.
conditions were difficult to obtain experimentally. The potential
drop developed by current £lov in the transition region between the
active and the inactive portions reduced the measured resting poten-
tial below the membrane resting potential., Moreover the short
circuiting in the neighbourhood of active electrode reduced the
measured action potential similarly (10).

The introduction of the squid giant axon in 1936 by
Young (11) made it possible to considerably reduce the errors in the
"killed end" technique of measurement. By working with well cleaned
fibres surrounded by as little sea water as possible Cole and Hodgkin
in 1939 (12) and Webb and Young in 1940 (13) obtained action poten-
tials of over 70 mv and Steimback in 1940 recorded the resting or
injury potential as high as 65 mv (14).

The difficulties with killed end technique were avoided

by inserting a very thin Ag-AgCl wire electrode in the fibre to make



direct contact with the protoplasm (Hodgkin and Huxley '39) (15).

In 1940 Curtis and Cole used a micropipette filled
with KC1 solution as an electrode (16). The action potentials re-
corded with these microelectrodes were about 90 mv. These studies
were done on giant axons which had fibres up to a millimeter in
diameter and in which the microelectrodes could be inserted long-
itudinally,

Independent of the above work, in 1940 Graham,
Carlson and Gerard started studies on the muscle fibres (frog
sartorii) which were only 70 44 in- diameter. The microelectrodes
used by these workers were much smaller in diameter for transverse
insertion into the fibre. Their work was first reported in 1942
(17, 18). The microelectrodes first used by Graham and Gerard
were 54l or less outer tip diameter and were filled with isotonic
KCl solution. The muscle fibres used were frog sartorii and the
average value of measured resting potential was 61.8 mv (19). 4s
discussed by them later they had used microelectrodes which were
large (2-5AM in dia.) and hence caused considerable injury at the
fibre membrane. They attributed to this fact the large variation
of membrane potentials varying from 40 to 80 mv. Ling and Gerard
used electrodes of much smaller diameter 1M) and recorded an
average value of the resting potential as 78.4 mv with # 5w
variation (20).

The microelectrodes with tip diameter much less than
one micron, have very high electrical resistance when filled with

isotonic XC1 solution (100 - 150 ML) and cannot be used efficiently



for recording action potentials, Nastuk and Hodgkin (1950) filled
these electrodes with 3M KC1 solution thus reducing the electrical
resistance (to 10-20 ML) (21). The ability of potassium to de-
polarize the membrane is well known. To obtain accurate results it
is essential that measurements are mot altered by junction poten-
tials (22, 23). This requires careful study of microelectrodes to
fix a criterion before they are used for bicelectrical measure-
ments (24).

The microelectrodes used have resistances in the order

of tens of megohms. This high resistance combined with electrode's \

total capacity to ground gives a large time constant. This makes
the measuring system unable to record rapid bioelectrical activity
unless steps have been taken to reduce the electrical inertia of

the instrument. There are several other conditions imposed on the
biological amplifiers and these will be discussed in the appropriate
sections. We will introduce there the latest of such instruments
which has been developed after successive improvements of about
thirty years since 1933 when the need for biological amplifiers

(special purpose) was first pointed out (25).

1.2 Biological Generator

Biological membrane separates the protoplasm of a
living cell from its external environments. The membrane shows
specific characteristics of permeability to different organic and
inorganic ions. Bernstein (26), Brunings (27) and Lillie (28) from

their studies on the biological membrares put forward a theory which




-7-

vas later developed by Lillie (29) én the basis of a close analogy.
According to this theory the surface membrane of a resting nerve
fibre is impermeable to certain anions'which are p?esent in greater
concentration inside the fibre than outside of it. The cations
are free to pass through the membrane, bgt eleéfrostatic attraction
of anions will force the cations to remain close to the membrane
so that an electrical double 1ayeerf ions will be formed. Any
stimulation must produce a certain change in ionic concentration
at the membrane. ' |

© Boyle and Conway (30) found that the membrane of the
mscle fibre in the excise4 sértorious of the frog when_maintgined
under suitable conditions is éermeable to potassium and to cations
of the same or smaller diamefer but impermeable to sodium or larger
"cations. It is at the same time permeable tov£he'sma11er anions
such as chloride, bicarbonate, eﬁc., but not to larger anions of

the type of phosphocreatine, adenyl pyro phosphoric acid, etc.

Due to difference in concentration of ioms in proto-
plasm and the plasma of a living cell there is a potential difference
developed across the membrane separating them, For the case where
a non diffusible ion is present on one side Donnan predicted that
the value of this potential difference can be found from an equa-

tion first proposed by Nernst in 1889 for a comcentration cell

(Appendix 1).

i.e., Vy * RT In Lélg (L




where
Vy = potential difference corresponding to
difference in concentration of diffusible

ions A

w0
n

Gas constant

(8.31  i/(gm-mole)K)
F = Faraday constant
(96,500 int. coulombs)

Z is the valency of ions : ¢l for Né, t

and -1 for Cl

[A]o is the concentration of ions of substance
'A' in outer medium (plasma)
(millimol./Kg. of water).

[A]i i{s the concentration of ions of substance
'A' in internal medium (protoflasuo .

(millimol./Kg. of wvater)

As it‘would appear from equation 1, we can calculate
the potential difference across the membrane if concentrations of
diffusible ions are known. Considering for fhe moment that the
potential differences existing due to.several such ions are inde-
pendent of each other we can represent the equivalent circﬁit of

a biological generator 2s shown in Figure 1.1.




Fig. 1.1 This equivalent circuit is based upon Hodgkin-Huxley (31,32)
equations for iomic transport across the membrane. Vyas Vg
_ Vcl'are potentials corresponding to differences in concentra-
‘tion of ions N, K* and CI. The polarity of equivalent emfs.
is determined by the direction of concentration and valency" '
siems-of ions e.g. Vyg has the polarity as ‘shown because
Nai) TNaL. and Z = +1 for sodium ions. ST

Table 1.1 gives the values of the concentration as
measured by different workers and the calculate‘d values of poten‘tiais

corresponding to these data.

1.3 Resting Potential

~ The membrane r.esti'ng po_tenti#l is dgfingd as the potential
differeﬁce between the interior of the fibrg and the outer s_ixrﬁace pf
memb;ane when the fibre is in its normal resting sﬁate.
It is now known that the membrane in its normai state is
permeable to potassium and chldride ions anci almosi: imPerméable tOYSO.di.um

"ions (¥). Boyle and Conway. (30) showed that under these conditions

(*) potassium conductance = 0.24 millimho/cm?; sodium

conductance = .0033 millimho/cmz (33)
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elec;rqutic balance in muscle relates to true equillibria and the
pqtent_ial. difference across the meqxbrane is of the Donnan and not of
the diffusion (or concentration type). Accordingly they derived the

following expression for the membrane potential:

v = r o e 2)
F 2[1(10
where c is the total external concentration of

diffusible and indiffusible cations as
well as anions and uncharged molecules

R, T, F and xt are same as defined previously
for equation (1)

Boyle and Conway showed that this relation applies very
satisfactorily to a wide range of external potassium concentration in
the frog sartorious fibres.

The membrane permeability to K’, Na, C1 and other ioms
changes with the changes in external concentration of icms, temperature
and the state of membrane. These changes are associated with movements
of charged particles across the membrane. Using this concept Goldman
(34) derived an expression for the potential difference across the mem-
brane. This expression,' as modified by Hodgkin and Katz (35), is given

below:

<3
1]

RT 1o By [K,]o t Pya [N;]o + Po1 [Ci] i
F 434 [Kji + Pya [Na]i + Bcl [Ci] 0

where Pg, PNa, PCl &re the respective coefficients of permeability for

the transport of KJ', N&, C1 ions across the membrane.
The relative values of these coefficients for the membrane
of the giant axon of Loligo were found (36) to be as follows:

PK H PNa H Pcl =1.0:0.04 :0.45
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Table 1.2 shows calculated value of resting potentials based

upon these figures.

TABLE 1.2 Resting potential (V) calculated from

v = RT In By [K]o t Ppg [Na]o+ PCl[Cl:!i

’ B Ky * Bya (els* 2l

values of concentrations have been taken from Table 1.1

1, Frog sartorious muscle -83.6 mv
2. Rat cardiac muscle -84,1 "
3. Dog skeletal muscle -84.1 "
4, Frog nerve -91.6 "
5. Carcinus nerve -82.5 "
6. Sepia axon -82.6 "
1. Logia axon -70.6 "

1t is difficult to quote corresponding values of measured
resting potential for these fibres, because these values differ greatly
depending upon the measuring technique and the accuracy of the imstru-
ments. However in most cases the resting potential has a value between
-70 to -90 mv. As an example (Adrian (37) measured the value of resting

potential in frog sartorious fibres as -89.2 mv.

1.4 Action Potential

1t is well known that cell membrane is capable of showing
high degree of selectivity towards Ng or K+ ions depending on the en-
vironmental conditioms.

Under the resting conditions the membrané may be a
100-times more permeable to k' than to N2 ions. An excitation of mem-

brane has the following effects in the sequence in which they happen:




-13-

(1) Permeability to Ng ions increases.

(2) At the peak of N; jons permeability the membrane
starts showing an increased permeability to K‘. Because of this the
permeability to N; declines.

(3) The fibre cannot be excited until the g permeability
also declines and the membrane réturns to its original state.

(4) Permeability to Ng and K ions reaches a maximum of
42.9 millizho/cm? and 26.31 millimho/cm? respectively (38).

(5) The movement of Ci ions can be regarded as being not
very significant. ‘

The wave shape of the potential across the membrane

associated with the above changes, known as action potential, is shown

in Figure 1.2.

m
+ 501
+404
+ 301
+204
+ 101

T 33456768910 1213 1415 mee.

Fig. 1.2 Typical action potential in normal Ringer's fluid (Nastuk &
Hodgkin, J. Cell. & Comp. Physiol., Vol. 35, p. 67).
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CHAPTER 2

2.1 Muscle Fibre Regarded as an Electzric Cable

The muscle fibre consists of a central core of high conduc-
tivity (protoplasm) surrounded by an insulating sheath (membrane).

(See Fig. 2.1)

Membrane

Protoplasm

Fig. 2.1

As long as the muscle is mot activated the dielectric

properties of the membrane remain unchanged and the. muscle fibre may
be assumed to behave like an electric cablé. Therefore we can, by use
of the known theory, derive expressions for the membrane capacitance
and resistance, and the formulas for these are'as given below.

(Appendix 2).

Iy ° Pm.t _L.cm? 2.1)
¢ = Ea 1075 MEF/ed (2.2)
361Tt
where Ty is the transverse resistance of membrane

per cm. length of fibre (ohm.cmz)

Cp is the memBrane capacity per unit length
of fibre - (microfarad/cmz)

t 1is the thickness of fibre membrane

Pm is the specific resistance of membrane
material

is the relative dielectric constant of
membrane material
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2.2 Dielectric Properties of Membrane

The cell membrane is chiefly composed of proteins and
1ipids. Since the experimental evidence indicates that there are
about a 100 molecules of 1ipids for every protein molecule (38), it
seems therefore logical to assume that insulating properties of
pembranes would be akin to those of lipids. Im its non-active state
the membrane is like an insulating sheath around the protoplasm.

The specific resistance of insulating materials depends on their
purity (39). The membrane gets its dielectric character from lipids
and lipids are oily substances. The proteins present in the mem-
brane form polar structuré with lipids (40). This specific structure
result§ in decreased specific resistance and at the same time, in an
increase of dielectric constant. 1In Table 9.1 are given values of

specific resistance of some organic structureé substances (40).

TABLE 2.1
Item No. Name of Substance sp. resistance (ohm. cm)
1 Methyl alcohol 10°
2 Olive oil (dry) 1012
3 Olive oil (wet with
salt solutions) 1010
4 Paraffin 1016
5 Guaiacoi (wet with’
conductivity water) 2.5 % 10’

1f, in the light of our preceding discussion, we choose
the value for specific resistance of membrane as given in Item No, 3
i.e.‘7m = 1010 Q.cmy we £ind that the corresponding value of the

dielectric constant is €m = 4. The membrane thickness as measured for
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various cells varies between 50-70 X 41l).

Substituting these values in equations 2.1 and 2.2, we

get
S 1010 x 60 x 10'8 ohm.mn2
: 6 kilo.ohm.cm?
and Cm s [ X 1073 microfarad/cm?
o % 60 % 1070
= 0.67 microfarad/cm?
The measured values of membrzne resistance and capacitance
are |
Iy °© 1-10 kilo.ohm.cm2
(42)
Cp = 1-10 microfarad/cn?

2.3 Equivalent circuits

A muscle fibre from an electrical point of view is, strictly

speaking, & distributed parameter system. By using reasoning similar to

that used in transmission line considerations, we can draw the equivalent

circuit of a fibre as shown in Fig. 2.2.
A R B Rg c

Fig.2.2 a

R represents resistance of the membrane per unit length

and r represents the corresponding protoplasm resistance. Since proto- ~

plasm is & good conductor, R is much bigger than T

183 kilo.ohm.cm

e.g. R

T 230 ohm.cm
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It may be pointed out that the above representation does
not reflect the true state of affairs inside the fibre, but is based

upon the 'black-box' behavior.

Before proceeding further we will define the notations

in the above figure as follows:

T (transverse membrane resistance/cmé) x area of electrode at A

m
=T .8 (where a, = electrode contact area at A in cm?)
similarly s rp . ag om
r,= I, . a o .
RAB = (longitudinal membrane resistance/cm) x length
. of section AB(cm)
s T qlAB ohm
RBC I o %C ohm
Cp = Cp+ 25 mi;rofarad; Cg * Cn + 3B microfarad;
' Cc = Cn . ac microfarad
Tap © axoplasm resistance of length ab
=ty o« bab
The = T ¢ b
1f the muscle fibre is undamaged at A, B and C then
E; =B * E,* res;ing potential
and fa =ip =ic =0

This above equivalent circuit shows that by using suitable
measuring techniques it is possible to determine the resting potential
and predict the values of membrane resistance and capacitance.

These methods are described in Chapter 3.

2.4 Ppassive Response of Fibres

We have already stated that the muscle fibre can be con-

TR SR AR TR S 1352 0 o e AT e
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sidered as a single core cable. In Section:. 2.} asd=2v% we gave
expressions of resistance and capacitance per unit length of such a
cable. It has been observed that the muscle is not activated by
currents at sub-threshold levels, Hence we can assume that the di-
electric properties of the membrane material do not change when
only sub-threshold currznts are applied. The distribution of these

currents would therefore be as shown in Figure 2.3

qutside medium

Membrane

terior of fibre

Fig.2.3

1f Vy is the potential developed across the membrane due
to the passage of these currents then the potentisl Vy recorded ex-
ternally with respect -to point 1 and any other distant poinE'B' in the
outside medium is given by

Vi, = Io eV
ri + Io

This would be clear from the equivalent circuit shown in

Figure 2.4.
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o w—

Fig. 2.4 Extrapolar region

Where
r; is the specific resistance of protoplasm (ohm, cm)

r, is the specific resistance of external fluid {ohm, cm)

On the basis of electric cable behavior of fibres and

under the conditions outlined above Hodgkin and Rushton (42) derived

expressions for calculating the passive response of nerve fibres to
determine the cell const:ants..

The general expressibn derived by~f.hem for the voltage
recorded betw.een a point at distance 'x' from point 1 and a distant

point in the bathing medium is given as

V= (V)t e %{ex [1oerf(% + ffﬂ-e'x [herf(% _\ﬁ-)]}

where (V)¢ zacr™ t N1,
x=0 2(ry + 1)

S

I, 1is a constant input current

X = x/)\ T=tfm To®tmCn
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s ey s - e

The shape of .this voltage as a function of time as

observed for different values of 'x' is as shown in Figure 2.5.

13 x5 is less than x)

X2 Xy is less than x;

X1

time

Using this formula the following‘average values were
obtained by Katz (43) for frog muscle fibres 45 - 754\ in diameter:

(1) Specific resistance of myoplasm about 230 ohm.cm.

(2) Transverse resistance of the fibre membrane 1500

and 4300 ohm.cm?:,

(3) Membrane capacity about 5 microfarad/cmz.
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CHAPTER 3

SUGROSE GAP METHOD

3.1 Intrdduction

Measurements of bioelectrical potentials with micro-
electrodes present several problems. The preparation alone of these
electrodes is difficult, Moreover a number of uncertainties in the
measurements is introduced by the characteristics of micro-electrodes
such as tip potential, junmction potential and non-linear resistance.
To avoid these problems an alternate technique is desirable such as
the use of external electrodes. These electrodes are easy to prepare.

In using external electrodes the potential difference is recorded

between ar intact and a depolarized portion of a ".scle fibre.
1f the fibre is in a fluid, there is a path short
circuiting the flow of current. Under such condition the potential

recorded externally would not be the actual resting potential as shown

below .
"/
/A,x 7;{1 fluid

/4

I :

Q1

1 St

! !
Depolarized : :
end ! ! ’

L---JBiological generator

Fig. 3.1 R¢ i8 the fibre resistance between A, B, Ry is the membrane
resistance, Rj is the fibre interior resistance and Re, the
short circuiting resistance of external fluid.
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From Fig. 3.1

e NV SAVEAYRE s e

v, = R .V is the potential recorded externally
Ry *Rp*Rf if the fibre is not immersed in
external fluid
= VvV for Rf N (R19R )
v, = ReRg/ RetRf v i the potential recorded

Ry +Rp¢RRe vhen the fibre is immersed in
RetRf  external fluid

[ ReRe

v 3.2)
L(Ri{»Rm) (RgtRg) +ReRf
Hence the short circuiting factor caused by external fluid

Fg = Va =  Rek¢
V1 (31+Rm) (Rg#Rg) + RoRg

(3.3)

1f the fluid surrounding the fibre has low specific

resistance such that Re« Rf

V2 = Bg v
ngmmé

and Fg = ‘Re ~
Rj+RptRe

On the other hand if the surrounding fluid has high

specific resistance, such that Re VR

v, Rf .V
Ry Ry #Rt

v for Rf 77 (Ri*Rq)

and F = Rf
Ry #RptRe

1 for R¢ 7] (R{#Rp)

Huxley and Stampfli (44) obtained nearly unity short cir-
cuiting factor by immersing a single nerve fibre in medicinal liquid
paraffin. The same principle was used in a different way for measuring
potentials in bundles of fibres. In this case the portion between
electrodes was continuously washed by isotonic sucrose solution (45).

The isotonic sucrose solution (when prepared from highly purified

(3.)




crystals and de-ionized) has resistivity of about 1-2 megohm. cm. Due
to high resistivity of this solution it is possible to get a short cir-
cuiting factor which is very nearly umity.

Early biocelectrical measurements were done on fibres
immersed in physiological solutions of low resistivity. Because of
this the results were affected by the short circuiting factor. Correc-
tions made by calculation of short circuiting factor were not satisfactory.
Therefore it was felt that the 'space' or the gap between the two
electrodes should be filled with some fluid of high resistivity. Thus
for the portion of fibres contained in this gap we obtain a short circuiting
factor negrly unity without changing':the! physiological state .of the. fibres.
Since in this method an isotonic solution of sucrose is used we shall
call this method a "Sucrose Gap Method" (SGM).

3.2 Measurement of Resting Potential

We will now describe the application of SGM for the measure-
ment of resting potential in the frog toe fibres. This section contains
details of a basic experiment consisting of measurement of resting
potential between the intact and depolarized ends of fibres. This direct
measurement does not give very accurate results due to the so called
"injury current". The possibilities of improving this basic experiment
by modifying the apparatus in such a way as to compensate for this
current are discussed in Section 3.3. The apparatus used for our basic
experiment is shown in Figure 3.2. The toe muscle fibres were tied
between Ml and M2 and were supported at Sl and S2. The details of the
method are as follows:

Frog toe miscle fibres were obtained from medium size frogs.

The fibres were cleaned to remove the comnective tissues. These fibres




APPARATUS for electrical measurements on the frog toe fibres.

(direct measurement)
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Fig, 3.2
ELl,E3 seats for the AgCl-Ag-Agar electrodes
c1,c2,C3 chambers for the physiological solutions
s1,82 spaces between chambers
M1,M2 end posts
Tla,T22,T3a polyethyline tubes for the continuous inflow of
physiological solutions
T1b,T2b,T3b polyethyline tubes for the continuous outflow of

physiological solutions
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were kept in Ringer's solution for 1-3 kours before mounting in the
apparatus.

Spaces S1 and S2 were filled with petroleum jelly
(Petrolatum N.F.). A uniform unidirectional flow of solutions was
meintained in all three chambers to keep a comstant level. The
Ringer's solution was used in chambers 1 and 3 and sucrose solution
in chamber 2. The two ends of miscle were tied with threads. A
thread was passed with a needle through the holes for supporting the
muscle, then the muscle was pulled and held between the two emnd holes.
Two pieces of modelling clay were used both to hold the muscle and to
geal the holes at the two ends. (For construction details of apparatus,
the electrodes and the solutions used see Appendix 3).°

The electrodes were placed in holes El and E3 and connected
to the input of an electrometer. Measurements of resistence and poten-
tials were taken in each of the following cases:

Case 1. Riﬁger's sSlution was used in chambers 1 and 3
and sucrose solution in chamber 9. The resistance measured between
electrodes Elland 33 was equal to the parallel resistance of fibres
corresponding to the length of chamber 2. The potential difference
across E1 and EZ? was due to two causes:

(i) The difference in Ag-AgCl-Agar junction potential at
the two electrodes.

(ii) The injury of the fibres.

Case 2. Ringer's solution was used in chamber 2 and de-
polarizing solution in chamber 3, The resistance measured now.was the
parallel resistance of axons plus the transverse membrane resistance at

chamber 1 when the fibres had been fully depolarized in chamber 3. The




course of depolarization was also noted. The potential difference
measured was the fibre resting potential.

Case 3. Depolarizing solution was used in chambers 1
and 3 and sucrose solution in chamber 2, thereby shorting the core
conductors in these chambers. The resistance measured therefore was
the parallel resistance of all the axons used. The potential re-
corded, if any, was due to the reason described in Case 1.

3.3, Compensation Method

When one end of the fibre is depolarized by 8 depolar-

izing solution there is a flow of current through the membrane from

the unaffected end of the fibre to the depolarized end. This is

shown in Fig. 3.3.

Depolarized

end v :[

N

Intact end

Fig.3.3

The recorded resting potential V would therefore always
be less than the actual resting potential V. The current 'i' is
_called the membrane injury curreat. The error in the recorded resting
potential can be eliminated by introducing a compensating network which
would counterbalance the injury current thus facilitating the measure-
ment of the actual resting potential. To achieve chis the basic

apparatus was modified as shown in Fig. 3.4.
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Seats for electrodes to
bathing chambers

m_’/

rd
T1b”

Fig. 3.4 ML-M2 ends of hole for fibres, Tla-T5a are polyethylene
tubes for inflow of solutions. T1b-T5b are holes for
polyethylene tubes for outflow of solutions. Small
holes (shown on top between chambers) are for insulation
between chambers (H1-H4).

In this apparatus, when the fibre is put in its place,

extends through five chambers isolated from each other.

S T e e N T R L R R A

The compensating circuit was such as to give 0-100 mv out-
put at low conscant current. An electrometer was used as a null detector.’

The experimental set up is shown in Fig. 3.5.
Compensation Electrometer
Fig.3.5a " ﬁ

()

cl & c2 % c3 C4 cs
Ringer =N Ringer Ringer - Sucrose Depolarizing
soln. soln. soln. PJ soln. soln.

pj - Petroleum jelly seals
C - Chambers
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Equivalent circuit
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; I muscle axopladm
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6
Fig.3.5b

Method: The small holes (HL - H4) were filled with petroleum jelly.
A steady unidirectional flow of solutions was maintained in all
chambers. Sucrose solution was used in chamber 4 and Ringer's solution

in all other chambers. The muscle was tied between the two ends by the

method used before. The compensating network and the electrometer were .

connected as shown in Fig. 3.5 and Fig. 3.6. When the muscle was de-
polarized in chamber 5, a large potential difference was observed on
the electrometer. This potential difference was less than the actual
resting potential as discussed already.

When the compensating network was introduced and the poten-

tial difference across it was increased, the voltage across CD started
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falling. The compensating voltage was further increased till Vo4 = 0

At this point i compensating = i injury (3.3.1)
Under this condition

i compensating ®* _V_compensating x__T
parallel equivalent of rp & (r3+r4+r5+r6#r1) T +Tg4r3tT, T5irg

but parallel equivalent of ry & (r3+r4+r5+r6+r1)

is very nearly equal to I, since it is much smaller than the sum

(r3+r4+r5+r6+r1)
Hence ic = Ve (3.3.2) .
r1+r2+r3+r4+r5+r6
Also i injury = v

Therefore from equations (3.3.1), (3.3.2) & 3.3.3)

Vo= V = actual resting potential
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3.4 Experimental Results

When both ends of the muscle were immersed in Ringer's
solution a small potential difference was observed across them. This
potential difference, which was normally about 10 mv was attributed
to the difference in junction potegtials at the two Ag-Agcl-Agar
electrodes and to the minor injuries in the muscle fibres. 1If thié
potential difference was 20 mv or more, the fibres were considered to
be damaged and hence rejected. The toe muscles used had an average
of 40 fibres, about 50 4L diameter each. An average of five readings
was taken on each muscle and the time between two comsecutive de-
polarizations was about ¥ hour. The muscle was repolarized after each
depolarization and was found to recover its original condition. Each ‘
preparation lasted for 3 hours or more before any significant
deterioration set in, The muscle depolarization was slow until it
reached a steady level. The repolarization of the muscle was more
rapid when the flow of Ringer's solution was restored. Table 3.1
gives average values measured on five toe muscle preparations on

different days.
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TABLE 3.1
Prepar- Length of Resting Resistance Resistance Resistance
ation muscle. fibre Potential when both when one when both
between ends in end de- ends de-
electrodes Ringer's polarized  polarized
cm mv ML ML ML
without with
compen-  compen-
gation sation
1 1 75 82 2.81 3.8 3.0
2 1 70 79 2.2 3.6 2.9
3 1 67 - 201 305 2.6
4 1 78 82 2.8 3.9 2.8
5 1 77 82 2.4 3.8 2.8
Average 1 73.2 84.7 2,46 3.72 2.82

Discussion of Results

Ideally the compensation circuit counterbalances the
injury current and the measured resting potential approaches actual
resting potential of the fibre. However this is strictly true in
case of myelinated nerve fibres only, where the current flows across
the membrane at the nodes of Ranvier. In this case the fibre between
two nodes is covered by an insulating sheath (myelin) as shown in
Fig. 3.6a. The current flows from ome node (the unaffected) co the
other node (the depolar;zed one) and there is no current flow across
the membrane between the two nodes. But in case of muscle fibre the
biological generator units are spread along the length and the current

flows across the membrane at all points and is directed towards the
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Fig.3.5a  Nerve fibre: N1 and N2 are nodes of Ranvier

T ATy s

S P-:TJQ’«;.//

Fig.3.5b  Muscle fibre Depolarized end

depolarized end following the path of the least resistance. Total
injury current is therefore the sum of these currents. Thérefore
resting potential estimated from the amount of compensation teads to
be higher than the actual resting potential of the fibre. Thus the
recorded resting potential before and after compensation would differ
by a large amount. This effect was observed in our experiment.

(Appendix 4)




CHAPTER 4

NEUTRALIZED INPUT CAPACITY PREAMPLIFIER
FOR BIOLOGICAL RESEARCH

Bioelectrical potentials are the potentials which appear
across the membranes in living cells. These potentials can be
measured in a number of ways depending upon the type of cells, In
measurements on frog sartorious fibres the muscle is immersed in
Ringer solution* and a microelectrode is inserted very carefully in a
single fibre to measure the potential appearing across the membrane.,
The signal from the microelectrode is amplified and measured with a
suitable instrument (eg.CRO).

Figures 4.1 and 4.2 show the physical arrangement and the
apparatus used in such measurements.

The resistance of microelectrodes ranges from a few megohms
to tens of megohms (see Appendix 5).This resistance combined with the
microelectrode capacitance to ground and the capacity of the input
stage give a large time constant (RC). The "cut-off" frequency of the

input circuit expressed in terms of the time constant

fi = 1
2MRC
In a typical case

R = loMSL C=20Pf

Hence
fi = 1
6.28x1ﬁOTx20x10-12
= 0.8KC/S

* A solution resembling blood serum in its salt constituents
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Figure 4.1
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Figure 4.2
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The bioelectrical potentials resulting from excitation,
called action potentials, of nerve cells or muscle fibres have rising
phase as short as 100 microseconds (46) whereas the after potentials*
may last for many seconds. Therefore for faithful reproduction-of
these potentials the frequency response of the preamplifier should
extend from dc to at least 30kc**,
There are also other factors which influence the design
of the preamplifier,
(1)  The current flowing through the specimen. should be less
than 1073 ampere.
(2) Because of the high resistance at the input precautions
have to be taken against the pick-up from stray fields.
An electrometer tube is a natural choice for the input stage

-15

of the preamplifier because of its very low grid current (10'10- 10" *¥ ampere.)

*  These are negative and positive potentials of very low magnitude
which appear after the main spike and are believed to be associated
with metabolic changes occurring inside the cells.

** A 100 microseconds duration of the rising phase of action potential
corresponds to a fundamental frequency of about 3k¢/s. By
extending the frequency response to 30kc/s, the response will
include more harmonics hence better reproduction of the wave
form. The figure of 30kc/s is thus an arbitrary one and in
general the wider the bandwidth the less distortion of the wave-
form. Since an increase in bandwidth also increases noise, the
bandwidth of the amplifier has to compromise these two conflicting
factors.
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The pick-up from stray fields can be minimized by enclosing
the apparatus and the preamplifier in a well grounded screen. The 60
cps ripple can be eliminated by using batteries for supplying'the power
to the preamplifier. Because of the practical considerations the first
requirement calls for a small size and the second for a low power
consumption and these can be easily realized by using transistors as
amplifying elements,

In order to extend the frequency response of the input stage :
its time constant (RC) has to be made shorter, Since the reduction of :
microelectrode resistance gives risp to undesirable problems, the only "
factor which caﬂ be changed is the input capacitance. There is a number
of methods of reduciné the effective capacitance of the input circuit, one
of which being the use of positive feedback through a capacitance (47, 48, 49, 50) .

A transistorized preamplifier using an elect‘ometer tube was
developed at the Columbia University in 1956 (5 1.

This design has been adopted in the work as a starting point
for further modifications to achieve

(1) ease of adjustment and single point control

(2) economy in size, so that the preamplifier could be mounted
as close to the preparation as convenient, (The dimensions are
4" x 2-1/4" x 2-1/4")

(3) saving in cost

(4) improvement in performance

The equivalent circuit of this amplifier (circuit diagram, Fig. 4.15)
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is shown in Fig.4.3, where Cg is the input capacity at amplifier input
terminals including microelectrode capacitance to ground; Gy is the feed

back capacitance

-0

Fig. 4.5
If the amplifier is characterized by low frequency gain Ao and

the time constant T ., then it can be shown that the equivalent input

circuit capacitance with feedback

Ceq. = Gy + Cg (139 + T @y

Re

Under these conditions if A, ) 1, Ggq can be reduced to
zero by a suitable adjustment of the feedback capacitance C.

However in practice the equivalent capacifance at the input is
only reduced to a certain minimum finite value. This is because the micro-
electrode is composed of distributed parameters and the lumped parameter

representation has been adopted for convenience in analysis. Fig, 4.4 shows

equivalent circuit of a typical experimental arrangement (52)
=

R () :

O- MW @ A 0, T S *)

—=¢; v

0
e Vi g

Fig, 4.4
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R. = microelectrode resistance

e
cp = parallel cpacitance of microelectrode

Cy = capacitance of microelectrode with respect to elevated
potential Vy above ground

C'g = input terminal capacitance of the amplifier

vy =input signal

en = equivalent noise of the amplifier circuit

Ve Vi, V, are the Laplace transforms of the corresponding time

functions v (), vi(t) and vo(t)

For calculating the response of the amplifier, we will make use of

'Fig.4.3. Writing current equations for node 1

Ve-V]- - VISCg = (Vi -VO) SCf =0 (4,2)
Re
but V' =AY =8 v (4.3)
o) i ST i
- grom () Ve VoM8T) _y (1.5 )Gy - [Vol1+sT) AN, 8GO
Re
Ve Vo [ 1+S SLT +Re(Cg+Cf_AOCf)} +32 SL Re(cg"'cf{%ﬂ =90
Setting Ry (Cg+Cf-A°Cf) + T =17
and 2 \/ (Cg+Cf)Re‘T = T (4.4)
Yo = L ) (4.5)
Ve 1+SLT + S2(7) :

The response is a second order function characterized by time

the constant 'T' and damping factor ' .,( !

= 2(1m)
v v, [1+85e( T+5%GD) ]

In time domain

L = Vol T S v+ e S v
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For a step input 'E'

1/412 42 T4 +v () =E 7
L SRR CERAL .7
The characteristic roots of the left hand side of this equation

are 2/T [- 4 -!_-\/,(2-1 l

Therefore the differential equation gives three types of solutions
for v, (t) depending upon the value of * .{ '
(i) When g( = 1, there is one double root equal to -2/T, In this

case _‘.’oél)— =1- (+2t/T Exp (-2t/T7) (4.9)

and the response is as shown inFig,.4.5 curve a'

(@) When o ) 1, there are two real roots. In this case

Yol

2= =1- bia {bep(-%g;h_\-aExp(;ib_g} (4.9)

where a = c( —E:
b=°(+/J—z-—1

and the response is as showninFig.4.5 curve 'b'

(iii) When o < 1, the roots are complex and conjugate. In this case

E 1

wheretan § =Vl

- &2
o

and the response is as shown inFig.4.5 curve 'c!

1 _ 2 ol
W L —r e {4 2 v+ floet Ly @0

Y
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EXPERIMENTAL RESULTS

Measurements have been made on an experimental set up as

showninFig.4.6. The following curves were obtained
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Fig. 4.6
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Figure 4.7: 200 microseconds pulse through 10 megohms resistor

Bottom trace 'b*, : Minimum value of Cf, maximum
damping o() 1

Middle trace 'a‘, : Optimum compensation for minimum
rise time { =1

Top trace 'c', ¢+ Over compensation, oscillatory

response °(<1
Figure 4.8: 200 microseconds pulse through 22 megohms resistor
From Figure4.7, the equivalent time constant is estimated to be
(less than) 2 microseconds. Therefore, the value of equivalent RC product
= 2x10-6 sec,
R = 10 megohms = 107' ohms

Hence, effective capacitance after neutralization,

= _Z_X._]'_O:E = 0.2pf
10
The frequency response of the system with feedback
f = 1
! 29TRC
= = 80kc/s
217 %2107

Charging current can be estimated as

i =C dvo (t)
c €1 T4t
taking ,dvo(t) = 10% v/sec.
dt
i = 0.2x10-llet)3
c

= 0.2x10"9 amp.

= 1/5 nano amp.
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ot

Figure 4.7
c
@" T ———
a
’ DW:
Figure 4.8

U

Curves b, a, ¢ are CRO traces obtained by triple exp.osure.
Trace'c' corresponds to C,= "7 pf. The value of C, was then
increased to obtain 'a' . A further increase in C, causes oscilla-

tions as shown in 'c¢!'. f .
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The above experiment was repeated with 10 megohms micro-
electrode. The set up was as shown in Fig. 4,9, Figure 4,10 shows typical
curves obtained. There is striking difference between the oscillatory
responses in the two cases. This is because the microelectrode capacita-
ance with respect to the immersing fluid is not grounded. Changing the

arrangement of Fig. 4,9 to Fig, 4,11 curves similar to the ones in Figures4.7 &

4.8 were obtained.

Glass tube containing
AgCl-Ag wire in agar

.
Preamplifier
==l
JL | stimulator e N e |
— —— _‘.— — o
éger Bath 1
i Fig. 4.9 )
22 ML -
Preamplifier
—>
JL
=RE=E
+ 4 ==

4ic.roe\ech'oc| -
Fig.4.11
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Figure 4.10 ‘Preamplifier response for the three cases of
compensation (triple exposure) . The experimental set - up
is shown in figure 9. o o

Figure 4.12. CRO traces for the experiment shown in figure 13.
The values of resistances connected for traces from top to
bottom 10MR, 22MR, 80MR and 200MR respectively.
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Figure4l2 shows four different curves obtained by connecting
resistances of 10 megohms, 22 megohms, 80 megohms, and 200 megohms

consecutively, at the input, (Fig. 4.13).

| 10 ML
e AN ————
2 22 ML

P

2 80 MmN
Preamplifier

4 200 ML

Fig. 4.13
The curves for 10 megohms and 22 megohms practically overlap. ‘

Attenuation factor corresponding to 80 megohms

Rn  =10.9
R+ Rin
Where Rin = Input impedance of the amplifier

= 9R = 720 megohms

Input current may be estimated as

for curves 2 and 3
AE = 10mV
AR = 70 megohms

i =10"2/70%105 = 1.4x10710 Amp,
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NOISE .. ...
The available noise power from a signal source is defined as
the maximum power that can be delivered to an external load connected
across it..53) Fig.4,14, This maximum occurs when the load resistance

is equal to the source resistance,

| R’ (Load)

Generator |\’

il
Fig. 4,14

2 2
v
{J— '
Therefore, power delivered to R [ IR’ ] R

andR=R',P=Pa

i.e. available noise power = 72

4R
According to Nyquist Theorem,
v 4K df (4.1])
where = Boltzman constant = 1,38x10723 (°K )-1
T =Abs. temp (°K)
df = small range of frequencies
Hence RMS noise voltage \/__vz_— =2 \/m
In a typical case
R = 10 M2 df = 80 ke

Therefore rms noise voltage

= 115 microvolts,
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This noise level is not significant when recording action

potentials which are of the order of 100 mV,
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CONCLUDING REMARKS

The microelectrode has high resistance. The effective resistance
of microelectrode and membrane may fluctuate during an experiment.
Therefore high input resistance of the preamplifier is useful for reducing
inaccuracies in the recorded signal due to these changes.

The purpose of the above experimental analysis of the pre-
amplifier was to evaluate its characteristics which are important in
bioelectrical measurements,

There is not sufficient data available on other amplifiers used
in biological research, on their behavior under experimental conditions.
Therefore it is hard to make a quantitative comparison, The values of input
current, input impedance and frequency response as obtained in the experi-
ment show that these values conform to basic requirements in bioelectrical
measurements,

By proper choice of electrometer tube and transistors the fre-
quency response of the preamplifier can be extended without generating
much noise in the circuit. The noise introduced by the feedback path can
be neglected over the useful range. The high frequency response of the
amplifier is useful for accurate reproduction of action potentials, - Where
the input signals are either d.c. or slowly varying potentials, the band-
width can be reduced. Reduction in bandwidth reduces noise and makes it
possible to measure signals in the microvolt range.

This preamplifier is being used at the Physiology Department of
the University of Ottawa, for recording resting and action potentials in

frog toe and sartorious fibres. A study of these records will be useful for
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—9

R2

vy -
WA

Tl

+ Vb

R3 R4

T3

RS

1t
1
Gt
Figure 4.15

R1,R9,R10° 12K . Rl4 270 ohms
R2 8.2K P Potentiometer 500§
R3 2.7 Ct 7-45 Pf
R4. IX E Electrometer tube 5886
R%,R6 470 ohms T1,T4 "Transistors 2N 1306
R7 1.8 12,13 Transistors 2N 1307
R8,R1} 5.6K Vb 16-8 volts
R12,R13 2.2k’

Vi 1-35 volts
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CHAPTER 5

MICROELECTRODES

5.1 Introduction

Living tissues e.g., muscle fibres and nerve cells have
microscopic dimensions. The frog toe and sartorious fibres are about
50 - 100 A in diameter. The microelectrodes for puncturing the
membrane of these fibres have to be much smaller in diameter so that
physical injury does not change fibre characteristics.

There are two general types of microelectrodes used in
biocelectrical measurements (54, 55).

1. Metal electrodes or metal filled pipette electrodes.

2. Fluid filled pipette electrodes.

The choice between these two types is determined not by
convenience but by the type of electrical measurement required.

For the purpose of analysis an electrode may be repre-
sented by its electrical equivalent consisting of a resistance 'R' and
capacitance 'C' (See Fig. 5.1).

Consequently the electrical activity in the cells is
transmitted to the measuring instrument through a network whose fre-
quency characteristic depends on the value of RC.

Metal filled electrodes have low resistance, thereby
having a better frequency response than the fluid filled ones. However
when the metal comes in contact with a medium containing charged ioms,
there is a formation of a double layer of ions which behaves like a
capacitor. This would modify the electrical equivalent of the probe

from that in Fig. 5.1(b) to the one shown in Fig. 5.2.
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Biol.
Gen.

Microelectrode

Physiological
Solution

I LN

(®) oy

Fig. 5.1 R is the microelectrode resistance (or f£luid resistance)
inside the micropipette mainly concentrated near the tip.
C is the capacitance between the fluid filling the .
micropipette and the immersing solution. The connection
to the micropipette fluid is made by immersing AgCl-Ag
wire in it,

] R
| || | AN S
R;
Biol. _ C
Gen. |

-

Fig. 5.2 Cj represents capacitance at the junction of two media
of different ionic concentrations.




DRI

Because of the appearance of the capacitance G, the slow

3

changes inside the cell would not be recorded on the measuring instrument.
The junction potential at the tip of these electrodes has irregular
variations, thus making them undesirable except for recording rapid
variations.

The fluid filled electrodes have high resistance, hence
poor frequency response. However they would record slow variations and
the junction potential at the tip of these electrodes is constant
depending on the ionic concentrations. The frequency response of these
electrodes can be improved by the technique described in Chapter IV.

The electrolytic solution used to £ill these electrodes

was in our case 3M KCl solution and this choice has been made for the‘
following reasons:

(1) K’ and CI ions have similar mobilities and henmce the
tip potential is steady. |

(2) The high concentration reduces diffusion potentials
due to other ions and the junction currents are largely carried by k'
and cl.

(3) The high concentration KCl solution has lower
specific resistance, therefore the microelectrodes of small tip dia-
meter filled with 3M KCl would not have very high resistance.

During measurements diffusion of ions from the tip into
the cell can change the ionic content of the cells. The amount of
diffusion from an electrode having an external tip diameter 0.44/ and
filled with 3M KCl solution is 6 x 10-14 moles per sec. (56). This

rate of diffusion of KC1 into the cells would not cause any appreciable

change in muscle fibres.



The electrical connection from the electrolyte of such an
electrode to the measuring instrument is made by inserting in KCl sol-
ution a silver (Ag) wire deposited with AgCl.

5.2 Preparation of fluid filled microelectrodes

The maEhine used for production of microelectrodes is the
same as described by Winsbury (57). The main electrode puller assembly
is shown in Figure 5.3.

The glass capillary is held between the two pin vices. To
the lower pin vice is attached a 'plunger' through a steel rod. The‘
glass tube is heated by a heating coil surrounding the tube. When, due
to heating, the tube becomes plastic, it extends by the gravitatiomal
pull of the plunger and the steel rod. When the tube is extended a
solenoid is energized at a pre-set point ererting a heavy downward pull
on the plunger. In this way two electrodes are produced simultaneously.

Dimensions of microelectrodes i.e., tip diameter, shank
slope and length of the shank are governed by the following parameters:

(i) temperature of the heating coil,

(ii) length of the first pull (before the salenoid is
energized),

(iii) magnitude of solenoid pull exerted on the plunger.

If the temperature of the heating coil is too high, the
resulting electrodes have either very small tips or closed tips. At
low temperatures the tip diameter produced is large.

The length to which the tube is extended during the first
pull governs the shank slope. When this length is small the slbpe is

large and for greater lemgth the slope is small.
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When the solenoid pull om the plunmger is very strong, the
tip diameter tends to be small and the tips may break., If this pull is

too small the diameter would be too large.

We used heating coil made of 3 turns of platinum wire

.052" in diameter. The coil diameter was 0.25".

Fig. 5.4 shows the circuit diagram of the heating and

solenoid elements.

S1 Rl T2
o~ A . W —
Eg >P

83

o o—o—

Fig. 5.4 Circuit diagram of microelectrode machine.
S1, on/off switch; S2, solenoid actuating microswitch;
$3, master microswitch; R, Rl fixed and variable
resistances for controlling heating coil current;
T1, T2 kva variac; T2 coil transformer 230/3.3v;
S, solenoid; P, platinum coil.

For the minimum value of R} the heating coil current
started at 82 amps. and dropped down to 46 amperes as the coil temper-
ature reached about 700°C. The terminal to terminal resistance of the
coil was 8.5 milliohms when cold and 26.2 milliohms at 700°C. ,Uﬁder

these conditions the length of the first pull for tubes of smaller
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diameter was 12 sec. and 16 sec. for tubes of larger diameter and
thicker glasé.

For maximum value of 'R, the coil current started at
71 A and dropped down to 42 A at coil temp. as ﬁefore. In this case
the lengths of the first pull for the two cases mentioned above was
found to be 15 sec. and 22 sec. respectively.

The useful range of solenoid pull on the plunger was
found to be 40 to 60% of its maximum value.

Data for microelectrodes obtained for medium positions
of 'R', and medium solenoid pull are given below. The values of re-

sistances given were measured as described below on the probes filled

with 3M KCl solution and immersed in Ringer's solutiom. ‘ ‘
TABLE 5.1
No. Resistance
1 12.5 ML
2 6.6 "
3 5.0 "
4 5.2 "
5 12.0 "
6 21.0 v
7 3.4 "
8 15.5 "
9 - 13,6 "
10 6.2 "

Average .value of 'resistance.: .10.1 "
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5.2.2 Filling of Microelectrodes

After pulling, the electrodes were examined under a high
power optical microscope (x1000) to check if the tips were not broken
or closed and whether the tip diameter was in the desired range.

They were then fastened onto & glass slide by a rubber
band. The slide was immersed in a glass jar containing dust free
methanol with the electrode tips pointing downwards. The glass jar
was placed in a vacuum and the pressure was reduced until methanol
started boiling. The air in electrodes was displaced by methanol
which filled the electrodes completely in a few minutes. The glass
slide with the probes was then transferred to another glass jar.filled
with dust free distilled water. The electrodes were kept there for
a minimm of 12 hours so that distilled water filled the probes and
displaced methanol. Finally these probes were transferred to a
3M KC1 solution. The KC1l solution displaced distilled water and filled
the electrodes. A period of 6 hours was allowed for this final stage
to ensure complete displacement of distilled water by KCl solution.

After this the electrodes were considered to be ready for use.

5.2.3 Measurements on Microelectrodes

A simplified arrangement used for measuring resistance
and tip potential of microelectrodes is shown in Fig. 5.5.

When switch 'S' is open, the potential difference meas-
ured between points 2 and 3 was the eiectrode ti? potential.

The switch 'S' was then closed and 100 mv, 1 KC pulses

were passed through the circuit shown.



-60-

OS/& —0 1
R o— >
IN Pre-Amp. CRO
02 o - —

\

2
A
B

UL
e by gl

|l|

11,

| !

——
—— —

Fig. 5.5 RB, Ringer's solution bath; El, Ag-AgCl-Agar electrode;
ME, microelectrode f£illed with 3M KCl solution;
AG, agar bridge containing AgCl-Ag wire; §, switch for
connecting pulse generator (PG) to the microelectrode;
R, 10-20 M resistance.

1f V13 and V3 is the potential measured between points

(1 and 3) and (2 and 3) respectively, the resistance of microelectrode

Re = ._1212____5Q .
V13 - V23 (5.2.3.1)

5.3 Analysis of Microelectrodes

In Appendix 5, we derived an expression for the equivalent

resistance of fluid-filled glass microelectrode. This is given as

Req = T%ﬁ' [ ZPin (tan ¢)'1 + Pout]
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where
Pin is the specific resistance of fluid used for filling
the microelectrode.
Pouc is the specific resistance of physiological solution
in which the microelectrode is immersed when its resistance is measured.
tan ¢ is the slope of the shank of miéroelectrode.
d is the internal tip diameter of microelectrode.
We have plotted the calculated values of this resistance
in Fig. 5.6, taking
Pia = 3.36 Dem for 3 KCl solution
Pout = 82 (Qcm for Ringer's solution
The ordinates give the values of Req in megohms, the
abcissae give interna} tip diameter in microns and different curves have

been obtained for different values of tan § .

It can be seen that Req is an inverse function of the
internal tip diameter and of the shank slope.

If the tip diameter is large, a big electrode resistance
would only be obtained for very small slopes. This tends to make the
electrode shank longer. An electrode with a long shank tends to break
and is not strong enmough to puncture the cell membrane. A very small
tip diameter for the same resistance would have very small shank length
and again would not be useful for measurementé on cell membrane.

It can be seen from the curves that a microelectrode would
have, theoretically, a resistance of about 10 MSL for the following . }

combinations of the diameter and slope:




! ] 1 1 | i 1 ! !
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Internal tip dia. (M) ——

Fig. 5.6 Calculated values of microelectrode resistance.



Internal Tip Dia, Slope
(A tan §
0,10 1/35
0:111 1/40
0.122 1/45
0.133 1/50
0.144 1/55
0.155 1/60

It can be seen that for such submicrqscopic dimensions
the use of optical microscopes for the purpose of.analysis or selec-
tion of microelectrodes is inaccurate.

We carried out two main experiments for comparing the
theoretical values of resistance with those measured experimentally:

(1) When the electrodes selected were of larger (y0.3U)
diameter and lower ({5M{L) resistance.

(2) When the electrodes selected were of smaller (0.3w)
diameter and higher resistance ()5MdL).

In the first case, the coil heat and solenoid pull were
adjusted so as to give electrodes of 0.5 to 1.04) tip diameter.
Pictures of these electrodes were taken by an optical microscope at a
magnification of x720. The electrodes were then filled with 3M KC1
solution by the method already described. The pictures of microelectrodes
were used to measure tip diameter and shank slope. These values vere

substituted in the formulae

Ry = [ 3.36 (tan g)"" + 3.3 ] gt
R e [ 3.36 (tan §)~! + 82 J n
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where

R; is the microelectrode resistance filled with 3M KC1
solution and immersed in 3M KCl solution.

Ry is the microelectrode resistance filled with 3M KC1
solution and immersed in Ringer's solution.

The corresponding values were determined experimentally.

The data obtained is given in Table 5.2.

TABLE 5.2

Estimated
Electrode Dimensions Calculated Resistance Measured Resistance

d ()t Ry Ry Ry Ry
A - megohm  megohm megohm  megohm
1 0.62  25.6 0.9 1.2 0.6 1.8
2 0.87 35.7 0.88 1.06 0.86 1.6
3 0.46  39.5 1.86 2.4 1.40 2.3
4 0.63  25.8 0.87 1.29 0.82 1.40
5 0.35  35.6 2.2 2.92 1.92 3.20
6 1.36  35.9 0.58 0.79 0.63 0.72

(b) In the second part of the first case we prepared some
electrodes and filled them with 3M KCl. After measuring the electrode
resistance, these were washed with distilled water and a few were selec-
ted for further measurements under the electron microscope. Their
dimensions were thus measured and the resistance calculated. Table 5.3

shows the results obtained.
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TABLE 5.3

GROUP I Prepared from bigger dia.glass tubes at low heat and 557% max.
pull of solenoid. (Note: Low and high heat correspond to the two values

of heating coil currents discussed in Section 5.2.)

Measured
Electrode Resistance
ML
1 2.6
2 3.5
3 3.2
* 4 2.8
Electron micrograph results
Code Electrode (tan ¢)-1 d Calculated Resistance
145 4 23 0.35M 2.15 ML

Note: The code refers to mo. of electron microgh shown in Fig. 5.7 and

Fig. 5.8.
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TABLE 5.3

GROUP II Prepared from smaller dia. glass tubes at low heat and 507% of

maximum solenoid pull,

Electrode

*% 6

10
Electron micrograph results

Code Electrode (tan ¢)'1
149 5 - 30

151 6 25

Resistance
MO
1.5
1.8
3.6
3.2
2.4
2.5
2.6

14.5
3.3

3.9

- d (M) Calculated Resistance (M)

0.45 2.0

0.40 2.0




In the second case we tried to adopt a statistical approach
to compare the measured resistance of microelectrodes. In this case a
few electrodes were selected at random from each batch of electrodes.pre-
pared and photographed under an electron microscope. The remaining
electrodes were filled with 3M KCl solution and their resistance was

measured while immersed in Ringer's solutiom.

GROUP I: Prepared from small diameter glass tubes, at about 50% of max-

imum solenoid pull and low heat.

Electrode Resistance
ML
1 3.8
2 13.0
3 4.4
4 6.0
5 4.9
6 2.0
7 2.5
Average 5.17

Sample electron micrograph results

Code (tan Q)'l d (W) Calculated Resistance (M{l)
140 41 0.25 4.6
141 42 0.25 4.65
142 40 0.50 2.20

Average - o4l 0.33 ' 3.82



GROUP II: Prepared from small diameter glass tubes at 507% of maximum

solenoid pull and low heat.

Electrode Resistance (MAL)
1 . 4.5
2 5.6
3 7.0
4 5.5
5 5.7
6 9.0
7 14.0
8 ' 15.0
9 7.0
Average 8.14

Sample electron micrograph results

Code (tan 0)'1 d (U) Calculated Resistance (M{Y)
133 36 0.4 , 2.58
135 42 0.3 3.87

Average 39 0.35 3.22
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GROUP III: Prepared from bigger diameter glass tubes at about 607 of

maximum solenoid pull and high heat.

Electrode Resistance (MY
17 24
2 19
3 6
4 17
5 10
6 9.5
7 6.2
8 15.0
Average 13.3

Sample electron micrograph results

Code (tan ¢)'1 d (M) Calculated Resistance M)
125 45 : 0.15 8.17
128 48 0.20 6.44
129 47 0.40 3.16

Average 47 0.25 5.92
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Fig.

5.7 Electrou micrographs of microelectrodes (x7000)

(Courtesy of Dr. M. Colonnier, Department of Anatomy,
University of Ottawa)



R A I RIS T YA N 1A N I S IR S WU TR A B ) GV D e SR e G R S BB B S TR I s Ve ¥ e S e L L.

-71-

Fig. 5.8 Electron micrographs of microelectrodes (x7000)

(Courtesy of Dr. M. Colonnier, Department of Anatomy,
University of Ottawa)
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The microelectrodes filled with 3M KCl solution and having
resistance less than 5 megohms have in general large tip diameter. Such
electrodes are not suitable for membrane potential measurements because
the ionic content of the cells can be altered by diffusion from the tip.
When choosing electrodes of high resistance, uncertainties in the
measurements may be introduced due to tip potential., This was pointed
out by Adrian (24) on the basis of the following observations:

(1) Some electrodes with high resistance which penetrated
the membrane of the muscle f£ibre without appareat damage gave very low
resting potential in normal Ringer's solution. The mean of 19 impale-
ments with an electrode of resistance 36 megohms was found to be
58.7 + 0.6.mV. The mean value of the actual resting potential of these
fibres was about 90 av.

(2) Two electrodes might give very different mean values
for the resting potential of the same muscle.

(3) Breaking an electrode which gave low values of the
resting potentials if it was still usable, immediately increased the
measured resting potential to about 90 mV.

That some kind of junction potential could account for
these observations was concluded from the fact that although the re-
corded resting potential may be very low, the total size of action
potential was not significantly altered. Large variatioms of the
resting potential measurements can be introduced by the microelectrode
and though this error seems to be directly related to the tip potential,
electrodes of high resistance are more likely to give rise to this

trouble than electrodes of low resistance.




The anomalous junction potential is assumed to be re-
sulting from some kind of "blocking" at the tip and the mechanism is
not clearly understood. However Adrian showed on the basis of
experimental results that the uncertainty introduced by tip potential
could be minimized by using electrodes with resistance greater than

5 megohms and negative tip potential between 0-5 mv.
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APPENDIX 1

DONNAN MEMBRANE EQUILLIBRIUM

Donnan deduced his theory for a system composed of two
solutions separated by a membrane of & peculiar semi-i permeability.
The membrane must be freely permeable to the solvent and to the most
dissolved substances, including electrolytes, but absolutely imper-
meable to at least one species of ions present in the solution. This
non-diffusible ion species is in one compartment only and is kept
there by the impermeability of the membrame to it.
Suppose the electrolytes present to be HC1 and ionized
XC1l, the membrane being impermeable to x* ions. The H* and ¢l can ‘
penetrate the membrane and do so in pairs because of the electro- “
static forces between them.
Fig.Al.l shows distribution of these ions at equillibrium
on the two sides of membrane

Membrane

a X
b H H ¢

(@+b) clfcl ¢

Then the Donnan equillibrium relation is expressed as

2 = b(a+bh) (1)

- where a, b, ¢ represent concentrationsof
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the ions shown. When no non-diffusible ion is present a = o and

2 = b2 i,e., the diffusible ions would be
equally distributed at equillibrium., For a time equillibrium as
considered by Donnan the system will not do any work. If such a
system is converted into & galvanic cell by the introduction of
electrodes reversible with respect to one species of diffusible ions,
the electromotive force (emf) of ﬁhe cell will be zero. For example
if AgCl-Ag wire is {mmersed into each compartment of the system con-
taining XCl and HCL no emf should be found. This was found to be
true experimentally.

As shown in equation 1, the concentration of gor ¢l
in the two solutions are not equal, therefore it should result in
unequal electrode potentials at the two AgCl-Ag electrodes. That
this is not shown experimentally is because there is a third seat
of potential difference; namely, between the two solutions on the
opposite side of the membrane. Donnan predicted that such a
membrane potential should exist and its value is given by 2 formula

identical with Nernst formula for concentration cell

=§Iln.ci

E
¢ ZF c2

where E. is potential difference due to concentrations of ions C1

and Cy on the two sides of the membrare.




APPENDIX 2

MEMBRANE RESISTANCE AND CAPACITANCE

Considering the muscle fibre as a cable we can derive
expressions for the resistance and capacitance of membrane.

Let us introduce the following designations:

dy, the internal or core diameter of fibre (cm).

dy, the outside diameter of fibre (cm).

t, thickness of membrane (cms).

m, specific resistance of membrane dielectric

material (ohm . cm)

Ry, transverse membrane - ‘ef” it length.
ry, transverse resistance
= (resistance of m length)
x (circumference ..., (ohm. cmz).

Sm, relative dielectric constant of membrane.

Cp, membrane capacitance per unit length of fibre.
(F /cn?)
(1) The transverse membrane resistance for a unit length of
fibre, is the resistance between two concentric cylinders ome unit in
length separated by the thickness of membrane.

From Fig.A2.1 this resistance across a cylinder of infin-

itesimal thickness ‘dx'

- ?m dx
(21mx).1

integrating between internal and external radii




do/
%:ng’oz ax = o o &

and by definition

(Tdy) Po 1 %
2T 4

Im
For thin membranes i.e., when difference between d, and d; is not large,

In % = d%-94 = 2t

(ii) From Fig.A2.1 if 'Q' is the charge stored in dielectric
medium, Sy is the stress developed at 'x' and '€' denotes the absolute

permittivity of the medium, then

£s 27x) = Q (Gauss Theorem)




and potential difference between the conductor and surface of sheath

=1
"

doja
8 dx = Q 1n _d_o_

Q. At
2TE d

Cp = G = &
(fTdo)l -t

but E=Em 'Ep

where §€o = permittivity of free space
: 8,85 x 108 WF/em
. Gy = 8.85x10%En ) F/en’

t
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APPENDIX 3

a. APPARATUS:

The length of fibres is an important factor in choosing
the dimensions of the apparatus. We have been using fibres of about
1.5 cm length. In our apparatus, the middle chamber was about 1 cm
long. The lengths of chambers 1 and 3 can be chosen arbitrarily and
they were 0.8 cm long each in our case. All pieces were cut from
plexiglass and cemented on & plexiglass base. The chambers were
placed a small distance apart (1 mm). In order to isolate the
adjaéent chambers rectangular pieces of acetate paper were cemented
on the surfaces facing each other in spaces S1 and S2. Suitable

holes for the muscle fibres were pierced in the acetate paper.

(Please see Fig.3.2)

b. ELECTRODES:

4 gms of agar was mixed with 100 cc of isotonic NaCl
solution and the mixture was then heated. The resulting liquid was
used to fill glass tubes corresponding to the diameter of holes El
and E2. This liquid solidifies when cooled. Silver chloride (AgCl)
was deposited electrolytically on silver wire (about 0.25 mm in dia.)
in 120 mM NaCl solution, at a constant current of about .05 mA per

electrode. These wires were then inserted in the filled glass tubes

to make electrodes.

c. STOCK SOLUTIONS:

The following stock solutions were used to prepare

(i) Ringer's solution and (ii) Depolarizing solution'




et S I TSR Y

IM KCl solution

24 Nacl "
M CaCl, "
10mM CasO, "

380mM K280 "

500mM NaHCO3 "

d. COMPOSITION OF SOLUTIONS IN mM

(i) Ringer's solution

KCL NaCl CaClz NaHCO3

2.5 115 5 5
(ii) Depolarizing solution
KC1l CaS04 K250, NaHCO3
2.5 5 93.71 5
(iii) Sucrose solution
260 mM
This solution was prepared in 2X glass distilled water

and passed through an ion exchanger to de-ionize.
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APPENDIX &
Compensating networ 4}1::§iectrometer
B AMAMAAAA—
I (1p1p) S L
, ) | R
Depolarized end
b R7 [

Fig. A4.1 The compensating network is connected across two
chambers containing Ringer's solution as bathing
£luid. The electrometer (null detector) is
connected across chambers, one containing Ringer's i
solution and the other depolarizing golution. The ‘
chamber in between contains sucrose solution as

bathing fluid.

Referring to the above figure

I is the total current due to biological generator Vj
I, is the total current due to biological generator Vo
Applying Thevenin's Theorem

11 = Vl
Ry + Ry + [Rp#/ (Rg # Ry + R;)] + Re

s Vl

R1 + Ry + R4 + Re * Rs Z> (R3 t R7)
Conttibution from I; to Ry
= vl X R2 ] Vl XRZ

Rl ¢ R2 + Ry +1R6 RS.* Ry + Ry Ry ¢ Ry ¢ R, ¢ Rg Rs

|+ SyEt HA AR AR R P P Ty T W
PR SR SRR L T T R L T e
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Similarly

V)
Ry + [(RL * R4 * Rg)¥ (R5 * R3¢ r7)]

I

|V2
Ry * Ry ¢ R4 * R

Contribution from I3 to Rs

:[VZ-IZRZ] x R;

V2 {1 -R2 1
leRz'l'RA‘l'Re Rs

Vo R]_*Ra*Rs 1
Ry + Ry + By + Ry Rg

I£Vy = V2, then total contribution from I; and I, to Ry

s = V| 2 o, R tR R L
R1+R2+R4+R6 R1+R2+1R4*R6 Rg

: L

Bs

To obtain null, let the compensating potential be Vg

Then the compensating current through Rg as shown in Fig. A4.1

1 .-.-Vc RZ :Vc RZ
B X = L x ———
Ry +Ry t By Rs Rg RL+R2+Re
At null
/ -
I(1 t2)° L

Ve (R |- L
R5 Rl*RZ*Rﬁ Rsl

Ve * ______Rl’RZ’Ré.1 v

Ry

r 1
R2
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This shows that theoretically it is not possible to
record the actual value of the resting potential by compensation
method in the case of muscle fibres. The compensating potential
would be about twice the actual resting potential. However the

technique may still be useful in other measurements.



APPENDIX 5

The microelectrode is a glass capillary drawn into a
fine tip about one micron in diameter and filled with some suitable
electrolytic solution. The electrical connection from the micro
electrode to the measuring {nstrument is made through a silver wire

covered with silver chloride. I
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Fig.A5.1

The resistance of micro electrode consists of two components:
(i) Ryp» resistance of the electrolyte inside micro-pipette
(ii) Rgys resistance of the surrounding fluid between the tip of micro-
alectrode and other electrodes.
1f in = sp. resistance of electrolyte inside electrode
Then, referring to Fig. 1

R;, = Q)in _@;

in
a

Y
= {) in dy

T /4(De2y tan §)%

. 4V (7 (D42 tan 0)2  dy
m

s VA WS S NN

AT T T Y



g) , y
Rin = 4 in §d+22 tan ¢)
T -2 tan §
L 0
- ' -1
= in 1 (1+ d )
T 2d tan @ 2Y tan #
Now d 1
T S
o Ry 2 E in (1)
MTd tan @

The external resistance R,, is equivalent to the resistance

two concentric spheres.
Surface area of the internal sphere

tip area of micropipette i

T d2/4

Therefore, radius of the internal sphere
= d/b4

Let, radius of the external sphere be R

Then Rex P ex .

Q/a
R

fef, o
_Q_e_x_ [4/& _ %]

A

Vfex _ (2) because 4/d 1
Re.x o d 77 R

Hence total equivalentv resistance of microelectrode

Req = L ZEin . Pex _ (3)

fd tan @




Figure A5.2

Electron micrograph of a typical microelectrode (x 66,000)

(Courtesy Dr. M. Colonnier, Anatomy Department, University
of Ottawa)




Values of internal tip diameter and tan ¢ as estimated

from Figure A5,.2 are
d = 0.152 4

tan ¢ = 1 (slope of internal surface)
30

For use in the laboratory, the microelectrodes were
filled with 3 molar KCl soln,

Sp. resistance of 3-molar KCl solution

Vin = 3,36 Slem(*k)

Specific resistance of the Ringer's solution used in
the lab, was measured

Pout = 82 Slcm.

Substituting these values in equatica (3) of the
appendix

Req = 5.94 ML

The average value of the measured resistance of micro-
electrodes was found to be about 10 M. .

The reason for the difference between calculated and
measured resistance is not very obvious. It is possible that the
specific resistance of KCl solution inside micropipette is higher

than the value used for calculation.

(**) From J.F. Chambers, Jean M. Stokes and R.H. Stokes
"Conductance of concentrated sodium and potassium chloride
solutions at 25°" J. Phys. Chem. vol. 60 pp. 985 - 986,

July 1956.
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