
Acquisitions and 
Bibliographic Services Branch 

395 Wellington Street 
Ottawa. Ontario 
K I A  ON4 

NOTICE 

Bibliotheque nationale 
du Canada 

Direction des acqiiisitioris et 
des services bibliographiques 

395, rue Wellmgton 
Ottawa (Ontarto) 

The quality of this microform is 
heavily dependent upon the 
quality of the original thesis 
submitted for microfilming. 
Every effort has been made to 
ensure the highest quality of 
reproduction possible. 

If pages are missing, contact the 
university which granted the 
degree. 

Some pages may have indistinct 
print especially if the original 
pages were typed with a poor 
typewriter ribbon or if the 
university sent us an inferior 
photocopy. 

Reproduction in full or in part of 
this microform is governed by 
the Canadian Copyright Act, 
R.S.C. 1970, c. C-30, and 
subsequent amendments. 

La qualite de cette microforme 
depend grandement de la quaiite 
de la these soumise au 
microfilmage. Nous avons tout 
fait pour assurer une qualit6 
superieure de reproduction. 

S'il manque des pages, veuillez 
communiquer avec I'universite 
qui a confere le grade. 

La qualite d'impression de 
certaines pages peut laisser a 
desirer, surtout si les pages 
originales ont ete 
dactylographiees i I'aide d'un 
ruban use ou si I'universite nous 
a fait parvenir une photocopie de 
qualite inferieure. 

La reproduction, m6me partielle, 
de cette microforme est soumise 
a la Loi canadienne sur le droit 
d'auteur, SRC 1970, c. C-30, et 
ses amendements subsequents. 



DEVELOPMENT OF AN EXTRACELLULAR VOLTAGE 

CLAMP TECHNIQUE 

Youmin Zhang 

B.Sc., Shanghai University of Science and Technology, 

Shanghai Second Medical School, Shanghai, People's Republic of China, 1988 

THESIS SUBMITTED IN PARTIAL FULFILLMENT OF 

THE REQUTREMENTS FOR THE DEGREE OF 

MASTER OF SCIENCE 

in 

School of Kinesiology 

O Yournin Zhang 1991 

SLMON FRASER UNIVERSITY 

March 1992 

All rights reserved. This work may not be 
reproduced in whole or in part, by photocopy 

or other mcans, without permission of the author. 



National Library 1*1 of Canada 
Biblioth6que nationaie 
du Canada 

Acquisitions and Direction des acquisitions et 
Bibliographic Services Branch des services bibliographiques 

395 Well~ngton Street 395, rue Wellington 
Ottawa. On!ario Ottawa (Ontario) 
K I A  ON4 K I A  ON4 

The author has granted an 
irrevocable non-exclusive licence 
allowing the National Library of 
Canada to reproduce, loan, 
distribute or sell copies of 
his/her thesis by any means and 
in any form or format, making 
this thesis available to interested 
persons. 

L'auteur a accorde une licence 
irrevocable et non exclusive 
permettant a la Bibliotheque 
nationale du Canada de 
reproduire, prgter, distribuer ou 
vendre des copies de sa these 
de quelque maniere et sous 
quelque forme que ce soit pour 
mettre des exemplaires de cette 
these a la disposition des  
personnes interessees. 

The author retains ownership of L'auteur conserve la propriet6 du 
the copyright in his/her thesis. droit d'auteur qui protege sa 
Neither the thesis nor substantial these. Ni la these ni des extraits 
extracts from it may be printed or substantiels de celle-ei ne 
otherwise reproduced without doivent Otre imprimes ou 
his/her permission. autrement reproduits sans son 

autorisation. 



APPROVAL 

Name : Yownin Zhang 

Degree: Master of Science 

Title of thesis: Development of an Extracellular Voltage 
Clamp Technique 

Examining Committee: 

Chair: Dr. Igor Mekjavic 

-1- - ------ - 
Dr. T Q I ~  &chardson 

L Senior Supervisor 

Dr. Parveen Bawa 

Dr. R.H.S. Hardy 
External Examiner 
School of Engineering Science 
Simon Fraser University 

f 

Date Approved: .-?/-J,c 6 c i  .?Yd 
/ 



PARTIAL COPYRIGHT LICENSE 

I hereby g r a n t  t o  Simon Fraser  U n i v e r s i t y  the  r i g h t  t o  l end  

my t h e s i s ,  p r o j e c t  o r  extended essay ( t h e  t i t l e  o f  which i s  shown be low)  

t o  users o f  the  Simon Fraser  U n i v e r s i t y  L i b r a r y ,  and t o  make p a r t i a l  or 

s i n g l e  cop ies  o n l y  f o r  s u c h  users  o r  i n  response t o  a request  from t h e  

l i b r a r y  of any o t h e r  u n i v e r s i t y ,  o r  o t h e r  educat iona l  i n s t i t u t i o n ,  on 

i t s  own b e h a l f  or f o r  one o f  i t s  users .  I f u r t h e r  agree t h a t  pern l iss ion 

f o r  m u l t i p l e  copy ing  o f  t h i s  work f o r  s c h o t a r l y  purposes may be granted 

by me o r  t h e  Dean o f  Graduate Stud ies .  I t  i s  understood t h a t  c o p y i n g  

o r  p u b l i c a t i o n  o f  t h i s  work f o r  f i n a n c i a l  ga in  s h a l l  n o t  be a l lowed 

w i t h o u t  my w r i t t e n  permiss ion .  

T i t l e  o f  Thesis /Pro ject /Extended Essay 
--d - -- -- 

/ 
(name) -.A 

(date)  



Abstract 

Epilepsy is a common brain disorder affecting approximately 0.5% of the world 

population. It is characterized by discrete episodes of abnormal brain activity and loss of 

consciousness referred to as seizures. It is known that seizures result from synchronous 

and excessive discharge of a population of hyperexcitable neurons within an epileptic 

focus. Previous studies have shown that both synaptic and non-synaptic mechanisms may 

underlie seizure activity. It is thought that one of the non-synaptic mechanisms, known as 

ephaptic interactions, may play a significant role in the generation and spread of epileptic 

seizures especially in CAI area of the hippocampus. To investigate the role of ephaptic 

interactions in epileptic seizures, a voltage clamp circuit is required to manipulate the 

potentials in the extracellular space of brain tissue. This project developed a voltage clamp 

technique for clamping potentials and generating voltage gradients in artificid cerebral 

spinal fluid (ACSF), and investigated theoretical and practical problems associated with the 

use of this technique. The following phases were involved to achieve this goal. 

The first phase of the project characterized the field potential distribution within a 

conductive medium based on the well-established properties of electric current. Potential 

profiles were developed for specific current sources including a point source and a wire 

source. These profiles were compared in order to determine the best approach for an 

estracellular voltage clamp. In the second phase of the project, a voltage clamp circuit was 

designed, constructed and tested on the bench. The circuit was based on an operational 

amplifier with a feedback loop. 

After the successful debugging and evaluation of the voltage clamp circuit on the 

bench, it was tested in ACSF solution. Theoretical predictions for field potential 



distributions were confim~ed in the solution and voltage gradients were grnemted with a 

multi-channel voltage clamp system. A number of technical p-rnbtcms were mer :~nd 

overcome in these experiments. One major problem was caused by clectrodt: poli~rizatinn 

which could lead to circuit offsets and instability. To avoid this problem, thc a~nount o f  

current was kept as low as possible, and the time period for passing currenr w:is also 

limited. An integrator was used to correct the voltage offset and drift i n  the circuit. 

Based on Ohm's law, the potentials drop by llr in a point current source field with 

a surrounding conductive medium, while the potentials in a wire source field drop by 

ln(l/r) (where r is the distance from the point source or the center of wire source). Cable 

theory suggests that the potential in a cable decays exponentially along its longitudinul axis 

with an electrotonic length A. However this characteristic can be ignored for short silver 

wires in ACSF since its h is much greater than 10 times the wire length of the wire used in 

this study. The recorded data from the point and wire current source field measurcmcn ts 

was well correlated to the theoretical predictions. Experiments with either two channel o r  

three channel voltage clamp system suggested that a stable and approximately linerzr 

potential distribution could be generated with a wire current source electrode. The resulrs 

also showed that the voltage clamp system was still capable of maintaining the clamped 

voltages at the electrode tips even when a perturbing signal was involved, but the potentials 

between the tips were affected by the perturbing signal. The results of these experiments 

suggest that an array of closely spaced wire electrodes should be capable of clamping the 

extracellular space. 
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CHAPTER 1 INTRODUCTION 

1.1 Background 

1.1.1 Epilepsy 

Epilepsy is an important focus of clinical and neurophysiological research. It is a 

remarkably common brain disease affecting one to two million people in the United States 

and twenty to forty million worldwide (Delgado-Escueta et a1 ., 1986). It is a functional 

brain disorder caused by synchronous and excessive neuronal discharge resulting from 

various intracranial or extracranial causes. It is characterized by discrete episodes, called 

seizures during which there is a disturbance of movement, behavior, sensation, perception 

and/or consciousness including absences, bilateral myoclonus, affective symptoms, and 

automation (Suthorland and Eadie, 1980). Pathophysiologically, an epileptic seizure is 

associated with the synchronous and excessive discharge of a large population of 

hyperexcitable neurons. The hyperexcitability is thought to be caused by an imbalance 

between inhibition and excitation of neuronal membranes. This imbalance leads to an 

enhanced neuronal excitability (Jackson, 1870; Futamachi and Prince, 1975; Andersen et 

al., 1978; Noebels and Prince, 1978; Wong and Prince, 1978, 1979; Andersen and 

Rutledge, 1979; Cutler and Young, 1979; Dingledine and Gjerstad, 1980). The epileptic 

focus is defined as a large aggregate of highly unstable neurons in a hyperphysiological 

state (Jackson, 1870). 

Because of its wide varie :ty of symptoms and the lack of long term effective 

treatment, epilepsy has attracted many neuroscientists to devote themselves to investigating 

the basic mechanisms of epilepsy. The search for new methods of diagnosis, control and 



treatment of ths  disease involves molecular and cellular biology, nt.urochrn~istry anti  

electrophysiology. 

1.1.2 Mechanisms of epileptic seizures 

Since epileptic seizures are thought to be related to an esccssivt: disehnsgc o f  a 

population of neurons, it seems likely that the mechanism is based on neuronal interactions. 

It is generally accepted that a positive feedback is involved in the generation and spse;~l of' 

epileptic seizures. This feedback may be via chemically mediatcd synaptic intcmctions 

and/or non-synaptic interactions. 

A) Chemicallv mediated svna~tic interactions 

It is believed that chemically mediated synaptic interactions between neurons play 

an important role in the generation and spread of epileptic seizure. Activity produccd i 11 ;III 

epileptic focus can recruit synchronous discharge of adjacent neurons through synaptic 

transmission. Suppose three excitable cells A, 13, and C are interconnccted with excitatory 

synapses. If cell A fires, it will tend to excite cell B and C through synaptic interactions. 

Increased discharge in B and C can re-excite cell A. This re-excitation may eventually cause 

overdischarge of this population of neurons. 

However, a number of reports suggested that epileptic activity can occur even 

during complete blockade of synaptic transmissions. Taylor and Dudck ( 1982; 1 %!Ma, h) 

and, independently, Jefferys and Haas (1982) observed a remarkable synchronization of 

population spike activity in hippocampal slices exposed to an 'artificial CSF with no Ca2+ 

ions. Under thls condition, synaptic transmission was blocked because influx of (:a2+ is 

required for neurotransmitter release (Kandel and Schwartz, 1985). This finding suggcsts 



tha t  non-synaptic interactions may be involved in epileptiforn~ activities. Three possible 

non-synaptic mechanisms are considered in the following sections: (1) Change in 

extracell~dar ionic concentration, (2) Electrotonic conduction through gap junctions, and (3) 

Ephaptic interactions. 

Changes in extracellular ionic concentrations is the first possible factor accounting 

for seizure activity. For the low extracellular Ca2+ model of epilepsy, in which chemical 

synapses are blocked, there is a transient elevation of extracellular K+ ions during each 

spontaneous epileptic burst. This may contribute to neuronal excitability during the burst 

since the elevated K+ concentration will alter the Nernst potential, moving the membrane 

potential closer to the firing threshold, and thus increasing the neuronal excitability. 

However the change in extracellular K+ concentration usually occurs after the start of 

seizure discharge, so ion hffusion is probably not responsible for the rapid spread of 

seizure activity, but may contribute to seizure activity once initiated (Yaari, Konnerth and 

Heinemann, 1986). The second factor is electrotonic conduction through a gap junction. A 

gay, junction is a specialized 2-4 nm lameter channel connecting two excitable cells. Unlike 

a chemical synapse, the cytoplasm of the two cells is continuously distributed via a gap 

junction ch'annel. Because of its low electrical resistance, current can flow directly from one 

cell to the other. In this way, activities generated in one cell could propagate to the coupled 

cell and result in the spread of seizure discharge. However, electron microscopic studies 

indicate that gap junctions are not conmon in the mammalian cortex and are, especially 

infrequent between the pyramidal cells in CAI area of a hippocampus where low Ca2+ 

bursts are observed (Taylor and Dudek, 1982; Taylor et al., 1984). Therefore, it seems 

unlikely that electrotonic coupling plays a major role in low calcium bursting. 



Of great interest is the third kind of non-synaptic inter:tction, ~ v h i c h  is the cphitptii. 

interaction and its possible role in epilepsy. An ephaptic interaction is defined as a direct 

electric influence of extracellular current flow on the excitability of neurons. 'I'his 

mechanism is illustrated in Figure 1.1. Field effects occur when the extracellular currcnt 

(from source to sink in the figure), generated by the discharge of an active neuron, enters 

the intracellular space of a nearby passive neuron and fires it. This process can lend to 

depolarization of a population of cells exposed to extracellular current flow. 

Passive Activc 
source 
/ +- 

Dendrite I 
Dendrite 

I 

Soma 

ephaptically depo1:iriziug rhc 
passive cell 

Figure 1.1 Ephaptic interactions Sodium current (Na-+) into iln active neuron in  an 
area of brain tissue will depolarize the neuron and generate an action potentirtl (AP indicated 
in the diagram) in the soma. An extracellular current (sourcc and sink shown in  thc 
diagram) produced by the discharge of this active cell can depolilrize nearby cells, since a 
portion of the current will pass within its dendrosomatic axis. This effect of an cxtr:~ccllular 
field on the excitability of a passive cell is called ephaptic interactions or field effects. 

The first demonstration that dmc t  electrical interactions can take place between 

neurons came from Arvanitaki (Arvanitaki, 1942). Arvanitaki's experiment brought two 

axons in close proximity with one another in CSF. She observed that the propagation of an 

action potential down one axon could trigger an action potential in the other fibre, dcspitc 

the lack of any physical contact between the two fibres. Arvanitakj called the, juncture thus 



formed an ephapse and hypothesized that analogous electricd stirnulation was taking place 

at the ephapse. 

C]) E n h a ~ t i c  interactions and epileptic seizures 

Previous studies of ephaptic interactions have shown that they contribute to 

stimulus induced depolarization of CA1 pyramidal cells of hippocampal slices, and may 

cause synchronization and recruitment of neuronal discharge in the low [Ca2+] model of 

epilepsy (Richardson et nl., 1984; Haas and Jefferys, 1984; Taylor and Dudek, 1984a,b). 

Epileptic seizures are characterized by a series of large amplitude field potentials, and it is 

thought that these field potentials may contribute to seizure activity through field effects 

(Konneth, Heinemann and Yaari, 1986). For example, extracellular electrical fields 

produced by one active population of neurons A can excite its neighboring passive 

population of neurons B, and the field effects generated by B could in turn affect A. This 

positive feedback loop may ultimately activate a group of neighboring subthreshold 

neurons and thus account for hyperexcitability (Turner et al., 1984). 

The hippocampal pyramidal layer is a likely site for ephaptic interactions because of 

the close packing and regular alignment between cell bodies, and the relative absence of 

intervening neuroglia (Taylor et al., 1984). It is also notable that, of many structures in 

brain, the hippocampus is the most prone to seizures. Furthennore, the potentiation of CAI 

population spikes during paired pulse or frequency stimulation is associated with a 

tor-responding increase in ephaptic depolarization of CAI pyramidal cells (Turner et al., 

1984). Other experin~ents have also demonstrated that externally applied electrical gradients 

iis low as 5- lOmV/mm can modify the excitabihty of dentate granule cells, whereas evoked 

potentials can generate a voltage gradient along the dendro-somatic axis as high as 



100mV/mm. It therefore seems likely that esrrrrcellular fields are significant dercm~irlants of 

neuronal excitability in the hippocampus (Jefferps 19s 1; Rich:udson, et ill.. 198-1). 

In order to experimentaIIy investigate the role of ephaptic interactions in epilcptic 

seizures, it is necessary to manipulate estl-acellular field potenti;lls. It was proposed ttlar a 

voltage clamp technique be developed for manipulating cxtracellular field potentials. 

1.2 Voltage Clamp Technique 

The voltage clamp technique is a powerful tool in electrophysiologicd rcsearcl-1, 

especially in the study of membrane properties of excitable cells (Siuith et id., 1985). 'I'llc 

basic idea of a simple voltage clamp circuit is to maintain the region near the tip of  it 

recording electrode at a specific value of potential by varying the magnitude of currcnt 

hjected by the circuit. The control element is often ,an operational ampliflcr coniigurution to 

gencate negative feedback (Figure 2.16). In order to avoid errors introduced by n voltiigc 

drop across the high resistance of microelectrodes, most simple voltage clamp circuits use a 

separate current passing and voltage sensing electrode. 

1.3 Present Study 

In order to generate artificial field potentials in the ACSF, an army of individuitl 

voltage clamp electrodes is required. At this time, there is no infornmiun av:til:iblc to hclp 

determine the appropriate category of electrodes or the magnitude of current required to 

successfully clamp a region within a fluid volunie. Furthermore, i t  is n o t  clear i f '  several 

closely spaced electrodes with independent control circuits will remain stable. 7'hc objective 

of the present project is to help resolve these problems by 1) investigating the basic iswes 

of current flow in a resistive medium using well-established theory, 2) designing, 



constructing and bench testing a practical voltage clamp circuit, and 3) evaluating this 

circuit in ACSF tising various configurations including a three channel voltage clamp array. 

The results are of direct value In further development of a practical extrxellulas voltage 

clrinlp technique, 



CHAPTER 2 THEORETIC-4L BACKGROUNI) 

The ultimate objective of the project is to develop a technique t o  gencratt. a near 

linear potential distribution in a solution with a voltage clamp system. This ch;iplcr 

introduces the theoretic21 basis for field potential distributions using pvint and wire wt-t.t.nt 

sources and then describes the development of n basic voltage clamp circuit. 

2.1 Theoretical Basis for Field Potential Distribution in a 
Conductive Medium 

2.1.1 Single point source field 

A glass micropipet.te passing current through a volunie o f  ACSP to a distant  

distributed ground could be modelled as a single point current source in a conductive 

medium with a distant spherical ground, as shown in Figure 2.1. The constant curscnt i 

originating from the source will spread in three dimensions to the distant grounded sphere. 

conductive 
mechum 

distant spherical ground 

Figure 2.1 Electric field of a single point current source A single point current 
source (+) with constant current i is in a conductive medium with a distant spherical 
ground. The constant current i spreads from the source in 3 dimensions to the ground. 



If the conductive medium is purely resistive, then Ohm's law (Scott, 1959) leads to 

the following derivation of potentials in the medium. Consider an infinitesimal spherical 

shell of thickness & (from r to r+dr); the resistance of this shell dR is given by 

where 

= the distance of a sphere in the medium from the center of the source; 

r the resistivity of the conductive medium; 

= the resistance of the medium ranging from the edge of the source to the 

sphere of distance r; 

z the potential at the sphere of distance r; 

= - i p / 4 ~ ,  which is a constant determined by the source and the properties 

of the medium; 

= the constant determined by the boundary conditions. 

If the edge potential of the source (r = k, the radius of the source) is V,, and the ground is 

tit infinity (r+m, @=O), these boundary conditions give 



If the ground is at a certain distance rg, then from Equatinn 3.1 the potcnti;ll hcrnmrs, 

ACSF, an electrolytic solution, is a conductive medium with a ccrtain rrsistivity. 

Therefore the equations 2.2a&b can be applied to predict the potential profile in ACSf: 

under experimental conditions. 

Plots of the potential distribution under a point current source are shown in Figurc 

2.2. The graphs A and B show the potential distribution generated by a point citrrent sourct: 

with an infinite and finite ground. Curve A with an infinite ground irltlicates n potential 

decay from V, at the edge of the source (radius is a,) to zero at infinity, The potential 

decays by l/r, where r is the distance from the center of the source. I f  a ground is present a t  

a finite place (rg,=8 in the figure), potential curve B is shifted towards the source, anti 

decays more dramatically but is still proportional to l/r. 
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Figure 2.2 Single point source potential distribution with infinite or finite 
ground Curves A and B show potential distributions generated by a point current source 
with an  infinite and finite ground, respectively. Curve A decays by l/r with an infinite 
ground from V, at the edge of the source (radius is a, ) to zero at infinity, where r is the 
distance from the source center. If the ground is located at a finite place (rgn=8 in the 
figure), the potential (shown in curve B) shifts towards the source, but is still proportional 
to 1 /r. 

2.1.2 Single wire source field 

A wire passing current through a volume of ACSF to a distant ground could be 

modelled as u wire spanning the depth of a disc shaped volume of conductive medium with 

;t distant cylindrical ground around the perimeter of the disc as in Figure 2.3. Diagram A 

shows the top view of the wire, in which a constant current, i, spreads in two dimensions 

from center of the wire to a distant cylindrical ground. Diagr,m B shows the sideview with 

current flowing perpendicular to the wire. 



Figure 2.3 Configuration of a single wire current source Diirgram A )  itnci 8 )  
show top view and side view of a single wire in a condi~ctive n ~ e d i i ~ ~ n ,  in  wi~ich a corlstarlt 
current i spreads in two dimensions from center of the wire to  n r1ist;int cylindric;il, (yro~~r~t!. 
The direction of current flow is perpendicular to the wire. 

This configuration is made more complicated by the cable properties of ' th t .  wire ;IS 

shown in Figure 2.4A. As current passes through the wire, the atnoutlt of current tlcw-c.;~w\ 

in both the longitudinal and radial axis (id. The end result is :i grxJ~ial clecreasc in  surface 

voltage along the length of the wire. The cable can be mtxielkd as an electrically e q i ~ i v i ~ l c r ~ ~  

circuit as shown in Figure 2.413. In this diagram, the wire is divided jnro many st;grncr)~s. 

For each unit segment, r, is the axial resistance of the cable, r,, is the radial cithlc w d l  

resistance, and r, is the radial resistance of the medium between the scgnlent of the tvirb: 

and the distant ground. At an axial distance g, the axial and the wall cim-cnt ;ire ;~sstrr~~cd to 

be iag and iWq, and the voltage is V(g). Ground cylinder (GND) is: placed at :i f i ~ ~ i t c  place 

(r,is the distance of the ground from the center of the wire) i n  the extesrtal mctlitrnt. 



Figure 2.4 A single wire cable and its electrically equivalent circuit The 
drawing A shows a finite cable through which current is passing. The potential and current 
at the initial segment of the wire are VO and I,, respectively. As current passes through the 
wire, the amount of current decreases in both longitudinal and radial axis because of 
leakage current through the wall (i,) and the voltage drop along the wire. The drawing B is 
an electrically equivalent circuit for the single wire within a conductive medium, where ra is 
the resistance of each smalI segment along the cable axial direction, r,, and r, are the cable 
wall resistance and surrounding medium resistance of the segment, respectively. At a 
distance g, the axial and the wall current are assumed to be iag and iWg, and the voltage is 
V(&. Ground cylinder (0) is placed at a finite distance in the external medium (rgn is 
the radial distance of the ground cylinder from the center of the wire). 

Cable theory (Katz, B., 1966) indicates that the voltage drops exponentially along 

the cable, as in E,luation 2.3 (derivations are in Appendix A). At one electrotonic length h, 

the voltage will have dropped to l/e or 36.8 percent of its driven voltage. 

where 

S = the asial distance variabie from the initial part of the cable; 

V, = the initial potential of the wire; 

h = 4 (r,,+r,3/ra , is the electrotonic length of the wire. 



The voltage gradient of interest to this project is nssoci:l teii with uurrt'rt t R o w  from 

the wire surface radially to the distant ground. For a single segment (Ag) of the wire i ~ t  

distance g (Figure 2.5), the potential (Vg,r) at distartce r from the wire center is given by 

Equation 2.4 (derivations are in Appendix B). 

where 

a0 = the radius of the wire cable; 

rgn = the radial &stance of the ground cylinder to  the center of the wire; 

r =- the radial distance from the center of the wire; 

Vg,, - the potential at distance r from the wire centcr in the plane o f  thc 

segment Ag. 

This equation indicates that the voltage decays in In(l/r) in the plane perpendicirlirr to tlic 

wire. However, if the voltage drop along the wire is substantial, then the voltagc gr;~dicnts 

will differ for each segment along the length of the wire. This is undesirable for a voluge 

clamp application where the objective is to clamp a volume to a specific voltage. Tilt worst 

case voltage drop will occur if the cable wall resistance (r,,) is zcro and the wire Icngth is 

infinite. If contamination or oxidation of the wire surface creates a resistive lmmer. o r  :I 

significant resistance exists at the metal-electrolyte interface, thcn the wire wi 11 behave as if 

it were partially insulated and the voltage drop along its length will be less. Similarly if the 

wire has a finite length, voltage drop per unit length will also decrease since le:;s current 

will be lost to axial flow. 



The following section estimates h for the silver wire planned for use in actual 

experiments in order to determine whether this wire will have a significant voltage drop 

along its length. These calculations are based on the worst case where cable wall resistance 

is zero and the voltage decays at the rate determined for an infinite cable. The first task is to 

derive the equation for resistance to current flow through the ACSF from the wire to the 

ground. A very small segment Ag (length h) of the wire is selected as shown in Figure 2.5, 

in  which h is the length of the segment, a, is the radius of the wire, and dr represents an 

infinitesimal distance between two cylinders in the medium, and finally iwg is the radial wall 

ci~rrent at the segment. 

wire, a0 
7 

single element, Ag (h) 

Figure 2.5 A small segment of a wire in ACSF medium This figure shows a 
long wire, indicated by the shaded outline, surrounded by ACSF. To the right a single 
element of the wire Ag is shown. For the single small segment Ag, h is the length of the 
segment, a, is the radius of the wire, and dr represents an infinitesimal distance between 
two cylinders in the nledjam, and finally iWg is the wall leakage current at the segment. 

Medium resistance for a unit length of a wire in Equation 2.3 (r,) is calculated 

based on the definition of resistance, 



where 

r m = medium resistance for a unit length of a silver wirc (b2cnl); 

R s the medium resistance from the wire edgc t o  the cylinclcr o S  scgmcnt Ag; 

h = the length of the segment Ag; 

a0 = the radus of the wire; 

r = the radial distance of the cylinder from the center of thc wirc:; 

A = the round area of the cylinder for the segment Ag; 

P = the resistivity of ACSF. 

Given that the silver wire has a radius ~b of O.Olcm, the ground distance (disk radius) r is 

lcm, and the resistivity of ACSF p is approximately 20Qcn1, tltc tnediurn ~.esistance fizr ;I 

unit length cable r, from Equation 2.5 is 14.66Qcm. Given that tht: resistivity of' sjlvcr is 

0.162 x 10-7 Qrn (Scott 1959, p.186), the cable axial resistance pcr uni t  Icngth r, is, 



where 

I = the length of the wire; 

R = the resistance of a silver wire with length 1; 

P the resistivity of the silver wire (0. 162-10-7 Qm); 

d = the diameter of the silver wire (0.02cm); 

r a m the axial resistance of the wire per unit length. 

Based on these values, h of the silver wire in ACSF is calculated using Equation 2.3 to be 

53.3cm. This very large value indicates that the voltage drop along a lmm wire (planned 

length) will be insignificant and can be ignored 

The plot in Figure 2.6 shows the expected potential distribution generated by a wire 

electrode assuming that V(g) is constant and that the wire extends the whole depth of the 

disc. The potential decay from V to zero at distance rgn is proportional to In(l/r) in the plane 

perpendicular to the wire. In the figure, r is the distance from the center of the wire, V is 

the voltage at the edge of the wire in that plane, and rg, is the distance to ground. 



Figure 2.6 Potential distribution of a single wire source field This gr;-lph 
shows the potential distribution generated by a single wire source in  thc plane pcrptmdiculnr 
to the wire. The wire is assumed to be isopotential along its length with a surface volt:~ge of 
!.OmV. The potential decay from V to zero is proportional to in(l/r). In thc figure, r is rhc 
distance from the center of the wire, V is the voltage at the edge of the wire, a,, is thc 
radius, and rg, is the distance to the ground cylinder. 

2.1.3 Comparison of field potentials for a point source and a wire sourcc 

Comparison of the potential profiles of a single point source and a single wirc 

source (Figure 2.5 and 2.6) reveals that the l/r curve for the point source drops tilorc 

quickly than the ln(l/r) curve when the same boundary conditions exist, as shown i r t  

Figure 2.7A. In terms of voltage clamping, a slower decay of  potential is dcsirablc. 

Therefore, the wire current source should be more effective than the point soilrce, I'igurc 

2.7B shows the ratio of the point curve versus the wire curve. 'I'iic graph indicates ij 

particular poor perfomxmce of the point sourcc in the region halfway bctwecn the wire and 

ground. In this region, the voltage of the point source gradient is only half that for thc wirc 

source. 
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Figure 2.7 Comparison of point and wire source curves Graph A indicates a 
more rapid decay of the point curve than the wire curve under the same initial boundary 
condition (5 =1, and V, -1). Therefore, the wire source is better than the point source in 
ternls of its voltaga clampm~. Graph B shows the potential ratio of the point curve versus 
wire curve (PWR 1s Point Wire Ratio). The plot indicates a poor performance of the point 
source in the region halfway from the wire to ground where the point source voltage is half 
that for the wire source. 



2.1.4 Multiple point source fieId 

In order to voltage clamp the ACSF, an army of closely s p a w i  e1ectradt.s will he 

required. This section considers the issue of multiple current passing tuicropipettes. 

Consider two point solirces I1 and 12, in a conductive mediunr a dist:lnct. d apart wi th  cdgc 

voltages V1 and V2. P is any point in the niediunl with distance rl and 4 from 1, and 12, as 

shown in Figure 2.8. 

Figure 2.8 Two point sources I1 and I2 The figure shows cwo point sources 1, 
and I2 in a conductive medium with a distance d apart. P is any poin t  which is rl ~rnd s.1 
away from I1 and 12. V1 and V2 are edge voltages of the two sources. 

Using the principle of superposition, the potential at point P shoulcl be the sum of 

potentials produced by the field of two single point sources I1 and I2 (E~ju i~ t ion  2.1, 

assuming an infinite ground), 

where 

r i z the distance of point P from point source i, i = l ,  2; 

K i z a constant determined by boundary condition of  currcnt soi~rcc I;, i = 1 ,  2. 



The software package MathCAD was used to solve for Ki using different sets of 

boundary conditions. Figure 2.9 shows the potential distributed along the line joining 2 

electrtdes clamped to the same voltage. The electrodes are 30mm apart and the ground is at 

an infinite distance. The contributions from both electrodes are indicated by a1 and 02. 

Note the substantial voltage drop between the electrodes. 

Figure 2.9 Potential distribution for two point sources Curve 0 shows the 
potential distribution generated by two point sources clamped to the same voltage and 
separated by 30mrn. The ground is at an infinite distance. The curve a1 and a 2  show the 
potential contributed by the individual electrodes. 

- If the same electrodes are clamped to opposite potentials, the voltage distribution 

sho\vn in  Figure 2.10 is obtained. The curve shows a roughly linear distribution between 

the clectmdes. 



Figure 2.10 Potential distribution of two point sources clamped t o  opposite 
voltages Two opposite peak potentials (V+ and V-) ?re present r.t the two current source 
electrodes with a roughly linear potential distribution between the peaks. 

2.1.5 Multiple wire source field 

The following section considers the voltage profiles generated by multiplc wirc 

electrodes. Consider two parallel wires in a conductive medium, as shown in Figure 2.1 1 .  

P is any point in a plane with coordinates x and y. The plane is perpendiculitr t o  the wises 

and has distance g from the initial segment of both wires. The distance o f  point 1' from the 

center of either wire is given by rl or 1-2. 

Similar to the multi-point source curve, the potential distribution f'or two wire 

current source can be obtained by using the principle of superposition: 



where 

Ti the &stance of point P from the center of either wire; 

r,, = the distance for the common ground. 

Figure 2.11 Two wire current sources Two long wires are placed parallel to each 
other with initial current and voltage 1, and VO, respectively. P (with coordinates x and y) 
is any point in a perpendicular plane with distance rl and r2 from the centers of both wires. 
The symbol g is the distance from the start of the wires to the plane. 

A numerical solution to this equation was obtained using MathCAD software. Plots 

of the results are shown in Figure 2.12 for two wires clamped to the same voltage and 

Figure 2.13 for wires clamped to the opposite polarity. In Figure 2.12, a, is the potential 

ctistributicrn generated by the two wire sources. It is the sum of the contribution from each 

source electrode shown as @I  and @2. Although similar in shape to the curve generated for 

two point sources, it has a smaller voltage drop between the electrodes. When the same 

electrodes are clamped to opposite potentials (Figure 2.13), an approximately linear 

potential is generated between the wires. 



Figure 2.12 Potential distribution for two wire sources Curve cr) sho\vs tttc 
potential distribution generated by two wire sources clamped to thc s;imt= potwt ia l  and 
separated by 30mm. The ground is at an infinite distance. The curves (111 and  (112 show thc 
potential contributed by the individtial electrode. 

Figure 2.13 Potential distribution generated by two wire sources clamped 
to opposite voltages Two opposite peak potentials (V+ and V-) are present at  ttlc two 
wire sources with a roughly linear potential distribution between thc pcaks. 



2-1.6  Comparison of field potentiaIs generated by two point and wire 

sources 

The objective of this project is to generate a specific voltage gradient in the ACSF 

by using multiple current passing electrodes. A comparison of potentials generated by a 

pair of point or wire current sources clamped to the same potential (Figure 2.14) indicates 

that ~ k r e  is ;t slower voltage decay for a wire source (QW). The maximum difference is 

haIfway bctween the peaks as shown in Figure 2.14B. Figure 2.15 indicates that the wire 

source field also shows a more linear voltage gradient between the two current sources 

when they are clamped to opposite voltages. 

Based on these results, a wire current source should be more appropriate for 

clamping the ACSF than a point source. The spatial arrangement of the current passing 

electrodes for generating a voltage gradient in an actual experiment largely depends on the 

n~ngnitude of the voltage gradient and the voltages that can be clamped at each spot. 

Clearly, the electrodes should be placed as closed as posqible to prevent any significant 

drop of potentials between the electrodes, either for clamping the voltages at different 

values as in Figure 2.15 or the same value as in Figure 2.13. The actual separation of the 

electrodes will be n compromise between the technical problems of large numbers of 

clec; trocies and the need to minimizing the inter-electrode distance. 
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Figure 2.14 Comparison of field potentials generated by two point and 
wire sources clamped to the same potential Graph A indicates thal the potential 
generated by a p?ir of wire electrodes @W has a shallower voltage drop betweer1 tlw cur-reni 
sources than the point electrodes cpP. Graph B compares the profiles o f  rhc t w o  elcctrcwlc 
types by plotting cDP as percentage of OW (PWR%). 



Figure 2-15 Comparison of field potentials generated by two point and 
wire sources clamped to opposite voltages The potential distribution between the 
electrodes is more linear for the wire electrodes (@W) than for the point electrodes (QP). 

2.2 Voltage Clamp Technique 

2.2.1 Concept of voltage damp technique 

The voltage clamp is one of the most powerful tools for studying the membrane 

properties of excitable cells. It can be used in experiments for the precise measurement of 

nmiibrane ionic currents underlying excitation. This technique, which uses an electronic 

feedback to keep membrane potential unchanged during transient changes of membrane 

conductance, was originated by K.S. Cole in the late 1940s. Because the conductance 

changes that occur during electrical excitation of a nerve are completely controlled by the 

membrane potential and not by membrane current, the control of membrane potential is 

critical to investigating the time course of conductance changes. Cole's original idea of the 

voltage clamp was estended to clamp the action potential in a study of the electrical 

characteristics of the action potential in axons (Smith et al., 1985). 



In Cole's experiments with the voltage clamp in 1947, metnliic tnicroe1rotsodt.s 

were used for impaling squid asons. After the impalement, n step-like change in 

transmembrane potential was made in order to vruy the current p:tssirtg through tlw 

membrane. In these experiments, a single internal electrode was used for both recording 

potential and passing current. Since the current across the membrane t ~ l i ~ ~  be large, thc high 

and often variable resistance of the electrode introduced an error in measure~nont and often 

caused the circuit to be unstable (Smith et al., 1985). The method cat1 be irnproved it '  two 

electrodes are used, one for current passing, and one for voltage scnsing. 'I'hus, thc 

resistance of the potential sensing microelectrode will not give rise to a voltage across the 

electrode since there is 110 current flow. The two electrode clamp is not ;il ways practical fix 

neurons, but is certainly suitable for clamping the extracellular space. 

The diagram of a prototype voltage clamp circuit is shown i n  Figure 2.16. I t  is ;I 

conceptual diagram showing an electronic circuit based on a simple operationnl amplifier 

(feedback amplifier, FBA) within a feedback loop. The requirement for e q i d  input termina 

signals of this ideal op-amp causes the amplifier to generate the appropriate current o t ~ t p ~ ~  

to maintain the potential at the tip of the voltage sensing electrode (V,) the same : ts V,,,,. 

The Ip and Vs electrode tips are placed as close as possible to each other in  the tissuc to 

minimize any voltage difference between the two electrode tips. By using separa te  current 

passing (Ip) and voltage sensing (VS) electrodes, the amount of current passed will not 

affect the potential recorded by the VS electrode, and the potential of the tissue at the 

location of the Tp electrode tip will be clamped at the desired voltage ( V C O ~ ) .  



Figure 2.16 A simple voltage clamp circuit This is a conceptual diagram showing 
an electronic circuit based on a simple operational amplifier (feedback amplifier, FBA) 
within a feedback loop. The requirement for equal input terminal signals (+ and -) of this 
ideal op-amp makes the potential at the end tip of the voltage sensing electrode the same as 
V C O " , .  

2.2.2 The voltage clamp circuit developed in the present study 

Considering the specific requirements for voltage clamping the extracellular space in 

the study of ephaptic interactions, the prototype circuit (Figure 2.16) needs to be modified. 

Three extra parts were appended to the prototype of the voltage clamp circuit as shown in 

Figure 2.17. (1) An RC low pass filter (trimpot, TRM and capacitor C) was added so that 

the circuit could be tuned to clamp only the low frequency, widely distributed potentials 

usually associated with ephaptic interactions, rather than the high frequency fields of 

individual action potentials. (2) A high impedance follower (HE) was added to assure that 

no current would pass through the V, electrode. (3) A differential amplifier was appended 

for monitoring the current, Ip, required for clamping the target at a specific voltage. 



Figure 2.17 Extended voltage clamp circuit This is an exterlded voltage clarnp 
circuit with three additional parts added to the circuit in Figure 2.16. (1)  the trimpot ('I'KM) 
and capacitor C make up a low pass filter for clamping a signal of a frequency lower :hnrt 
the comer frequency of the filter. (2) A resistor (R) and differential amplifier (Diff i n  the 
diagram) are added to measure c~urent output by the clamp. And (3) the volt;~ge dc.tcctctf by 
V, is buffered to stop current flow through the electrode. 

Voltage clamp amplifiers for microelectrodes have been available sincc thc mid 

1970s. However, these clamps do not have the required filter properties descsihed CI , b ovc. 

Commercial units are also very expensive, often costing more than 5,000 clollars, w1icrc;is 

the custom unit described above costs less than 50 dollars. I t  is, therefore, pmct ical and 

economical to have a self designed and constructed voltage-clan~p circuit system with 

multiple channels for the aresent project. A schematic of a single channel ol' the custom 

voltage clamp circuit is shown in Figure 2.18. 

2.2.3 Bench test of voltage clamp circuit 

The complex properties of microelectrodes in ACSF made it necessary to tcs t tltc 

voltage clamp circuit on the bench before any experiments were crvricct out in ACSf;. Since 

the extracellular space is resistive, a simple network of  three resistors was ~ ~ s e d  LO sirnul:~tc: 

the various current paths between the electrodes and ground, as shown in f7igurt: 2.18. A 

perturbing signal (Vp) was input through resistor Rpt to simulate spontaneous 



physiological signals which might be present within the extracellular space sf hippocampal 

tissue. 
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Figure 2.18 Bench Test of the voltage clamp circuit The schematic for the 
voltage clamp is shown with additional circuitry required for bench testing. Three resistors 
were used to simulate the resistivity of brain tissue. A perturbing signal (Vpt) was input 
through resistor Rpl to mimic spontaneous physiological signal which may occur within the 
extracellular space of live tissue. To test the clamp function of the circuit, clamp signal Vclp 
was compared with the command signal V,,, during different perturbing signals. 

The cl'mp circuit successfully maintain the voltage at V, at the command voltage, 

V,,,, during low frequency perturbations applied to Vp, with a gradual failure to clamp at 

the frequency of the perturbing signal approaching the comer frequency defined by the RC 

filter. The circuit also successfully followed low frequency changes in the command 

voltage. However, as the frequency of the command input was increased the RC filter 

caused a gain in the feedback lmp resulting in a clamped voltage greater than the command 

voltage. Although not ideal, this property of the circuit will not limit its intended use in 

blocking field potentials generated by physiological activity. When the clamp is used to 

generate artificial field potentials, the command voltage will have to be filtered at a comer 

frequency below that of the clamp. 



CHAPTER 3 METHODS 

3.1 ACSF Solution 

An artificial cerebral spinal fluid (ACSF) was made up o f  seven salts L3nst.d on tllc 

following recipe (in mM) : NaC1 124, NaHC03 26, KC1 3.5, N a l l ~ P 0 , ~  1.3, 

MgS04-7H20 2.0, Glucose 10 and CaC12 2.0. Since CaClz can precipitate at ii high p11, i t  

was mixed with the solution after it was bubbled with %%02/5%C02 gas. The prooedrrrt: 

of making ACSF constituted the following steps: I )  Approximately %)ml of w;lter out of 

230x11 in a flask was placed in a small Petri dish. 2) The CaC12 was placed into the Petri 

dish and mixed well. 3) The other six salts in the recipe were weighed and dissolved in to  

the water left in the flask. This solution was then bubbled with 9S%02/50/oC02 for 3 

minutes. 4) The CaC12 solution in the Petri dish was then added to the bubbled solution ant1 

volume was adjusted to 250ml by adding water. 

3.2 Making Electrodes 

In terms of materials and structure, there are two general categories of clcctrocles in 

neurophysiological research: metallic and fluid-bridge electrodes. Both elcctrodcs were 

employed in this project for current passing, voltage sensing and voltage recording. 

3.2.1 Ag-AgCI wire electrode 

Silver wire electrodes must be coated with the salt silver chloride. 'This sheath of 

AgCl decreases polarization and resistance at the metal electrolyte interfrice by allowing 

current to be carried by C1- ions. The decreased polarization is irnporti~nt for the stability of 

the voltage clamp circuit. 



The technique for coating Ag wire was as follows. A piece of 0.008 inch diameter 

silver wire and a copper wire were connected to a 12V transformer adaptor, as shown in 

Figure 3.1. First, both wires were connected with the adaptor such that the silver wire 

acted as the cathode and copper as the anode. The wires were put into a small beaker with 

saturated NaCl solution for 15 seconds. This cleaned the surface of the Ag wire and made 

sure that no oxidized metals remained on the wire. Next, the polarity of the adaptor was 

reversed making the silver wire the anode and the copper wire the cathode, The wires were 

again placed into the N C I  solution to coat the Ag wire for approximately 3 minutes, or 

unt i l  the colour of the whole Ag wire had been changed to grey. The coated silver wire 

could be used as either a wire electrode or a conducting wire for a glass electrode. 

Figure 3.1 Set-up for coating silver wire A piece of 0.008 inch diameter silver 
wire and a copper wire were connected to a 12V adaptor. The two wires were then inserted 
into the sodiiiun~ chloride solution in a Petri dish. 

3.2.2 Glass pipette electrodes 

A) Single rrlass filament electrode 

A micropipette puller (MODEL P-87 FLAMING/BROWN MICROPIPETTE 

PULLER) was used to pull single glass pipettes. The outside and inside diameters of the 



glass capillary tubing were l.Omm and 0.75mrn. The p,uLmleters of the pi~llcr w r c  srt ; i s  

follows: Pressure (500), Heat (797), Pull (go), Velocity (70), :md Time (200). After the 

electrode was pulled, the tip was broken to approximately 20 microns to lower its 

resistance. The electrode was then placed upside down into ACSF (tapering part of the 

glass was outside the solution), until the tip of the electrude was full of fluid. A needle was 

used to fill the base of the electrode. 

A similar method was used to make theta-tube glass electrodes. A theta-tube glass 

capillary has two channels separated by a glass plate. Two silver chloride coated silver 

wires were inserted into the two channels of a pipette, one of which was for cilrrent 

passing (Ip) and the other for voltage sensing (V,). This structure was ideal for the I,, and 

V, electrode wires which were expected to be very close to each other. After the theta- 

tubing glass was filled with ACSF, the top part of solution was removed at both openings 

of the theta-tube. This minimized the salt bridging effect which might shorl the I,, :lnd V, 

electrode compartments. 



CHAPTER 4 EXPERIMENTAL EVALUATION OF THE 
VOLTAGE CLAMP TECHNIQUE 

This chapter describes the evaluation of the voltage clamp circuit in ACSF. The 

effectiveness of wire and glass piLette electrodes are compared to each other and to the 

potential distribution predicted from basic principles in Chapter 2. The results of using a 

three-channc,i clamp circuit to generate voltage gradients in ACSF are also described. 

4.1 Test of Voltage Clamp in ACSF 

Since electrochemical phenomenon between the solution and the electrodes can 

produce unususl electronic properties, it is important to confirm that the voltage clamp 

circuit is stable in ACSF. 

4.1.1 Testing the voltage clamp circuit in ACSF 

Figure 4.1 shows a diagram of the circuit used to test the voltage clamp in ACSF. 

In  this case wire eIectrodes were used. The current passing and voltage sensing wire 

electrodes were placed as close to each other as possible by glueing them together with 

epoxy resin. A ground return ring (Ag-AgCl wire) at the bottom of the dish carried current 

returning from the I, electrode. Because of its connection to a high impedance amplifier, 

the V, electrode did not carry any current. Thus it could sense the potential where the IP 

electrode was located assuming the Ip and V, wires were close enough to each other. Since 

n potential is always relative to a reference signal, a reference wire ring was also placed 

inside the solution. The circuit used a differential amplifier to measure V, relative to this 

reference electrode. The rest of the circuit was similar to that described in Chapter 2 except 

for the addition of an offset correction integrator. When the switch was closed the 



integrator nulled all the offsets in the feedback loop to zero. This was a necessary feature 

since glass and wire electrodes frequently have substantial and unpredictable offset 

voltages. An additional wire electrode (Vpt) was employed to generate a perturbing current 

in the solution in order to test if the circuit was still capable of voltage clamping, 

r 

Figure 4.1 Voltage clamp circuit for testing in ACSF This extended voltage 
clamp circuit included: 1) a current passing differential anplifier (CURR. PASSING 
DIFF.) used to measure the amount of current (Ip) passing through the current passing 
electrode; 2) two wire electrodes Ip and V, which were glued together as close as possible 
to each other; 3) a differential amplifier (VOLT. SENSING DIFF. BOX) to sense the 
voltage at the Vs electrode tip relative to the reference electrode (REF. RING); 4) an 
integrator (INTEGRATOR) to correct for offset and drift resulting from polarization at the 
interface between the electrodes and the solution. 

4.1.2 Experimental protocol and results 



Experiments with the circuit in Figure 4.1 were conducted in order to confirm that 

the circuit can voltage clamp the ACSF even during a perturbing signal. The first step of 

each experiment was to zero the DC offsets in the system. To do this, V,,, was set to zero 

and the integrator switch was closed. After a few seconds the DC offsets were corrected 

;,.,! the switch was reopened. A series of command voltages were then applied to V,,, and 

the Vclp wits recorded for each step. Next a perturbing signal of lOmV was applied to the 

bath and the same series of commands were applied to V,.,, This procedure was repeated 

usirtg perturbing signais of ifiireasing magnitude. Each set of data showed a close 

correspondence betwecn the command and the resulting voltages as shown in Figure 4.2. 

From graph (A) of Figure 4.2, the straight line with slope of one indicates that the 

clamp voltag~ (Vclp) was always equal to the command voltage (V,,) independently of the 

pert~rbing signal (Vp,, was 40mV in the graph). This suggested that the clamp worked in 

the ACSF solution. 4 linear relationship between passing cumnt Ip and command voltage 

V , , ,  shown in Figure 4.2B also implied that the amount of current required was 

proportional to the clamged voltage V,,,. 

In conclusion, the voltage clamp circuit did work properly in ACSF solution even 

during a perturbing signal. The clamp circuit was then used to verify the theoretical 

potential predictions and to detem~ine whether wire electrodes are indeed better at space 

clampin,o than micropipettes. 



Vclp (mV) 

Vcorn (mV) 

Vcom (my) 

Figure 4.2 Results of the voltage clamp function test in ACSF Graph ( A )  
shows the relationship between clamp voltage (Vclp) and commitnd voltage (V,,,,) during ;L 
perturbing signal of 40mV. The straight line with slope of one indicates that V+ is always 
following Vcom, i.e., clamp is working properly. Graph (H) also shows a linear 
relationship between Ip and Vcom at a zero perturbing signal, which implies that I p  is 
proportional to Vcom. 



4.2 Experimental Evaluation of the Theoretical Potential 
Distributions 

Many differences exist between the ideal configurations discussed in Chapter 2 and 

the actual test system used to evaluate the voltage clamp circuit. For example, the spherical 

distributed ground for the point source was actually a ring of wire. One would expect that 

these dfferences would influence the characteristics of the potential distribution generated 

by the circuit. This is evaluated in the following sections which compare the actual and the 

theore tically predicted distributions. 

4.2.1 Verification of a point current source fieid 

A) Experimental set-un 

The set-up for testing the potential distribution of a single point current source is 

shown in Figure 4.3. A two barrel micropipette made from theta-tubing was used to 

produce a point current source and to keep the current passing and voltage sensing 

electrodes very close to each other. A ring of silver chloride coated silver wire was placed 

around the periphery of a cylindrical dish for the current return of the Tp electrode. A similar 

ring of coated silver wire was used as a reference electrode. The dish was 12mm deep and 

20mm in diameter. An additional electrode was used to probe the potential distribution 

generated in the ACSF field dish. High impedance followers HIFl and HE2 ensured that 

there was no current passing through the reference wire and the probing electrode. The "V- 

Clamp" box in the figure represented a voltage clamp circuit based on Figure 4.1. A 

nlultinleter at the output of differential amplifier 2 (Diff'2) was used for measuring the 

potential from the probing electrode relative to the reference potential. 



Figure 4.3 Set-up for verification of a single point source potential profile 
This was the set-up for testing a single point source field potential. Theta-tubing glass was 
used to produce a two barrel clamping electrode. This approach guaranteed that ttic ctlrront 
passing and voltage sensing electrodes were very close to each other. A ground wire ring 
(Ag-AgC1 ) was placed around the periphery of an ACSF filled dish for the ct~ncnt return 
of Ip. A reference electrode (Ag-AgC1 wire ring) acted as a potential rcfcrcnce insiclc thc 
solution. The probing electrode was employed to record the potentials at different Itxat ions 
inside the solution. Finaly, high impedance followers HIFl and MIF2 ensured that rherc 
was no current passing through the reference wire and the probing electrode. 'I'hr "V- 
Clamp" box in the figure represented a voltage clamp circuit based on Figure 4.2. A 
multimeter at the output of differential amplifier 2 (Diff2) was for measuring the potential 
from the probing electrode relative to the reference potential. 

B) Recording: protocol and results 

The measurement protocol was: 1) null offsets within the circuit by activating tllc 

offset correction integrator (refer to Figure 4.1). That is, make the output o f  the voltage 

sensing differential amplifier (Diffl) zero when V,,, is zero. 2) move the probing electroclt: 

to different locations inside the solution, while recording the output o f  the differential 

amplifier 2 under the conditions of Vco,=O and V,,,=constan t. The difference bet w c c l ~  

these voltages (Vco,l-Vc,,o) gives the potential generated by the clamp at a specific 

location. The distance f r ~ m  the clamping electrode to the recording locat ion wits alsc~ 

measured. 



Thirteen complete sets of data were recorded. A statistical package, SYSTAT, was 

used to analyse and plot these data. Curve fitting was carried out to see how the data fit the 

theoretical predictions of the point source field and the wire source field by calculating their 

residuals and corrected correlation coefficients (Table 4.1). In the table, S,,, is sum of 

squared residual, and R,2 is corrected squared correlation coefficient. Nine out of thirteen 

sets of data suggested that the data supported the theoretical predmion of point source field 

(@=IS1-I-Kz-l/r) very well with grater than 0.9 of squared correlation coefficient. The 

results were also compared to the theoretical prediction for a wire current source 

(@=K1+K2.1n l/r). When the residuals and correlation coefficients for the point and wire 

source were compared, nine of 13 data sets fit the point source better than the wire source 

predictions. 

POINT FELD 
3 res 

0.018 

Table 4.1 Analysis of point source field These data were recorded using the single 
point source set-up shown in Figure 4.3. Using the program SYSTAT, residuals and 
correlation coefficients were calculated for both point and wire field predictions. S, is sum 
of squared residual, and Rc2 is corrected squared correlation coefficient. 

FITTING 
Rc2 

0.994 

The predicted and observed data were also compared graphically. All data sets were 

averaged and plotted as shown in Figure 4.4. The curve decayed quickly towards zero as 

the probing electrode was shifted away from the tip of the clamping electrode. A 

WIRE FIELD FITTING 
ST,, I RC2 

0.233 0.919 



comparison of the mean curve to the curves predicted an theoretical p u n d s  for ;I point auci 

a wire source is shown in Figure 4.5. Visually, the mean curve (white sqi~ares> f~ts  the 

predicted curve for a point source (black circles) better than for a wire s c ~ ~ s c c  (black 

squares). This impression was confm~ed by comparing the residuals o f  both curtrc fir t irigs 

at each location. These residuals were generated by taking the absolure vnltlc of the. 

differences between the experimental result and the predicted v;due for e x h  of the 13 clat;t 

sets. The average and standard error of these values are shown in  Figure 4.6. For- ai l  but 

the 3 most distant points, the average of residuals was less for the point thnn thc wisc 

source predictions. 

In conclusion, the data from the single point current source experinlent f i t  the 

theoretical prediction very well. Although these data fit a point source better thnn a wirc 

source in most cases, four of 13 data sets had the opposite relationship. This variability is 

not surprising considering the differences between the theoretical assumptions and the 

actual recording conditions. For example, a ground ring was used instead o f  sphcre. 

Furthermore, various subtle differences between the set up in each experiment are likely t o  

have occurred. For example, the exact location of the ground and rererence rings o r  the 

depth of the ACSF may have differed. 



Figure 4.4 Mean potentials of the point source data The figure shows the 
average of the 13 data sets in Table 4.1. Each point is the average potential (+SE, Standard 
Error) at a specific distance (R) from clamping electrode. The curve decayed rapidly from 
the point source towards the ground. 

- MEAN DATA OF POINT SOURCE 

PREDICTED FOR POINT SOURCE - PREDICTED FOR WIRE SOURCE 

Figure 4.5 Mean point source data with predicted curves The averaged point 
source curve of Figure 4.6 is shown (white squares) superimposed on the theoretical 
curves for a wire (black squares) and point (black circles) source. Note that the mean curve 
closely follows the curve predicted for a point source. 



DATA SET NO. 

Figure 4.6 Average absolute residuals of point sorrsce data This figure shows 
the mean absolute residuals (kSE) for both point and wire source curves w t m  cornparccl to 
the 13 data sets. 

4.2.2 Verification of a wire source field 

A) Experimental set-up 

The set-up for testing a single wire field potential distribution shown in Figurc 4.7 

was exactly the same as that for testing the point source field, except h a t  wire eleclrorlcs 

were used instead of a two banel rnicropipette. By glueing two silver chloride coated silvet- 

wires together with epoxy resin, current passing (Ip) and voltage sensing (VS) wires wcrc 

kept within 500 microns of each other. 



Figure 4.7 Set-up for verification of a single wire source potential profile 
Thc set-up for testing the single wire source field was similar to the experimental set-up for 
a single point field (Figure 4.3), except that wire electrodes (Ip and VS) replaced the theta- 
tubing electrode. 

R'I Recordinrr nrotocal and results 

The recording protocol was the same as for the point source experiment described 

previously. Ten sets of data were recorded. Curve fitting results are shown in Table 4.2. 

Seven out of ten had correlation coefficients greater than 0.8 when compared to the curve 

predicted for a wire source and all but one fit the curve for a wire source better than that for 

a point source. 



I DATASET I WIREFIELD FITTING POINT FIELD FIl'TING 

Table 4.2 Analysis of wire source field These data were recorded using the set-up 
shown in Figure 4.7. Using the program, SYSTAT, residuals and corrected couclatioll 
coefficients were calculated for both point and wire field predictions. S,, is sum of  squ;lred 
residuals and R , ~  is the corrected squared correlation coefficient. 

The predicted and observed data were also compared graphically. The n m n  voltagc 

profile for 10 data sets is shown in Figure 4.8. The voltage slowly clccayed from a p w k  

value near the current source to zero near the ground return wire. The same curve is shown 

superimposed on the predicted curve for a wire and point source in  Figure 4.9. Visually 

these results (white squares) fit the predicted curve for a wire source (black circles) bettcr 

than that for a point source (black squares). This impression was confirmed by comparing 

the residuals of both fittings at each location in the same manner described i n  the prcvious 

section for the point source results. As seen in Figure 4.10, for all but the last point thc 

average of the residuals was less for the wire source than the point source predictions. ?'he 

results obtained with a wire electrode were also compared to thc point source results 

obtained previously. The mean curves for both data sets are normnlizcd and supcrimposcd 

in Figure 4.11. Note that the wire source curve has a more gradual decay than the point 

source. 



Figure 4.8 Mean potentials of the wire source data The graph shows the 
average of the 10 data sets in Table 4.2. Each point is the average potential (+SE) at a 
specific distance (R) from the clamp electrode. 
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Figure 4.9 Mean wire source data with predicted curves The averaged wire 
,ource curve of Figure 4.8 is shown (white squares) superimposed on the theoretical 
curves for a wire (black circles) and point (black squares) source. Note that the mean curve 
closely follows the curve predicted for a wire source. 
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Figure 4.10 Average absolute residuals of wire source data This figure shows 
the mean absolute residuals J S E )  for both wire and point  source pr-cdictetl cu~.vcs whcn 
compared to the 10 sets of data. 

NORMALIZED MEAN POINT DATA - NORMALIZED MEAN WIRE DATA 

Figure 4.11 Normalized mean potentials of the point and wire sorlrce d:~ta 
The mean potential curves for point and wire current sources take11 from Figure 4.4 anti 4.8 
are normalized. More gradual voltage decay is seen for the wire source (black dinrnorlds). 

4.2.3 Summary 



Recordings using point and wire current sources revealed that ACSF field potential 

distributions generated by the voltage clamp circuit are similar to those predicted 

theoretically. The differences are likely to be related to the various physical differences 

between the theoretical and actual set-up. The results also confirm that a wire source 

electrode should be more effective at c lan~~ing the ACSF than a point source electrode. 

4.3 Generation of a Voltage Gradient in ACSF 

To produce a voltage gradient in a solution, at least two channels of voltage clamp 

are required. This section describes the results obtained using a two-channel and a three- 

chrtnnel voltage clamp circuit. The multi-channel system was first tested on the bench to 

confirm that the circuit was stable. The multi-channel system was then tested in ACSF 

using wire electrodes. 

4.3.1 Two-channel voltage clamp system 

A) Exrjerimental set-up 

The experimental set-up for generating a voltage gradient in a two-channel system is 

shown in Figure 4.12. Two voltage clamp circuits ("V-Clampl&2" in the figure) were 

exactly the same as the single channel circuit discussed in the previous sections. A voltage 

gradient was generated by setting a relatively high VCom1 and low V c o d .  Under these 

conditions, the I,* electrode would function as a current source and the Ip2 electrode as a 

current sink (note the directions of arrows in Figure 4.12). No current return (ground) wire 

ring was required in the ~olution, since the current could go from the first channel Ipl wire, 

through the solution and back to the second channel IP2 wire. Thus the current could only 

flow between the two electrode tips. Fxthermore, the two voltage sensing wires (V,) were 



the reference electrode for each other, so there was no need for n reference efectrede ring 

inside the solution. The ACSF was 8mm deep in a dish, and the wires were i~nrnerscit to a 

depth of 0.5mm. The distance between the electrode assemblies was 41nm. 

Sourcc 

Sink 

Figure 4.12 Two-channel voltage clamp system This was the csperimental set-up 
for generating a voltage gradient in a two-channel system. Ipl, lp2 wires acted as n currmt 
source and sink, thus no current return (ground) wire ring was required. Also, thc voltagc 
sensing wires were the reference electrode for each other. The two V-Clamp circuits wcrc 
exactly the same as the single wire source set-up shown in Figure 4.9. Thc solution was 
8 m  deep, and the wires were immersed to a depth of 0.5mrn. The distance l~etwcen thc 
two electrode assemblies was 4nm1. 

B) Recording ~rotocol and results 

Voltage recordings were obtained from a 2 dimensional grid of points in  a planc 

parallel to the ACSF surface with one axis of the plane parallel to the line joining the two 

electrode assemblies. Measurements were made at 0.5mm intervals at a depth of O.Smtn. 

Figure 4.13 shows the mean of five sets of recorded potentials. Plot (A) shows that nn 

approximately linear potential distribution was present between the electrode assemblies. 

The maximum and minimum potential occurred at the 1ocatic;ls of the clamp clcctrodcs 

(dashed lines) and decayed in all directions. Plot (B) shows a contour graph of the entire 

two dimensional array of recording locations. The isopotential lines of the plot are similar 



to those expected for a simple dipole. The plots suggested that an approximately linear 

potential distribution could be generated by a two-channel voltage clamp system with wire 

source electrodes. 

Figure 4.13 Mean potential distribution using a two-channel voltage clamp 
Plot (A) shows the averaged voltage (+SE) recorded at each location along the line joining 
the two electrode assemblies. A contour plot of the entire array of voltage recording is 
shown in plot (B). Each line represents an isopotential region. 



4.3.2 Three-channel voltage claniy system 

A useful estracellular voltage cl,mlp will require several clamping points ciistributtd 

throughout the volume. In the simplest case a linear array of.' cla~nping locations will tw 

required. This section evaluates the properties of a lineas array of cl:~mpiri$ points wing a 

three-channel circuit. The experimental set-up For a three-chmnel clamp system is sl~own i n  

Figure 4.14. It was basically the same as that for the  two-channel system (Figusc 4.12) 

with the addition of a thirci ch'mnel. The distance between each clarnp locitticm wiis 31nnl. 

Chl 

I 
V-Clamp1 

Figure 4.14 Three-channel voltage clamp system This figure shows ;L thrc;c- 
channel voltage clamp system with three electrode assemblies. Each channel had exactly thc: 
same configuration as the single-channel system (Figure 4.7). The probing elcctrotlc 
recorded the potential at a series of points along the line joining the elcctrodc asscrnblics. 

With three channels it was possible to generate more cornpliculccl ex~raccllul;~~ 

potentials. In the example presented in this section, the three channels were set to c l m p  at 

20mV, OmV and -5mV. As in the previous section, ground and reference clecirodcs wcrc 

unnecessary since these functions are served by the extra channel in  thc system. 'The mcnn 

voltage profile of these complete data sets is shown in Figure 4.15. The circuit succcssf*ully 

clamped the potential at the locations of the electrode assembiics with a gradual shifi in 

potential between these sites. 



In conclusion, the three-channel voltage clamp system was also stable in the ACSF 

solution, and a voltage gradient could be generated by setting the command voltages at 

positive, zero and negative values. 

F i ~ u r e  4.15 Mean potential distribution using three-channel voltage clamp 
This curve shows a voltage profile (+SE) of the mean potential distribution from 3 sets of 
tueasurement. The command voltages were 20mV (VCom1), OmV (Vc0,2) and -5mV 
(Vcotn3). The three electrodes were located at 0 ,3  and 6mm as specified by dashed lines. 

4.3.3 The effect of a perturbing signal on the voltage clamp 

A useful voltage clamp device must be capable of clamping the extracellular space 

even during transient physiological signals. This section evaluates the three-channel voltage 

cl:unp system i n  ACSF during 'artificially generated perturbing currents. 



A) Voltage clamp test during ~erturbatian 

(a) Experimental set-up 

The set-up for evaluating the three-channel voltage clamp system with a pcrti~rhing 

signal is shown in Figure 4.16. Two silver chlorided perturbing wises were co~:nc~tc t i  10 a 

9V battery and a lOOKQ trimpot. When the switch K l  was closed, ct~rrent pnsscd 

between the wires resulting in perturbaticn of the voltage throughout thc ACSF. Switch 1 2  

was used to disconnect channel 1 and 3 and therefore disable the voltage clamp. There w;ls 

no switch on the second channel since it functioned as a voltage reference for the probing 

electrode when the clamp was off. The probing electrode was ~1scc1 to record the potenti;~l 

along the line joining the three electrode assemblies. 

Ch2 
V-Clamp2 
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Figure 4.16 Three channel system with perturbation This was the set-up for a 
three-channel voltage clamp circuit with a perturbing signal. Two silver chlorided 
perturbing wires were connected to a 9V battery and a 100KQ trimpot. K l  was a switch 
for controlling the perturbing signal. Switch K2  was used at the feedback loop of each 
clamp circuit to control the presence of the clamp function in each channel. There was n o  
switch zt the feedback loop of the second channel. 



(h) Recording protocol and results 

Command voltages were set at 15mV (VCom1), OmV (VCom2), 15mV (VCom3). The 

recordings were carried out under four different conditions: (1) Voltage clamp off and no 

perturbing signal (K2 and K1 open); (2) Voltage clamp on and no perturbing signal (K2 

close, K I  open); (3) Voltage clamp off and perturbing signal present (K2 open, K1 

closed); (4) Voltage clamp on and perturbing signal present (K2 and K1 closed). The probe 

electrode was used to measure the voltage at each point under all four conditions. The 

results of 3 experiments are plotted on separate graphs in Figure 4.17. The paradigm for 

the three experiments differed only in the location of the perturbing signal. 

In each case, the voltage was successfully clamped without (black diamonds) or 

with (white triangles) the presence of a perturbing signal (white circles) at the clamping 

electrodes. However, the pote~tial at the points between the clamping electrodes were 

affected by the perturbing signal (shown by white triangles). This influence was larger 

midway between the clamped locations. In the figure, black squares indicate the sum of the 

clamped signals without perturbation and the perturbing signal alone. The similarity of 

these points to the intennediate values recorded under the clamped (black diamonds) and 

perturbed (white circles) conditions suggests that the perturbing signal can still influence 

the potential between the clamped locations. 

The results ill Figure 4.17 confirm that the three electrode clamp is stable and is 

capable of clamping the potential near the clamping electrodes even in the presence of a 

perturbing signal. However. the clamp is less effective at canceling the perturbing currents 

at intennediate locations between the clamping electrodes. 
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Fig~lre 4.17 Results using the three-channel system with perturbation 
Cor ,nand voltages were set at 1SmV(VCom1), O~IV(V,,~), aid 15rnV(VCom3). Recording 
of me potentials was taken under four different conditions which are indicated by four 
different symbol curves in the figure: (1) Voltage clamp off and no perturbing signal (K2 
and K1 open); (2) Voltage clamp on and no p e r t r h g  signal (K2 close, K1 open); (3) 
Voltage c i m p  off and perturbing signal present (K2 open, K1 closed); (4) Voltage clamp 
on and perturbing signal present (K2 and Kl  closed). The prolx electrode was used to 
measure the voltage at each point undx all four conditions. The results of 3 experiments are 
plotted on separate graphs in the figure. The paradigm for the three experiments differed 
only in the location of the perturbing signal. 

R )  Measurement of the clampiny current UP) 

The voltage clamp system also needs to be evaluated in terms of its basic working 

principles. That is, to measure how much current is required to pass through the electrodes 

in  order to maintain a desired voltage. This will help give an insight into the relationship 

between current generated by the perturbation and the clamping f~mction. 



(a) Measurement set-up 

The same experimental set-up was used as shown in Figure 4.16 rsccpt thnr ttw 

current passed by the electrode Ip was also measured. By changing the perturbing cunvrlt 

Ipert7 the relationship between Ip and Ipcrt was investigated. 

(b) Recording protocol and results 

During each measurement, conlnland voltages were 20mV, 0 and -20ruV for the 

first, second and third channel, such that the first channel was always n ~i~rse i i t  sourcc, ill111 

the third channel was a current sink. The perturbing current IF,, was changed from high to 

low by varying the trimpot resistance on the battery leads, as shown in Figure 4.16. 'l'hc 

results are shown in Figure 4.18. The bas chart indicates that the voltage clamp channels 

increased their current output in order to clamp the larger perturbing signal. 

Figure 4.18 Relationship between Ip and Ipert This bar graph shows the clamp 
current, Iy, for three channels under different magnitudes of perturbing current, I,,,,,. The 
passing current, Tp, was larger when the perturbing cunent, 11,,,,, was larger. 



The results of the measurement in Figure 4.18 indicate that the voltage clamp circuit 

was indeed varying the current Ip to compensate for the. perturbation applied to the solution. 

The more perturbation, the more current was used to maintain the clamped voltages. 



CHAPTER 5 DISCUSSION AND CONCIAJSIONS 

5.1 Discussion 

Some theoretical and practical problems involved in the development and cvaliiation 

of the voltage clamp technique were considered and overcome to stabilize the clump systm 

in ACSF solution. This is discussed in the following section. 

5.1.1 Theoretical estimation of potential distribution 

The theoretical potential distributions for the point and wire current source field 

indicated that the voltage decays slower in a wire source field than in a point source 

field.This is correct only if the same initial boundary conditions exist. The lomtion and 

configuration of the ground set-up also affect the potential profile. The tbeoreticai curves 

were based on the assumption that the ground around a point current source is a sphcre 

allowing current to spread in 3 dimensions, and that the ground around a wire current 

source is a cylinder allowing current to spread in 2 dimensions. 

5.1.2 Circuit stability 

During the development of the voltage clamp circuit, 6OHz noise coming from the 

power supply became a significant factor. To minimize the AC noise level, shicldcd wires 

and a metal box were used to mask electromagnetic noise. Grounding all the equipment 

used for making measurements also lowered the noise. DC offset and drift generated a t  the 

electrode-solution interface required the addition of an offset correction integrator to thc 

basic circuit. 



During the phase of experimental testing of the circuit in ACSF, silver chloride 

coated silver wire had to be used to decrease the polarization of the electrode at the interface 

between the electrode and the solution. Electrode polarization was also minimized by 

limiting the magnitude and duration of current passing through the electrode. Salt bridging 

across the theta-tubing was another problem which produced difficulties during data 

collection. It occurred when the two wires inserted into the channels of the theta-tubing 

were shorted together via a bridge of dried ACSF. Therefore current could pass directly 

between the voltage sensing and the current passing wire instead of going through the 

solution. Clearly, this would cause the clamp to fail. Using a needle to remove part of 

electrode conducting solution at the top of theta-tube reduced the salt bridging problem. 

5.1.3 Error analysis of experiment results 

Sorne specific technical and operational errors involved in the experiments may be 

responsible for deviation of the results from the theoretical expectations. First of all, none 

of the point and wire source experimental set-ups for potential measurement completely 

matched the theoretical conditions. The ground in the point source was not a sphere, and 

the ground in the wire source was not a cylinder. In both cases a wire ring was used. 

Secondly electrodes for passing current had a finite length, less than the depth of the 

ACSF. These differences coxla bring about differences between the theoretical and 

observed curves for both point and wire source models. 

Operational errors could also account for variability in the results. These include 

inaccurate location of the probing electrode as well as variations in the precise location of 

the reference wire ring and the current passing electrodes. 



In general, variability in the esperinmltai results could bc imprrwcd hv tht. S ~ I I C I -  

control of measurement and experimental conditions. 

5.2 Conclusions 

(I) The theoretical predictions for field potential distributions indicate t h ~  a wire 

electrode should be better than a micropipette since the field potential for a wire cursci~t 

source decays more slowly. The results also suggest that the cable ch;irnclcristics for ;I 

short silver chloride coated silver wire in ACSF can be ignored since its elccirotonic 1c.ngth 

h is very large. Wire electrodes are, therefore, an appropriate current source 1'01. futurc 

voltage clamp experiments. 

(2) Analyses of the data from experiments in ACSF match the theoretical 

predictions for field potential distributions in point current source and wire current sourcc 

fields very well. The results of curve fitting to the predicted field potentids indicate that 

point and wire source fields are not significantly different although they do tend to havc a 

better fit to the corresponding predicted profile. 

(3) A stable and approximately linear potential distribution, or voltage gradient, c:)n 

be generated in ACSF by a three-channel voltage clamp system with no ground re~urn wirc 

inside the solution. 

(4) Upon the presence of a perturbing current in the ACSF the locations :it thc 

voltage clamp electrodes in the solution can still be clamped, but the potential profile 

b~tween the electrodes is distorted. That is, the voltage clamp circuit only comple~cly 

clamps the tips of voltage clamp electrodes. 



Successful development of a technique capable of generating a voltzge gradient in 

ACSF may prove to be an effective method to investigate the possible role of ephaptic 

interactions in epileptic seizures. This study confirmed our original hypothesis that voltages 

in  a volume of electrolyte, not unlike the extracellular space in the brain, can be controlled 

artificially by a multi-channel voltage clamp system. The success of this project is a first 

step towards the development of an important tool for brain research involving the study of 

extracellitlar field potentials. 



CHAPTER 6 APPENDIX 

Potential Distribution of a Single Wire Source Field 

Consider a finite cable, as shown in Figure 6.1(A), through which the curscnt is 

passing. The initial potential and current in the wire xre VO and I , ,  rcspcctivrly. As c~irst'nt 

passes through the wire, the amount of current decreases in both longitudinal i~t ic l  radial 

axis because of leakage current through the wall (i,) and the voltage drop along the wire, 

j x . ,  the leakage current through the wire wall i, and the axial current i, becotlies less along 

the length of the wire from its initial segment. The cable can be niocteled at1 electrically 

equivalent circuit within a conductor medium, as shown in graph (B). t -1~  is a resistor of 

each small segment along the cable axial direction, r,, and rrn are the cable wall ~ s i s t o r  and 

medium of that segment. At a certain distance g, the axial and the wall current are ;issunit:d 

to be iag and iWg, and the voltage is V(g). Ground (GND) is set at a finite place (r,, is the 

distance of the ground from the center of the wire) in the external medium. 



internal ~0 

10 4 3 

cable 

Figure 6.1 A single wire source and its electrically equivalent circuit The 
graph (A) shows a finite cable through which current is passing. The potential and current 
at the initial segment of the wire are Vo and I,, respectively. As current passes through the 
wire, the amount of current decreases in both longitudinal and radial axis because of 
leakage current through the wall (i,) and the voltage drop along the wire. That is, the 
leakage current through the wire wall i, and the axial current i, decreases along the length 
of the wire. Graph (B) is an electrically equivalent circuit for the single wire within a 
conductive medium, where ra is a resistor of each small segment along the cable axial 
direction, r,, and r, are the cable wall resistor and surrounding medium resistor of that 
segment, respectively. At a distance g, the axial and the wall current are assumed to be i?g 
and i, , and the voltage is V(g). Ground (GND) cylinder is set at a finite distance (rg, is P the racial distance of the ground cylinder from the center of the wire) in the external 
medium. 

The derivation of field potential distribution in a plane perpendicular to the wire is 

divided into following two steps: 

A) Potential along the longitudinal axis of the wire (Vg) 

From Ohm's law, which indicates that the voltage across a resistor is equal to the 

product of the resistance and the passing current, 



dV a. axial current : ----A = r,. i,, 
d~ - 

dia . b. wall leakage current : - - - v ,v 

dg - 'WE.= -7 

=w 

where 

iwg = leakage current through the wire wall at the segtnent of distance g from 

the initial segment of the wire; 

lag = axial current along the wire at the segment of distancc 1 frotn tlic initi;ll 

segment of the wire; 

rw = rc,+rn,, is the wall resistance per unit length (a-cm) throi1gh the cable 

wall (rcw) and medium (r*,); and r, is axial resistance per uni t  length (Lllcnl). 

From Equation 6.1 and 6.2, we get, 

Laplace transform is used to solve this cable Eq~~ation 6.3, 

where C is a constant ( = r,/r,). The boundary conditions are, 

1) when g=O, V(g)=V,, 

2) when g -+-, V(g) -0. 



Therefore, 

where h = l / ~ = ~ T w / T ~  , is the electrotonic length of the wire, and h can be obtained 

experimentally (Katz, 1966). Equation 6.5 indicates that the potential drops along the 

longitudinal axis exponentially. 

B) Potential in a plane at a single segment of the wire 

A single element of the wire is shown in Figure 6.2, with length h and distance g 

from the initial segment. iWg is the wall leakage current at segment g. 

wire, a0 

wire, a0 
I 

single element, Ag (h) 

Figure 6.2 A single small s e g m d  sf a wire The figure shows a long wire and a 
single small element of the wire Ag. I, and V, are initial current and voltage applied at the 
initial part of the wire. i,?,. is the wall leakage current at segment g (which is the distance of 
the segment from the initial part), h is the length of the segment, a, was the radius of the 
wire, and dr represented an infinitesimal distance between two cylinders in the medium. 



For a unidirectional current source iWl, based on the definition o f  rcsisti~nce R, NY 

have, 

where p, is the resistivity of the medium. According to Ohm's law, 

where K=p/2nh, is a constant. Then, 

where 

K, C = constants decided from boundary conchtions; 

g = distance of the point away from the initial point of the wire; 

r = distance of the point away from the center of wire. 

From Equation 6.2 and 6.5, 



'Thc boundary conditions are: 

a) when r=a,, Vg,,, =V,exp(-g/h), 

b j  whsil i=fgn (Ground), 

Subsrituting them i n t o  the Equation 6.6, two simultaneous equations can be obtained: 

The solution is, C = -V exp(-&? ln(rgn), and K = rw 
' ' In( Grgn? . Then, 

The ground is ~ ~ s u n l l y  outside the wire (i.e. rg, La,), thus V s ,  decreases as r increases, 

which suggests that the potential decays by In(l/r) along the radial axis of a wire segment. 
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