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Mekanik uyarllarln elektriksel diinii2ii111~i L, i 11 i r d o k u s u n u r l  ortak 

b i r  ozelligidir. cevreden bilgi al~gveri~i slraslnda bu dokular 

bir mekanik-elektrik donii~turucu gibi davranmaktadlrlar. Ancak, 

bu olay~n zarln yaplslndan dogan bir ozelligi oldugu gasterilmig 

ve degigik zarlarda gozlemlenmigtir. 

Bu tezde olay hakklnda var olan bilgiler toplanlp incelenmig ve 

olayl aslklayacak bir model ortaya konulmugtur. Modelin 6n  

gijrduklerini incelemek isin bir deney seti hazlrlanlp, deney 

yonternleri sunulmugtur. 
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I • I NTnUDUeT' I UN 

kind o'f Df 

cr'lemi cal, mecl''',,,:\ni cal, 

into electrical energy by exciting certain cells. f cw'm 

energy which will be transformed determines the naming of these 

cells. In genEi:I'''c,;d!, a group of cells that are excitable by 

way are called nerves in higher organisms. In fact nervous tissue 

be considered as a transducer and a processor element of 

C::E~f"tai n kind of excitation. According to the stimuli t.hat one 

nerve may be excited with, these tissues are named. 

that 

mechanical to el E~c:tt' .. i cal tl~ ansduc:t ion OCCUI''''",'; in 

to higher centers to be processed. 

It has been shown that 

in crayfish slowly adapting receptor and in mammalian 

pacinii:1n corpuscle are seperated(Loewenstein w.n. ,et 

it is likely to say that in mechanosensitive 

the mechanical pulses create a generator potential which 

cause o'f ",p ike activity. Cer'''tai n 

showed that the electrical response to mechanical stimuli may be 

1 



a depolarizing or a hyperpolarizing one depending on the site and 

the way of excitation of a membrane. A study on non-myelinated 

nerve terminal in Pacinian corpuscle revealed that 

zing response is produced on compression of the site, 

removal the compression causes the opposite effect,namely 

depol ar i z at i or'l Nishi K. et 31,1968 Another study showed that 

the rnechar'li Cd]. ,:"t. i i"fIU.1 c"t :i. c:..r·, CJ·f t.I·:·:··' !.'!.:.! -I- ,:.'\"'1 Ui" "::.i...\1" + .,·::,cc' u+ F'i:'II'···:::\iflf'::C i. urn 

evokes a transient ;:ouy···f ace 

evokes depolarization fot'" ,,:,t. :i. iflul t..l~:; (!"··~~~i toh Y. et 

al,1972).In baroreceptor nerve of anaesthetizied dog, it was 

shown that the activity of the nerve can be modulated by changing 

the carotid sinus dimensions (Bergel D.H. et al,1975) v.hi Ie 

another study demonstrated that the modulation is sensitive to 

mechanical s t i mu 1 u f::; near threshold operation (AY-ndt, J.D. et 

In contrast a study on isolated cat muscle spindles in 

response to sinusoidal stretch revealed that generator potential 

per unit length change in both primary and secondary endings is a 

decreasing power function of displacement (Hunt C.C. et al,1980). 

On the other hand it has been shown that a mechano-electrical 

transduction occurs in a step-like fashion in vestibular hair 

cells of the chick which has a conductance of 50 pS (Ohmori H. et 

al,1985). Taking into consideration ionic events regulating the 

generator potential in a vertebrate hair cell, it was shown that 

the gener-':''Itor CLwrents are carried in vivo by K+ while the 

channel is in fact nonspecific (Corey D.P. et al,1979). 

The above history shows that in different mechanotransducers 

the generator potential is dependent on stimulus amplitude and 

site of stimulus where it is introduced. The channel wh i cr. is 



for transduction is non specific for most of t:hE! 

Other than these findings, certain experiments showed that the 

mechanoelectrical occur-~:; not only 

electrical (receptors) but also in every kind of 

nervous tissue. For example rapid, 

compression of Lobster giant axons pruJuces a depolarization and 

an in membrane conductanc2 (Julian F.J. 

while in Myxicola giant axons an all-or-none action potential is 

generated when the stimulus strength is sufficient (Ganot G. at 

al,19E31).It was reported that depol'::lr· i zing 

responses in the node of Ranvier of frog myelinated nerve (Gray 

J.A.B. et ai, 1954) • But in a different preparation it was shown 

that an increase in intraaxonal pressure causes squid giant axon 

to respond in a hyperpolarizing way (Terakawa B. 

the othet·- hi.md it is well known that when 

introduced through mammalian dentine layer tht.~ dE~nt,,:\l 

produces action potential which is processed as pain (Gurkan B.I. 

et al,1972). Besides these, it has recently been reported that in 

tissue cultured embryonic chick skeletal muscle there is a 

et al,1984). Diferrent 

reports also revealed that stretch-induced ion channels were 

found in different membranes ego in Xenopus muscle cells (Brehm 

P. et .. \1, 1984) and in frog red blood cells (Hamill O .. P. 

All thesS findings indicate that myelinated or unmyt::d i nated 

pet-ipheral nerve fibres and some skeletal muse I (':?s c: i ted, 

~!' 
.... 1 



br-iefly, most of the biological membranes of different species 

respond to mechanical stimulation either by depolarization or 

hyperpolarization of the membrane potential. Thus it appears that 

the mechanoelelectrical transduction process is not specific for 

specialized nerve structures but is in fact a general property of 

excitable membranes. 

Throughout this thesis, 

results of the experiments of former workers will be discussed 

while the theoretical considerations about this phenomena which 

were discussed elsewhere will be rewised. Depending on the 

results of revision, a theoretical model which seems to explain 

the phenomena more suitably will be proposed. 

order to test the reliability of 

experimental setup will be presented. 

4 

t.he model 

this, in 

proposed, an 



II. EXPERIMENTAL SETUPS USED AND FINDINGS OBTAINED IN THE PAST 

Current records indicate that the past of research on nerve 

e:"(ci tabi 1 i toy' by mech,:;11'1 i c",,1 st i filLtl i "Ti ger"stedt 

(Tigerstedt R. ,1880). 

It is assumed that the first methodological approach to this 

phenomena was carried out in 1962 by Juli.::~n F.J. et .:-d (Julian g~ 

Gol dman , 1962) • In this approach the authors used lobster giant 

axon which had approximate diameters of 100 pm for being 

geometrically simple and relatively free from structures and 

frog sciatic nerve which was composed of 5 or 6 individual fibres 

l~esLll t i ng in a"final diameter of about 10 pm. the 

nerve with applying rectangUlar pulses to a suita~ly damped 

Rochelle salt bimorph on which a glass stylus of 1 mm in diameter 

wcus mountt~d. The exprimental arrangement used by the authors in 

thi~ research is given in fig.2.1. 

The results 0+ this experiment can be summarized as follows~ 

When the magnitude of stylUS displacement was 10 to 15 ~m at a 
I 

velocity of 5 cm/sec an action potential was initiated but if the 

stimulus was applied in a slower way no depolarization was seen. 

It has also been observed that a long period of several seconds 

is needed for full recovery. The difference between the short and 

long durational mechanical impulses in response nature is that; 



ISOTONIC 
t(CL 

CRYST;'L 

SEAL. 

ISOTONIC 

DC LIGHT SOURCE 

IS010NIC 
I\CL 

a=:===!=:::;:::=====!=~:;;::~=----~=====:O .. AXON 
SUC:lOS~ 

Fig.2.1 Sch~matic of exp~rimental arrangement. Width of central 
gap, .diaml?tl?r of glass stylus, and width of base all about 1 ~m. 
Width of isotonic SLlcro~e pools 2 to 3 tAm. Black, solid circles 
represent revers;ible silver-silver clarida electrodes, (from 
Julian at al,1962). 

during s;hort pulsl?s; fc:.'\st in lonlJer 

duration .. l pulses the recovery was slow. the extracellular 

response was; abolished. With the removal of these chemicals from 

the medium b~ washing with artifi~ial sea'watl?r, i.1 f Llll recovery 

w •• maintained. 

6 



In this paper the authors discussed the possible mechanisms by 

which these findings can be explained and resulted with the 

following: 

a. The bending of the membrane was unlikely because of the large 

diameter of the stylus. 

b. Streaming potentials could be di0regarJed because these would 

con'll'" i bute a revel~sal i n ~:~i qn of -1::1,\"" put.c:~r··d: 131 c: h "'.n I.J i;." d UI" in q 

recovery but such an evidence was not observed. 

c. On the other hand if a compression is introduced to the axon 

the contents of the region under stylus are distorted and also 

the resulting stretch causes an increase in membrane area which 

would cause molecularelemets to be seperated either uniformly or 

at certain preferred regions. 

d. The major differences between frog fiber bundle and I c)bster 

giant axon are the rapid recovery and occasional off response of 

the fonner·. 

2.2 Reversal Potentials Due to Mechanical Stimulation 

Approximately two decades after this experiment, another 

attempt was made in order to resolve the reversal potent.ials 

cm-'{'''espondi n9 to the mechanically-induced conductance increase 

(banot G. at al ,1(/81). 

The obtained reversal potential would show the ionic p.::t.thtrJays 

responsible for this phenomena. In this set of experiments t.he 

authors used Myxicola axonal preparat.ion which had 

7 



diameter of 500 pm in conventional voltage clamp conditions. The 

mechanical pulses were delivered by a loudspeaker which was 

driven by a power amplifier controlled by a pulse generator. The 

stylus connected to the loudspeaker had a diameter of 2 mm where 

the rise time of its movement was 1 msac. 

follows induc""d by a 

mechanical stimulus depE\nds LJuLil UI, 111:"IIIL'i .. udc.! i.H)(j t.hf:? r,,-,\t'e of 

change of the stimulus. The acldil Jur: Ul IIX eliiflirl.:.-\tes action 

potential but does not affect the mec.:h';'H1i call y induced 

depolarization. When the axon was clamped to its resting 

potential, the current response to a mechanical stimulus was an 

inward current of long duration with an exponantial decay time 

constant of 10 sec. The stimulus magnitude and current-voltage 

relation curves are given in fi9.2.2. 

-CI: 

6 
'" .... 

C 

~ 2 ______ y/A/ __ <. 
';) 
\I 

0 
~ 
c: 
lJ 
'- -2 /o? ./ .0 
~ 
\I 

-lj <: /. o . 
A 

_100 -s-o 0 .50 

Fig. 2.2 Peak' change in current as a function of membrane pote~­
tial for three different mechanic.::\! stimulLis amplitudes: 29 
pm(ci~cle~), 53 pm(triangles), . and 60 pm(squares). Stimul 
duratlon 5 ms, (from Ganot at al,1981). 
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When TTX and TEA were added the reversal potential for leakage 

current could be obtained which denoted a reversal potential of 

-43 mV while a mechanically induced reversal potential gave a 

value of -46 mV. The close reversal potential values obtained 

this way were interpreted as the same leakage channels being 

involved on the both processes. 

findings concentrated on the hypothcSl_ that the mechanical 

stimulus dependent excitation does not involve specific channels 

because if it were so; a predetermined reversal potential would 

be seen, but instead, it involves leakage channels which are 

gradually increased with the stimulus strength. For this reason 

the authors suggested that if the membrane proteins reoriented, 

some of the lipids form intermittent or stable polar pathways for 

ionic transport, the mechanically induced conductance would arise 

from an increase in the avarage number of such nonspecific 

pathways, and the change in reversal potential could arise from 

the increase in their average size. 

2.3 The Effect of Temporary Increase in Axonal Volume 

One year later in order to understand the mechanism behind this 

phenomena another study was made (Terakawa S. & Watanabe A.,1982) 

where the authors used squid (Doryteuthis Bleekeri giant a:·:on. 

The method was highly different in mechanical and procedural 

aspects from the former experiments. They injected a volume of 

perfusion fluid 

clamp conditions. 

fi9·2.3. 

intracellularly when the axon was 

The original experimental setup 

9 
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A 

'Axon , I 
Out 

Pen re~ard~r' In 

Fig.2.3 Schematic diagram of the experimental setup (not drawn 
to scale). IN~inlet pipette. OUT, outlet pipette. P,plexiglass 
tube. W,wax. S,stopcock. C,current electrode. V,potential 
electrode. R,reservoir of internal perfusion solution. INSET: An 
electrical pulse fed to pen r"ecorder (upper trc:\ce) and ,a 
resultant change in diameter of axon Clower trace). A small piece 
of aluminum foil was placed on the axon and its movement was 
detected by an optical-fiber device. The arrow indicates a 
movement of the foil by 30 pm The length of the perfusion zone 
was 5 mm, the diameter of axon 490 ~m, the volume of the fluid 
injected into the axon 0,23 pI and the duration of the pulse is 2 
sec. (from Terakawa et al ,1982) 

They estimated that the increase in surface area would be in 

the order of 5-10 per cent because of mechanical stimuli. ASi the 

diameters bbserved before and during the expanslon of intra-

cellular space did not change during a series of stimuli the 

:1.0 



authors assumed that there was no leakage of internal solution. 

The results of the experiment were as follows: CHter the 

stimuli applied, a hyperpolarization which grew quickly and 

decayed slowly on which a depolarizing response was superimposed 

The relation between stimulus amplitude and tYPE~ 

was a sigmoidal 

injection while the withdrawal of the saIne volume caused a small 

depolarization. If the latter stimulus magnitude was increased 

the 

K+ 

response was again hyperpolarizing. The increase of external 

concentt-· ':''1t ion of caused small 

depolarizing response. Application of TEA abolished the response 

by 65 per cent whereas application of which is known to 

block Ca channels, externally caused irreversible suppression of 

TTX, 4····Plffl i r·1 op yr· i·d i n EO! , neomycine, the resporlse. 

f2thyl al chohol , applied to the bathing medium or to the 

perfusion did not affect the response. 

The discussion about the experiment made by the authors has 

revealed that by this type of mechanical ~.;t i rnul i 

membrane would be stretched in a circumferantial direction which 

produces hyperpolarizing responses separated from depolarizing 

ones. Since TEA reduces the response magnitude and 4-?imino-

pyridine applied internally does not supress it at all, the 

authors proposed that the observed response is resulted from the 

activation of leakage channels with a relatively high potassium 

selectivity for potassium ions. 

11 



2.4 Mechanosensitive Ion Channel 

While making patch-clamp measurements of nicotic ion channels 

on tissue cultered chick skeletal muscle Guharay & Sachs noticed 

.. n ion channel who-Eil? gating Io'Jas d[.~pendent on ~_:;uction appl ied to 

the pipette 
Investigation on this 

channel revQ<:~led th,,-,t tlli~"; ':~tr··(~tcll ".ctJ'I.:\l.L .. d Channf!l is pocwly 

dist:riminating between Na '::1nd K iCJn~;. Jic'IJt.,!,diniJ on these findings 

the authors made an experiment in order to find out the 

propertie~ of this channel. Th~ experimental 5etup included the 
~ 

conventional patch-clamp technique ( Hamill at al. ,1993 ) as 

given in fig 2.4.1 where a micrometer driven syringe was used to 

apply suction. The tissue used in this e),:perimf~nt was the 

skeletal muscle cells of the above ~entioned animal. 

Fig.2.4.1. Schematic of the experimental setup using patch­
clamp technique. 

The followings are the results of this and of the proc~eding 

experiment (Guharay F. 1985) : It is found that for this 

-trecth activated ch~nn~l, by' l' amp oylng 

12 



potent.i ""I equat i ClfI , the ion selectivity ratio between K and Na 

ions is calculated to be four . There was an insensitivity for 

Ca.~ rich mediums applied externally or internally and open time 

d i s'l:r i but ions could well fit into an exponential ltJh i I (-:? close 

time distributions could only be fit into at least three exponen-

tials. The effect of applied suction is a functibn of square of 

cytochalasin which 

increases this constant by a factor o~ ~O. It Nas shown on the 

proceeding experiments made by the authors et 

al,1985) that this constant is also dependent on voltage and pH 

of the external solution. The kinetic model of this channel which 

was calculated by the authors is as follows; 

k!.l. ~,Jo. ~~,4 
C~ #- C:t. ~ (~~ 04 

Ic. .. ,i k,,2. I<. Ij ,1 

where the only rate constant k 1•1 is both stretch, voltage and pH 

dependent as follows; 

k 1,1. - k~,2. €'~;{p (o«pl-D I.j) -j .. f!>(pH) p2) 

(a.i-pH) 
~(pH) ""' 0.01+0. Ol81 (1+10 

;l.( p··I···j) =:;; () • .c.,<..,+ ,-\ i,' 7'") / ( '1.' -'- 1." ,', (~.1 - pl'i ) r ,- . '-'- "-" .. T I .... I • '\.~. 

The probability of channel being open was dependent on external 

l.·· + r-,. concenb-at ion. 

The authors also discussed the possibility of con\/er"si on o·f 

deformation energy created by stretch to conformational c:h arl\] es 

occuring within the channel itself. With straightforward assump-

tiorlS the authors resulted with a channel vJhi ch 



deformation energy of ram em area of at 1 east 3* 105' AJ. and a.s 

d t d revers ~l potentials are not affected by pH the 
can uc ance an ~ 

authors also concluded that the titrated sitees) are not close to 

mouth of channel. A schematic representation of this channel is 

given in fig.2.4.2. 

Fig.2.4.2 Schematic represantation of the channel embedded in 
a lipid bilayer layer. The modelled channel is a cylindrical 
trans-(fIefilbr<.~ne ~:;truct.urt:':' ~'Jith a radiu~.:; of "r" and length of "I". 
Isotropic tension In the membrane (shown by arrows) increases 
the c/"o.annel roadiLls~"r"~i:\nd decrei.~ses its thickness,"l",assuming a 
constant volume~ (from Guharay et al~1984). 

Although it seems complic~~ed, one can summarize the above 

experimental findings and experimental setups as folloWS; 

a. There is a difference between the responses because of .hcrt 

durational and long durational mechanical impulses delivered to 

the membrane of the experimental tissue. The former one causes 

rapid recovery while the latter one causes this recovery time to 

14 



el C:H1gatE~. 

b. The stimulus amplitude is also responsible in the responsEs 

There is a treshold of thE~ 5t i mul U~:;; i:.'tmpl i tude 

(jf:":tc-r-o,ining t.r-,f2 rE!spon~':;fa of t.hE! Ineinbr"ane ~·Jhich can be eit.her 

depolarization or generat.ion of action potential. 

c. The responses observed ~an hyperpola~lzatlDn 

depolarization because of 'U, (? .:::; t. :1. ill u.l '.X::;; 

c"ppJ. ied. 

d. The authors agree wit.h the finJlng the conductance 

increase observed can be of the leakage pathways. Thi~.:; r(;~sL\lt 

was supported by the experiments involving TTX and TEA which are 

knotrJrl to block Na"'" and ~( ... ion channel=.-:; IrespE~ctivf2Iy. 

e. An interesting observat.ion was that on both experiment.s held 

by Terakawa et al & Guharay et. al the response amplItude was 

high 1 Y dE'pen di:~nt on e;·~ t. f..'!r·nc\ 1 I<-f" ion c: CJI"icen t. r' a t i c)n s;. 

time CoCl2 had an irreversible affect (former authors) 

ions had no influence on the responses (latter authors). 

++ 
and Ca 

f. The mechanical pulses were delivered to the axon in the first 

two f2xperiments by stylus which had diameters greater than the 

the axon while the latter two used differential 

pressures to induce the responses. 

1 c:: 
,.J 



I I 1. THE MODELS PROPOSED TO EXPLAIN THE PHENOMENA BY THE FORMER 

lJ.JORKEf:::E; 

The mechanisms underlying the above mentioned phenomena are not 

understood but most of the inv0stlgators working thE~ 

subj ect proposed tr'lat t.ht:~ i Dr') i C j:)E!l'n",,:·,;:;ti::J:t 11 t i e'c,; i,,';::,~:;C)C i Ed:,E~d ~',Ji th 

membrane potential are somehow reconstructed by the deformation 

of the membrane itself. But it is still in doubt whether t.he 

responses cited above are the major ones~ which are the results 

of mechanical stimuli because~ of the differences in the experi-

methods and the tissue used. The attempts to express 

these findings as a general rule had the difficulties associated 

with the membrane models using 

Though a lot of data has been collect.ed about these coefficients 

of red blood cells of different species and artificial bilayer~:;;, 

it is still a matter of debate as these data can be applied to 

excitable membranes of the same species because of the chemical 

composition differences between blood c£d 1 

tissue. illustrative model of membrane of red blood cell is 

given Thus the attempts to resolve the effect of 

mech.:.'\ni cal stimuli are generally using the ionic pennedbi 1 i ti es 

and the cytoskeletons supporting the membranes mechanicdlly in 

vivo and the properties of artificdl 

these facts the solution of t.he problem of the transformation of 

deformation energy to activation energy of channel opennings is 

not shared by the same authors. 

16 



Fig. 3.1.1. An idealized view of l.h2 red blood cell membrane 
composite. (The underneat.h spectrin network provides structural 
rigidity and support for the fluid lipid-protein layer of the 
·'··· .. r·'··lb'I'- .. "!··,.:" ').' (,/' "",-,n,' E""",>",,~~ f,·t a1, 1980). Jilt: .. ' ~..:.::. .. :; r I \..J11i1 ._. '{" ':;\1 1_ ... 

'faki ng into consideration of the problems above, 

proposed by different. people to be cit.ed here are: 

~:.. 1 • The Transmembrane Macromolecule Rotation Model 

In this model present.ed by Goto K. (1983) it is postulated that 

when acetylcholine combines with the acetylcholine receptor 

(AchR) SLltJ l.in i t. , 

Since hydrophobic portions are quite unstable, 

t.he subsites move to the center of the membrane, \,-.,;hi ch i~.:; hydr'o--

phobic. It is postulated that the rotation of receptor subunits 

makes the center an ion channel fig.::-~;. L:~:. 

i~.O,,;'++ 'f"'l 0""1' r'll",'!' tt t t t'· I- I ll- j t' '-'~, •• ,11"1 "It-oug) '·,11S 10n c,',anne caU~;E~::; '''''10:' unCt:!!'''cOc;t''lr''lg 

filaments to contract and this contraction in thE~ 

conduction of an action potential along the axon. The contraction 

o'f undercoat.ing + i I dment~:i induces transmembrane rotation 0+ 

globular proteins connected to the filaments. At right angles to 

17 



~XQn the force of hydrophobic bond between membrane 

" 00 c 
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-, r----'-... ,. 

... ;r 

~oo/ 
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b 

\\ " )r------( 

CHI H H CHI e: 1 I I 
CH3 N c-c-O-c 

I I r!!\ 
CH;s H H \.!!.) e 

Fig. 3.1.2 Initiation of e:·:citc."\tion. .:a: AChR in the resting 
stage. b: 6inding of ACh to AChR. c: Formation of ion channel. d: 
Contraction of the underlying filaments by C~· influx. e:The 
5tr~cture of ACh. The subsits enclosed in a circle is hyrophilic. 
f; The ACh-bound surface of AChR beCDffiS& hydrophobic, (from Gato 
1<.,1963). 

cylindrical lipid 

~t(-U(;tures are formed. The gCi\pS between the rotatory cyl inderli 

",,;:~rVij? ;;:as i on channel s. Ca..... passi ng ttiF'ough the ion chcmnel s 

.llow for conduction of an action potential without attenuation 

3.2. The Model Of Undercoat And Cytoskeletal Structures Which 

+ Supports Na Channels 

The experimental evidences for the basis of this model 

prQPosed by Matsumoto G. (1984a) were as follows: 

•• Elect~on microscopic observation of the giant axon of the 

5quid has revealed that axoplasmi~ microtubules are densely dis-

tributed near the inner surface of the axolemna and that they run 

18 



~lmo~t p~r~llel with the longitudinal axis of the axon, forming 

Fig. 3.1.3. 
resting 5t.;ate. 
c;ontrac:tton of 
macromolecule~ 
Goto K.,1983) 

Fig. 3.1.4. 
1<. ,1983). 

cr 

b 

c 

d 

Conduction of excitation. a: Axolemma in the 
b: Transmembrane rotation of protein molecules by 
undercoating filaments. c:Rotation of membrane 

at a large angle. d: The cylinder formation, (from 

I 
I 

I I 
I I 
I I 
I I I 
I I I 
I I I I 
I I I I ,: I I 

I I 
I I 
I , , I , I , , 

I , 
I- I 

The formation of the cylinders,<from Goto 
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cross-bridges and networks with neurofilaments and thin elements. 

b. When microenvironments inside the squid giant axon were put 

into conditions suppressing microtubule assembly, by 

cellularly perfusing the axon with a solution containing one of 

the reagents such as colchicine, vi r·lb I a.st i nE', podophyll otc;.: in, 

iodide and bromide, and polyanion of RNA, the sodium current was 

the pot,,-~ssi um CLlrr-(;?ITl ~'".jas ("·",Cit cfiu.c:i···1 .';;'.+ {- 1.< L. t. c.'c! 

c. The membrane excitability of squid gIant axons which had been 

deterioriated by internally perfusing with a solution containing 

col chi ci ne or Ca++ i CHIS coul d be r·estor··ed by i nter·nall y perf usi ng 

the axon with solution containing microtubule proteins and 260 K 

proteins (they are unique proteins located in the axoplasm 

underlying the excitable membrane in squid giant axons) 

conditions favorable for microtubule assembly. 

under 

d. When the axon was intracellularly perfused with a solution 

containing a reagent supporting microtubule assembly such as 

Taxol or dimethyl sulfoxide (DMSO) (Matsumoto G. ,1984b), entirely 

opposite effects upon sodium currents to those of 

suppressing the assembly were observed . 

tr·IS reagents 

e. The effects of internal perfusion with a solution containing 

colchicine upon asymmetrical displacement currents were composed 

of two Pi:\r·ts; colchicine-sensitive and colchicine-resistant. The 

colchicine-sensitive part was related to normal channels and has 

a definite riSing phase while the colchicine-resistant one showed 

an instantan~ous jump, followed by exponantial decay. 

In the proposed model of generating Na+ currents in squid giant 

axon it is assumed that N~ channels proteins are embedded in the 
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lipid bilayer- spatio-seper-ately fr-om the voltage-sensitive 

pt-otei ns. The under-coat and cytoskeletal structures functionally 

connect both between the Na channel pr-oteins and the voltage-

sensitive protein and between the various Na channel 

The sodium channels open in the following time order. First, the 

t.he 

membrane is depolar-ized. 

tional in the voltage receptor 15 tl'- ;;;,rlsmi t ted to the 

gating subunit on the Na channel proteins through the 

and cyto~keletal structures, inducing the conformation of Na 

channel proteins to be in the open state. 

llustr-ative figures of the previous models and above mentioned 

model are given in Fig.3.2.1 and Fig.3.2.2. 

(0) 

(b) 

F I" n • ~" ? 1 ,\ t 1 ~ - - H memJrane mode. in which the axonal undercoat and 
cvtos':""=le'~-al ttl 7 t~ s-ruc ures mere y support the function of Na 
channe~s. a: the Na+ channel is a protein controlling ion­
selectIve permeation with at least one gating subunit. b: The Na 
channel is constituted of two kinds of proteins neiqhbourinq to 
each other; one is a voltage receptor- protein and t~e other--is a 
proteIn controlling ion-selective permeation, (from M~tcL\-r'oto 
G.,1984a) c; ~ II 
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Fig. 3.2.2. A membrane model in which the axonal undercoat and 
cytoskeletal structures play a direct role in generating Na 
currents. The undercoat is constituted mainly of 260 K proteins 
~nJ possibly of actins. Among cytoskeletal components of micro­
tubules and neurofilaments, microtubules are essential in 
functioning Na channel, (from Matsumoto G. ,1984a) 

3.3 The M6del Of Surface Charge Density Changes 

discussed the possible role of changes in surface charge density 

resulting from stretch and proposed that the changes in 

surface denSity would possibly change the intra-membraneous 

electrical field (sse {ig.3.3.1), thus opening trans-membrane ion 

conductance channels or reducing the ion selectivity of membrane 

via leak conductance pathways. 

The effective membrane potential resulting from axon 

will be as follows; 

where .. 
AV(YI is the chE!nqe in fflE}fiibr anc:' potc:·nt i aI, ~ is 

sLlrface is the outer surface potential, 

the strain occured. 

- 101 ooj !J. e. 1
0 

"" <::\ !. J£l 000' 



V= -70mV 

vm=-80mV 

o - ~- o 

Before 
Stretch 

=O\L---=------=-__ ---"0 = 
V = -70mV 
",,-75mV 

V=-sOmv 
Vm"'-5SmV 

After Stretch 

Pi's Fixed 

After Stretch 

po's V. - Dependent I m 

L 
distance 

Fig. 3.3.1. The effect of axon stretch on surface potentials 
'!dand 'f'e, membr-ane potential Viti, and bulk tlJ bulk potential V. 

(Top) Potential profiles for a hypothetical unstretch axon. 
(Middle) Potential profiles after stretch if ion permeabilities 
remain at their initial values. (Bottom) Potential profiles if 
permeabilities are .::\lloWE!d to adjust to thE! nE!W Vm , (from Gr-oss D. 
at .::\1,1983). 

A plot of change in membrane potential vs. strain because of 

stretch using the equation above and assuming that the ionic 

inner and outer surfaces is given in fig.3.3.2 

On the other hand the authors discussed the possibility of 

simple mechanical deformation of ion channels and concludE!d that 

it was t-,~!·,-d t·c·J· b-=ll·t::-.·\v/t~_· ·_~l.\r.-_t-I .~ ·1· l -- '" -, E:! pDS;~:d Ll 1.. 1·:. y ,,;1:::; it was difficult to 

imagine how there can be a mechanical linkage between channel 

proteins and lipid bilayer matrix. 
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Fig. 3.3.2. Membrane depolarization vs axon stretch. (Solid) 
'f'e"-l/~" ::;:: 100 mV, (das.:;hed) ~"-'f'a.. =40 mV, (dotted) ~-l(:I", :::: 10 mV, 

(from Gross D. et al,1983). 

3. L~ It The Model of Piezoelectric Effect Resulting from Mechanical 

Def onnat i on 

The model discussed by Guzelsu N. (1985) ,,;Ibout piezoelectric 

sffect resulting from striction of the biolol:;jical membranes 

involves that as biological membranes are composed Df polar 

lipids, .:.~ny kind 0+ pressure change upon it may cause a 

piezoelectric effect which could depolarize thE';; membrane 

potantial. On the other hand the author argued that, if the 

majority of polarizz'\ticm is associated with ion channels and 

other membra~e proteins, and as it is assumed that piezoelectric 

proteins would be effectively mechanically decoupled from the 
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liquid-like lipid phi.:\sf.-? of the membrane because of large 

in sti-ffness of the phases, a 

of the channels would be quite 1 arge 

which will cause ionic permeabilities to change. 
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IV. THE PROPOSED MODEL WHICH SEEMS TO EXPLAIN THE PHENOMENA 

In order tb evaluate a membrane model to explain the mechahical 

sensitivities observed; first of all morphological features of 

different mechano-sensitive '~eceptors, then the properties of 

these receptors must be taken into consideration. 

4.1. Morphological Evidences 

Studies in the past revealed that the morphological evid~ne@s 

are thought to be important by se~eral investig~t~r. 

physiological aspects. It is known that movement of stereocili~ 

towards kinocilia results in depolarizing responses whilt;; 

withdrawal of stereocilia causes depolarizing responses (Floc~ 

. 
A., 1965), fig 4.1. 1. 

Fig. 4.1.1. Diagram illustrating the directional sensitivity c 
the hair cell <from Flock A. ~ 1965). 

The first attempts to resolve this directional sensitivity i~ 

t~rms of morphological aspects revealed that the hair proc~ss ar~ 

anatomically polarized as shown in fig. 4.1.2a and fig. 4~1~~a 

<Lowenstein O. et al,1959). 
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Fig. 4~1.2. a: Copy of an electron-photomicrogr~ph of a 
alightly oblique section through p~rt of a compound hair process 
from a sensory cell in the crista of a semi-circular canal. 
K,kinccilium. b: Diagrammatic repre.ent~tion of the crista of the 
horizontal semi-circular canal,showing two compound hairs ~nd 
~everal compound hair bases on the side of crista facing the 
utriculus. Kinocilium is indicated in solid black. Note its 
spati.l arrangem~nt on the crista. Hairs and hair bases are 
magnified out of the proportion to the size of crista and their 
densi ty is very much reduced. In .. \ v€~r·t i cal comal the hai r­
bearing surface ,shown would face canal wards (from Lowenstein O. 
et ciil, 1959) • 

Later, when the morphological basis of this mechanical linkage 

(Hillman D.E. at al,1971) it was found that 

kinocilium makes a plunging like action which produces a dis-

Thus the authors po.tulat~d 

~hat this di~ten.ion of the receptor membrane producEa chang •• in 

ionic conductanc~ which would J~~d to depolariz~tion of the hair 

~~ll. Conver~ely a reduction in the amount of dimpling would 

:decr~asa the depQlarization ,see fig. 4.1.3. This hypothesis was 

&upported by the finding that there is a structural changes in 

.uditory hcairii during temporar.y deafness (Mulroy M.J. et 

.1,~984). 
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Fig. 4.1.3 (Left) Di~gr~m shows the s~ccular epithelium with 
its receptor cell (RC) cili~ry apparatus [kinocilium (K), 
5tereocili~ (6), cuticle (C)] and otolithic membrane (OM) ,and the 
fil~mentous base (FB) which supports the otoliths. (E) Efferent 
endings; (A) afferent ~mdini:~~ (Right> Dii;;\!]ri.-\ms iimd electron 
mlcroQraph& to show the effect of bending the cilia toward and 
~w~y from the kinocilium. The relatively firm cuticUlar base 
(d,~, ~nd f) and the attachement of the kinocilium to adjacent 
stereocilia (a,b, and c) cau~es the pliable receptor cell 
membrane in the region of the cuticular notch CN) to be thurst up 
or down with respect to the movement.s (a '::Ind d,and b and c). In 
the vertical position a sligth dip is usually noted in both 
scanning and transmission electron microscopYj(c and f). K, 
kinoc:ilium; C,cuticle. ( from HiUm,\n D.E. et aI, 1971> • 
• 1,1984). 
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On the ot.her hand it was found that in Pacinian corpuscle there 

is a directional sensitivit.y where the receptor potential (de-

polarizing response) on compr~ssion generat.es hyperpolarizations 

in response to a gradually increasing compression aft.er rot.ating 

them through 90 degrees along the long axis and vica versa 

of this findings were 

Lhl,' 

summarizied as follows; VH, ii:'!"1 'I." h c, fnc.-c' i'" ',;, :i, C c', J ~::t:,:i fftl,) I i HE!I'" t:~ dp pI i ed 

along the short axis of this cylinder (b) an increase in 

ratio alb (where d is the long axis )occured, and consequently an 

increase in the surface area of the receptor On tht"? 

oth(.;!t"" hand, the stimulus directed 

(Nishi K.et al,1968). 

In response to mechanical stimuldtion of primary dnd 

endin9~:~ in isol~ted cat muscle spindle it is shown that 

receptor potentidl per unit length chdnge of spindle (gain) 

constant up to a treshold displacement of 10 pm With 

stretche·.~ +."-'~_' rJ"I-l··l',~.'\I-V ·.·.>I-,L .. j]·.r-,L·.· .. '.I'.~ L-... ·.I;.·\]·.r .. ' I ' ~ • t 1_ ! • _ _ cecredses dS a pOHer +ur·lct.ion 

of increasing displacement more steeply than 

endinljs:; (f'lurd:: C. c. cd, 19E1O). This phenomena can 

attributed to the morpholoqical and mechanical features 0+ muscle 

spindle (Poppele F.E. et d1,1979). 

The':! above mentioned morphological evidences implies t.hat in 

rece~t'J-r'" , . 
t' mecndnlsms structural properties are common to all to 

ensure a spatial distribution of tension on the membrane in 

development of rece~tolr r(-t'~r'l~l'~] t t J ·J t".. t ... .::\ .• 

""('J 
. .:_ I 



4.2. The Properties of the Receptors 

Several authors made experiments in order to find out the ionic 

properties of the receptors. They found out that if choline ,an 

impermeable organic cation, replaces Na ions or procaine, which 

h • .;\s a 1 CJcal effect by decreasing bot.h 

conductance, is added, the receptor potential decreases (Julian 

F.J. et a1~1962). On the other hand the permeabilities for 

various monovalant cations were Li' 
, 

F~b .. ,. c~ :> choline> 

. 1 t t . ._, +t. r~ -r;'. B'+ +/- +;. 
TMA > TEA while for dlva an ca-lons were La > or > a > Mn > Mg 

(OhmOlr'i H. ,1985) . TTX or TEA which selectively block normal Na 

and K channels respectively had no effect on the development of 

receptor potential (Loewenstein et al,1963; Ganot et a1,1981; 

(Ohmol'-i 

H., 19li5). Thus it seems plausible that the ionic permeabilities 

associat~d with these findings are different 

excitation of excitable membrane. 

The Possible Models 

Depending on the events above one may propose Li'le po~';~~i b 1 e 

models responsable for the generation of receptor potential as 

follows~; 

4. :::;:. 1. Piezoelectric Effect 

As described above piezoelectric effect may have an importance 

but as seen from the ionic evidences such a possibilty can be 

i gnW"'ed b·~c"::'Ll<_"""::'" oi~ tl ,-, --1 ~ _., ... -H0 \.JuL 1. j _., ++ t· -ane La an-agonlsm and ot essen-· 

tial Ca ion c-~r'c-.Qrlt-~tl·OI~ c-",··'I'I-10·t b ~,= • - • -, -e explained by this model. But 



one may assume that these chemicals can alter the piezoelectric 

coefficients which inturn causes the observed result. Hence, 

before having mare knowledge about the molecular level structures 

of membranes this possibilty is left in question. 

The Effect of StreamIng PotentIal 

Th i~:; roodel can also be ignored bec~use it is shown on ~;qui d 

giant axon that; the water flnw f2Cilll2le~ an Ionic flow through 

the potassium channel in the same direction and ~;uppr""esses the 

ionic flow in the opposite direction resulting a hyperpolarizat-

ion (Kukita F. et al,1975) which is in contrast with the observed 

findings. It is a possibility that the results of Terakawa S. at 

al is consistent with this model since, although the authors 

assumed that there was no leakage of internal pf?r"fu~.;i on fluid, 

close inspect i em of the-? E~)< P(~I'- i ilit:-:ntal data 2ibout t.he change in 

membrane diameter reveals either an outward water flow or the 

relaxation of the membrane. 

'+ .. ~3 .. :::;: .. The Changes in Surface Charge Density 

This model has the deficiencies in explaining the TTX and TEA 

insensitivities while the predicted amount of depolarization vJ2\S 

not e~r"\u-L'nr'''J t" I t + .~ "0 e onga:e the open time durations of Na channels. 

But one may argue that stretch causes opening of Na+ channel s 

different than normal TTX sensitive ones. The r"esul ts of 

simUlation showed that in order to obtain a depolarization of 15 

mV a distension of 15 per cent is needed, on the other hand it 

was shown that a distension of twa or three per cent causes the 
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membrane to rupture (Evans E.A. et al,1980). 

4.:5.4. Specific Mechanoelectric Transduction Channel 

The ion channel proposed by Guharay et al seems to explain the 

phenomena lI-Jell" But in the evaluation of model thE! authol~s 

gathered from all the hemisphere. Instead it was shown that the 

calculated dii":!'fol'"'mation is no·t only ur, i..lli;;' 1··IL-!cn:i.:::;phi:?r-f::· but . .::\ll:'.io on 

the cylinder formed inside the patch and on the membrane outside 

the patch. pipette (Evans E.A. et aI, 1980) • Thus the calculation 

made on this assumption is invalid which gives a channel diameter 

smaller than it should be. Apart from this the authors assumed a 

single ion channel which was embedded in the bilayer which se£~fIls 

plausible because there were no direct evidence for this channel 

to be single. Even if it was so the strain developed inside the 

hemisphere was not isotropic but instead it is cylindrical which 

results in a cylindrical distribution of (Sfi~E) fl. g • 

4.:3.4.1). The value evaluated from proposed data the authors 

resulted from a channel df.~rl~~i t Y 0+ 0.16 

relatively small to contribute such a value of dE!pol d!'" i;;: at i c)n 

resulting from stretch. Although the authors employed a cyto-

skelatal network as in red blood cell membrane to avoid from such 

a big protein,in the order of 16 MD which should be observed 

be'fore, to explain the gating of this chdnnel, it is also in 

debate how this cannel protein can undergo a conformational 

change by 'the mechanical linkage between the protein a.nd the 

cytoskeletal network. 
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~ridian from the pole of the spheroidal cap to the outer surface 
f membrane, (from Evans E.A. at al,1980) • 

• 3.5. Transmembrane Macromolecule Rotation Model 

The author suggested that the rotation of transmembrane macro-

olecules may form unstable cylindrical lipids which serve as ion 

,annels. Although the contraction cytoskeletal fibers which may 

~ composed of actin and myosin filaments seems likely, the 

Jtation of macromolecules are dependent on flip flop rate of 

,citable membrane. Current data indicates that this rate is in 

,e order of 10 or 30 days,{or half 
: I. 

life (Harrison R. et 

l,1980). Therefore the assumption of rotation is inconsistent in 

,elight of the above cited rate. Even if it was so, because the 

ldel propo~es cylindrical formation which are perpendicular to 

le longitudinal axis of axon, t~e model seems unsatisfactory in 

:pl~ining why the stability of membrane is preserved after a few 



s:o(ci tc:1ti on 

{annat ion. 

,"Ind 

4.4. 

in explaining why to oc: C UfO such 

The Proposed Model of Lipid Rupture 

4.4.1. Basis of the Modol 

TIOOole above h \'P CJ-··· 

i·' :: P 1 i:)oi n ITI t·~ C h ;;:t n (J 0·0-

~lectrical transduction process; 

The response dependence to the stimulus amplitude ifiU'::it 

~0ati sf i ed. 

b. Directional sensitivity of the memorane should be considered. 

c. The diffenc:e in responces between short and long dur- at i on.:.<.l 

stimuli IS to be regarded. 

d. TTX and TEA insensitivity must be explained which implies that 

normal ionic channels are not involved in the process. 

\::.'. °Th0:; i nd :io ""pensi b iii t/ of i r·lt.E:-roo n",o,l Ci:;r i orl~:; mu~:;t bE: plroF:-~::ifdlro"'/E~d. 

of • The underlying network which seems to have an importance in 

generating the responses must be related to the model proposed. 

g. The effect of cytochalasin, which destroys intracellular net-

in the mechanical sensitivity should also 

h. If an ionic channel is involved in the process it must have a 

poor d i ~jC 1'- i min a t ion b c!t ~·J(·=!(0!rl r\I"t arl d 1<:1" ion s" • 

The model which seems to satisfy the curldi ti Dn~:~ 

Assuming the biolugical membrane looks alike to the 

membrane structure given in Fig. it is evident that thE-

membrane material properties can only be considered as a c: urd: i --



in the two dimensions, which describe the membrane surface. 

In the th i c knes~;, 

structure and discontinuity that preclude treatment as 

a continous material in this direction. Consequently membrane is 

cont i nUe\ 

.!.I. .. : .... 
L: : j. L.: I", ~."' .. : . .l :I. :i. pi c:i~; 

G~e in a fluid state, 

to connections of proteins ut:. h (;21" 

In Fig.3.1.1. the spectrin network 

as providing structural rigidity and support fOF' the 

.;: I ui d CDITipC)nf:~'n t of the membrane and is often reffered as cyto--

~,:;k(7!l f.:d:.on" Inay e;{ i st in 

association with the cell membrane, e.g. ,connective tissue, cyto-

p l.,:;\smi c elements,microtubules, f2t c::. 

,:"tr'l"ctul'"'al j·· .. i..;)idity al"ld E~ven act:.ive cjt:0-for"mE,t.ion. 

il. !.j.:Z The nodel 

a mechanical~ force in the form of stretch is 21ppl i ed 

to the membrane in surface plane, it can be considered that the 

stress occured must be balanced with the intramolecular forces of 

lipids and the deformation rea~tclnce of spectrin-protein network. 

If anothet·" is made by implementing that C)ltC)-

net~'Jork provides the main counter acting of C) f" C €0'S IiJi tl"l 

to lipid structures, it can be speculated that if thE' 

viscoelastii forces between lipid-lipid interaction 

thEm the lipid-protein interaction the strain occured because of 



stress between molecular elements would be expected to occur more 

likely at the lipid-protein interface. This displacement will be 

diminished by the reformation of the membrane. But. from the 

second assumption it is evident that because of the ~eformation 

the unstable gap between t.he protein bpi d 

0+ t-· E';:;;P un bG' i nit i at i or', 1'" ( :,~:"u 1 t :L n ' . ..1 'j'I" ' .. :' iii il"'::.' c: I', ,.:'.1", :i. ,: <;:. 1 ~:; t. i rnu 1 u ~;; dUE: t Ci 

4.4.3 Discussion of the Model 

The evidences bupporting the above assumptions can be given as 

+ 011 Ov-JS: 

a. E.s.r. ,n.m.r. and,more recently, fluorescence techniques have 

all been applied to measure the lateral diffusion coefficients 

(D) of lipid probes, 
-8 

and similar values of D (of the order of 10 

cn~/sec) have been found in a range of cell membranes and, ,:;:l.bove 

the phase transition, in model phospholipid bilayer systems. 

b. The lateral diffusion of protein molecules in a number of cell 

,HQH,bl--- <::In f,'~;; h d S !::iF:E'1"i e>~ Elmi nc,!ci by -::\ v ".:\\.-. :i. c:,t. ''/ uf iflPt. h nc:l5 c.;;n cI I", d',"; b£':E:n 

fuu.nd t.o be generally slower (D:;::.:l. (;4~ :l C;'3 Ci~'j ~"iE'C) th·"r·, thdt of 

lipicL:i. 

The proteins do not interact with the bulk t I", 0::' lipid 

in some cases they ,may interact with spPcific lipids, 

presumably those adjacent to them. It has been reported th<::lt such 

a tightly bound lipid in the protein complex cytochrome oxidase 

of mitochondrial membranes (Singer S.J. ,1975) exists. 

d. Differen~ methods applied to resolve viscoelastic 
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e 
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Fig.4.4.2. a. Resting state. b. Stretch of the membrane 

,formation of channels. c. Reformation of membrane. d. Release of 
stretch, formation of channels. e. Turning to initial conditions. 
Note the expected displacement of the membrane surface. 



DI'''elc:~r while experiments held on dl,··t·-

ificial phospholipid membrane gives a cofficient of 250 - 17 elyn-

sec/em (Snik A.F.M. et al,1982). 

, . 
i! " .. 'iil! .. ' 

' . .'; if. 'i. 1 h. FC)I'" 

L\inpJ i t. uc:l c.' t:.U 

amplitude since the ionic pore diameter 

the stress while the number of such formations are 

e)·:pected to increase also. On the other hand, 

pore is nonspecific from the normal 

pr"otei ns it also explains the insensitivies for TE(..i, 

...... 
CEil ion 

indispensibility is also preserved in the model since its 

that t.he 
._ ." oF 
Ca by 

contracting,thus stiffening the membrane, while from the second 

d',';s:;umpti un :i. t. i ITIPOI'" t . .::0.1'''1 t. t.he cytoskeletal 

foai 1"'11 Y :::iuppor-t. t.he mc.!mbr·an£;:. Th(:? s(:?n~::;i ti vi ty 

0+ cytochalasin can be attributed t.o its 

destroying effect on cytoskeletal network and causing membrane to 

be less tough and easily deformable. The effect of CoC~ which is 

irreversable can be understandable since the blocking effect of 

" .. of+ " ++ I d -. j La on C.i:t ch",innel sis ~'Jel "t::!+ 1 f'it'.:c • The membrane sensitivity 

because o·f stretch site can be explained by the difference in 

intracellular and extracellular network. It was reported that. the 

anchoring nodes of membrane proteins are mainly intrac(;:llul~.H·l y 



which implies that the stress to be overcomed by the cytoskeletal 

in the form of pressure upon restriction of the 

membrane area and vica versa. 

4.4.4. Predictions of the Model 

a. The model involves two time constants which are appearing from 

the pl1ase difference of the lipid-lipid and of the protein-lipid 

One of it app;:::~dl"'~;:; +i'''t::lii': t.I·;\:' t . .i.iiic:; .. ··ldC) u+ p,,'utui ns to 

move in the lipid 

reformation of lipid bilayer by readjusting the minimum entropy 

conditions. Thus there should be evidences demonstrating the two 

time constants which appears on the beginning and on the removal 

of the stretch while the other in the sustaining and postend 

period of the stimulus. 

b. Ar'lother prediction is that there must be a difference in 

.. impl i tude to obtain similar between dE'?]' i ver- i ng 

stimulus to the membrane surface spatially or locally. The former 

one would need greater amplitude while the latter would need 

smaller amplitude. 

c. There should also exist a propagation of response beginning 

from a preferred region, if the considered surface is not large 

enough to ignore the changes in membrane elements since the 
, 

initial assumption was the isotropy of membrane in two dimensions 

(sur-face plane) The anisotropy of the material properties in 

mi cro':5copi c areas would lead an uneven distribution of strain 

i ntLwn cause the response to initiate from a preferred 

r-egi on. 



d. The model involves a small displacement to occur on the 

surface of the membrane in the order of a few ten nanometers when 

the mechanical stimulus is delivered because of the striction of 

lipid bilayer on the opposite direction of pore formation. This 

displacement will be diminished by the reformation of the 

memb"." ane. Recently it has been shown that such a displacement to 

occur- in different exicitable membranes of different species 

(T2tsaki I. et al 1980a, 198Gb & 1982). 

'; : 
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V. THE EXPERIMENTAL SETUP DESIGNED TO TEST THE MODEL 

5.1 Selection of the Experimental Protoc61 

5.1.1 Selection of the Material 

The tissue that will be used in the experiments should be well 

defined in physiological aspects so that a direct comparison of 

the evaluated data can easily be made. The literature on this 

subject shows that the general material used is either Squid 

gi~nt axon or Myxicola giant axon for being easy to prepare and 

for havi ng reI ati vel y 1 arge diameters for app Ii cati on o·f internal 

£01 ectr-odes. Thus the data relevant to their physiological 

properties and to their responses to different chemicals can 

easily be obtained elsewhere ( Binstock L. Binstock 

L. et al 1969, GanCJt G. et o:d. 1981, Hodgkin ('1 .. L et al 1952, 

JLlli61n F·-.J. et al 1962, Terekawa S. et al 1982 and Kukita F. et 

al 198~':;;). As it seems impossible to obtain Myxicola preperations 

in Tur'key, the selection of animal was restricted and therefore 

it was found out th'"~t Turkish squids namE~d COlnfl1€?I'-ci.:::illy "Kalamar" 

and "1"ILlI'TE-kep bal igi" ~;at.i~3fies the i:matomical and physiolclgical 

conditions. The attempts to use the giant nerve of earthworm were 

-faced wit.h, 

proper-ties 

e:·:per i mental 

although t.here ar4 some papers mentioning about the 

o·f t.h i s nel~ve, the nerve was insuitable for 

procedures (see below) for being small in diamet.er. 

Another attempt to use the very large membrane of chicken egg­

yolk membran~ was unsuccessful because of the rapid variations in 

its resting membrane potential. 
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5.1.2. Selection of Method to Deliver the Mechanical Stimulus 

The mech'::ini c.::il pulses can be delivered to the membrane by 

pressing the metnbrane by a stylus, by streching the axon long-

ititunally or applying pressure differences spatially or locally. 

Since there are problems associated with the reconstruction of 

deformation distribution of a cylindrical membrane which can be 

modelled as a giant axon of a species ~nd to introduce mechanical 

pulses when there is intracellular electrodes, the prob I ems c;\re 

relatively simplified when the membrane is dissected to form a 

planar s.~urface. It was reported that this form of membrane also 

exhibits the same physiological responses with the cylindric 

membranes (Llano I. et al 1984). The mechanical stimulus then can 

be delivered to the membrane by the help of 

stylUS. The restrictions associated with the mechanical design of 

the fixation of membrane caused to select g i .~ .. nt <:.,~-:ons havi ng 

diameters greater than 500 pm. 

The stimulus type and the site of application (intra- or extra-

cell Lll a I'" 1 y) is to be considered to resolve the above mentioned 

~)t'" ed i c t i or". s o-f the proposed model. Therefore the stimulus 

del i verc-cj by a stepper-motor driven micrometer ina stf"~pwi se 

m<. .. nner. 

5" 1" 3 .. Selection of the Recording System 

Since te responses characteristics to be measured are not well 

known because o'f tht~ d i ff (~rent data publ i shf~d E-I se~·Jhere ':H1d the 

e:·:pey-i mental protocol is highly different from the above cited 

methods with respect to the membrane assembly, the design and 



implementation of a flexible recording system was taken int~ 

consideration. 

5.1.4. Selection of Perfusion Solutions 

As the preperation procedure is relatively simple and change. 

of the ~embrane properties are quite well known, the mediums in 

which pr-epared 

conventionally. The n-:~levdnt: ddtd .:Il"iUut ttH;;;' L~+'fect of different 

chamicals whE!I1 applied intr'a-- (JI'- Ll:<I.r<\·l...t.dlularly are described 

elsewhere, (Baker P.F. ,et al 1962a). 

5.2. The Experimental Methods 

The general setup to deliver and to collect the data is illuS~ 

trated in fig 5.2. 
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Fig.5.2. E~perimental arrangement. 
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Preperation Of The Membrane 

Giant nerves of squid are found in the mantle of squid. The 

suitable giant nerves of squid can be found when the mantle is 

dissected ventrally. The stellear ganglia in which the axons will 

appear, lie on each side of the mantle close to the ink duct of 

the squid. The peripheral distribution of the third-order giants 

follows the stellar nerves. These are easily seen in life in the 

translucent.mantle muscle with favorable illumination. The 20lle 

of muscle supplied and the length and diameter of the axon are 

relatively small for the anteriormost and largest for the last 

stellar nerve which is commonly called "the II giant fiber of 

"the" squi d. The largest di ameter-s r-each 940 pm in Lol i go Forbesi 

,750 pm in L.Pealii. Fine branches begin fairly close to the 

stellate ganglion and bifucations somewhat farther away. For an 

anatomical description see Appendix A. After dissecting the axon 

from one end, a cannula filled with perfusion fluid is tied into 

the distal end The axon is placed on a rubber pad and the 

axoplasm is extruded by passing a rubber-covered roller over it 

in a series of sweeps (fig. 5.2.1.1>. At the end of this opera-

tion after immersing the axon in sea water the remaining peace of 

axoplasm near cannula is moved out by the flow of perfusion fluid 

which is about 6 pI/min (fig 5.2.1.2). When the perfusion fluid 

flows out from the other end of axon, another cannula is tied 

into this end also. 

Membrane Fixation Techniques 

Under a dissection microscope the cylindrical membrane of axon 

cut-open by fine blades and then it is fixed on the mechanical 
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Fig.5.2.1.1 Extrusion of axoplasm 

Fig.~.2.1.2 
fluid. 

Re-inflation of extruded axon with perfusio:! 
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fi:·~ation table. The manufacturing information of the table is 

given in Appendix B. To improve the electrical and chemical 

insulation of either side of the membrane, the table is coated 

with fine layer of vaseline oil. The table which was assembled is 

then moved to a two chambered specimen holder (see Appendix B for 

manufacturing details> where it will serve as an insulator 

between the two chambers of extra- & intra-cellular fluids. The 

gap between the chambers is adjusted so that, IrJhen the table 

coated with vaseline is pushed in, a full insulation may occur, 

In orde~ to have a temperature controlled environment each 

chamber includes two glass pipettes passing through the chamber. 

The ice cold water pumped at a specific rate by an infusion pump 

sustains the cooling of the chamber solutions. 

5.2 .. 3. Composition of the Solutions 

The artificial sea water consists of (in meq. i onsll t) 10 

526 Na+ , 50 C++ a , 6~S3 Cl , 2.5 H C0.3 while internal sol uti cln' s 

composition is 610 v+ '. , 560 ci, 3i) H:1o F'04 and the pH is adjusted to 

about 7.7 adding by KOH to KH
2

F'0.L.;in final solution. 

5.2.4 Preparation of Pipettes 

Silver wires of 0.1 mm diameter and 15 cm long were immersed 

in an electrolyte consisting of 3 M KCl as an anode while a 

carbon rod served as a cathode. The rectangular pulses of 30 mA 

amplitude an 20 seconds duration is applied to the electrodes. 

After the first delivery of pulse the polarity is changed to 

eliminate the Cl deposition on the anode. This pr-otocol is 

continued until a black film of AgC~ appeared on the surface of 
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silver wire. The other ends are coated with solder to have a good 

contact with long copper wire electrode. The agar-agar is heated 

with 3 M KCl and sucked inside a syringe in which the coiled Ag-

AgCl~ el ectrode is immersed. After cooling this assembly the tips 

of electrodes are immersed in a beaker containing 3 M KCl to 

avoi d dr-yi nq. 

Dat.a Acquisition 

The membrane potential of axon is amplified in the first stage 

by a variable gain differential amplifier which has a bandwidth 

of 3560 Hz and a CMI'1R of ~ 60 dB. Because of the offset problems 

associated with the Analog to Digital Converter (ADC) whieh has 

an operation range between 0-5 Volts~ the amplified signal is 

then added by a variable voltage to fall in this region. The ADC 

is an eight bit converter which has a conversion time of 100 

}-Ieee. The 8 bit parallel data is then fed to a R6502 based 

microcomputer to be stored and evaluated. The block and printed 

circuit diagrams of data translation are given in Appendix C. 

5.2.7. Control of Mechanical Pulse Sequence and Data Acquisition 

The control and data collection is done by the master program 

in Appendi:·: D which uses co-programs given in Appendix E. The 

algorithm of the master program is given in fig 5.2.7. 
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Fig.5.2.7. 
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VI. CRITIQUE OF THE METHOD 

It can be shown that the extension produced by impulse is 

proportional to the impulse amplitude. Assuming the membrane as 

an isotropic and elastic materials the outlines of this 

calculation is given in Appendix F. Since it is so, by changing 

the stimulus amplitude one can consider that the displacements 

occured in macroscopic level is varied in a linear manner. 

Application of step-type variations in the stimulus amplitude can 

show the predicted time constants. If a pre-stetched condition is 

achived, the changes to be observed in response amplitude will 

show the participations of cytoskeletal structures in generating 

of couter acting forces. The application of stimulus either 

inwards or outwards is expected to show the site of responsable 

protein anchoring points. By changing the stylus diameter it is 

possible to evaluate the second prediction of the model which 

implies that upon application of spatial deformation, in order to 

observe the same response amplitude, the amplitude of impulse 

must be increased. Since the bandwidth of the amplifier system is 

restricted it may not be possible to observe the first order time 

constants for these constants are expected to be small enough. 

However application of sinusoidal type of excitation may be able 

to show this time constant if a phase difference between the 

impulse and response is observed. But this time there will be a 

problem arising from the conversion cycle since the maximum 

conversion frequency is 3 KHz because of the time limits of the 
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CPU. This problem could be solved by using a very efficient 

program but it was shown that there is a problem related with 

such modifications made on the software controlled ADC (Lenz J.E. 

et al,1985). The problem arises from the execution of syste~ bus 

using noisy instructions at critical sample and hold times. Thus 

in the software configurated it was takon into consideration but 

this inturn caused a decrease in t~le efficiency of the program. 

The ionic currents responsible for tile expected changes in the 

membrane potentials can also be evaluated by this method and 

needs further research. 
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APPENDIX A 

ANATOMICAL DESCRIPTION OF THE GIANT FIBER OF THE SOUIO 

ola.menlal jlan" n._ .... . ' 
fin ne,va, ~. .-

" " .,''-. . . . . . ' . ' . . 
'\ 

• 

litomat0t:afOltic 
-.-•••• _.. coooectlY" 

-p05\. head 
retr. n . 

•. pOit. \lUi':. 

comm. 

• - _ ••• 'jlilltric iiloj£l!on 

3cm 

Fig.A.la. Nervou~ system of Sepia, don~a1 view. Right stellate 
ganglion and fin nerves omitted; Stamogastric system in black. 
got., anterior; comm., commisure; info ant. <post.) ophth. n., 
inferior anterior (posterior) ophthalmic nerve; n.,nerve; post., 
posterior; retr., retractor; sup.post.ophth.n.,superior posterior 
apth~lmic nerve; visc.,visceral, (from Bullock T.H. at a1,1965) 
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" ' 
~:c 2"_ 

.'.j 

l~. L 3 

vise. n. stell. g. 

info relf. m .... -

__ post. head retr. m. 

med. info retr. n 

post. info retr. n. 

Fig.A.2. Diagram of the giant nerve fiber system of Loligo 
Pealii. bra ~ intet-a:-:onic bridge; g.c.lobe~ giant cell lobe; 
g.c.l~ first-order giant cell; g.c.2a~ second order giant cell 
whose axon runs to stellate ganglion and there makes the distal 
synapses; g.c.2b~second-order giant cell whose axon runs to the 
posterior head retractor muscle; g.c.2c, second-order giant cell 
whose axon runs to the same muscle and to the infundibulum 
retractor muscle; g.c.2d, second-order giant cell whose axon runs 
to the infundibulum retractor muscle; g.c.2e, second-order giant 
cell whose axon runs to the muscle; g.c.3, cells of origin of 
third-order giant fibers; g.f.3, third-order giant fiber,(from 
Bullock T.H. et al,1965) 



g. f. 3 

/""" . fm. n. 

1-------g. c. lobe 

lmm 

Fig.A.3. The giant fibers and their synapses and cell bodies in 
the stellate ganglion of Loligo Pealii; dimensions are to scale 
from a small specimen. +In.n., fin nerve- a division of pallial 
nerve of the brain; g.c.1obe,giant cell lobe; g.f.2a, second­
order giant nerve fiber making the distal synapses on third-order 
giant fiber; g.f.a, giant fiber arising in the palliovisceral 
ganglion of the brain and making proximal synapses; 9.f.3, third­
order giant fiber; matle conn., mantle connective-a division of 
the pallial nerve; stellar nn., stellar nerves, (from Bullock 
T.H. at a1,1965) 
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APPENDIX B 

DIAGRAMS ILLUSTRATING FIXATION TABLE AND SPECIMEN HOLDER 

Fig.B.l. Di~gram of fixation table made up of Plexiglass, drawn 
to scale. A: Intra-cellular portion, B: Extra-cellular portion . 

10('(11'11 
• 

Fig.B.2. Diagram of specimen holder made up of Plexiglass, 
drawn to scale. 
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APPENDIX C 

aLOCK AND PRINTED CIRCUIT DIAGRAMS OF DATA TRANSLATION BOARD 

IRQ -
- ~ 
NMI -

1> CPU ~ R6502 

d 
~ ::<> 
t-3 t:::! 
~ :;cl 

tTl 
t:P CJ) 

c::::: [Jl 

Ul 

) 16 K ROM 
l/~ 
"-

\ 

(> ~ 64 K RAM 

i :l", 
L 

~ 1 
~r 

1 
'7 'V "-./ "'-7 
PIA 6821 PIA 6821 CAl '£3 t--' 

TIMER 6840 T2 1--1' 

PORTB PORTB PORTA Tl l-

I , 

A '\./ 
/ I\.-

ADC 0808 
DAC 1408 ALE 

START --
..,./ ............... 

-c:::J-
~ 

ANALOG 
I r-r-

/ ~ 
MULTIPLEX 

-[ ... 
~ 

t-"I /' V 

0() ~ StEPPER DRIVER 
SA IJ27 

STEPPER 

Fig.C.l. Block diagram of data translation. 
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Fig.C.2. Printed circuit board diagram of data translation. A: 
Component side, B: PCB side. 
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APPENDIX D 

MASTER PROGRAM LISTING 

* The program is written in AppleSoft Basic language~therefore * 
* * * for any modifications related to the program one must refer * 
* * * to the AppleSoft Basic Reference Manual. * 

10 HUoIEM: 8191 

20 CLEAR: PR I NT "FOR STYLUS ADJ USn·1ENT (PRESS < -- FOI:::: INWARD) ": 

GOSUB 5000 

30 PR I NT "PRESS -:> FOR OUTWARD, ENTER FOR O. K": Cf.:ILL 1"12A I N 

35 GET A$ 

40 IF ASC(A$}=8 THEN POKE MOT,Hl: POKE MOT,Ll: POKE MOT~H1: 

GO TO 35 

50 IF ASC(A$)=21 THEN: POKE MOT,H2: POKE MOT,L2: POKE MOT,H2: 

GOTO 35 

60 IF ASC(A$) <> 13 GO TO 35 

70 INPUT "GIVE TYPE OF EXCITATION (S IN, S3GlR , RAi'1P) " . A$ , 
80 IF A:;::::::"SIN" THEI-.J GOSUB 1000: GO TO 110 

90 IF A:$:::::IISQHII THEN GOSUS 2000: GOTO 110 

100 IF A$::::"RAI""IF'" THEN (30SUB 3000 

110 INPUT "GIVE SAI'1PLING FREQUENCY (HZ) "; FR: GOSUS 4000 

120 PRINT "PRESS ANY KEY FOR BEGINNING" 

130 GET A$ 

140 REt'1 
150 REt"! 

160 GOSUB 600: CALL M2AIN: CALL MI0TR: CALL A4DC 



170 PRINT "DO YOU WANT DATA TO BE SAVED (1), DISPLAYED ON CRT (2) ": 

PRINT "DISPLAYED ON SCOPE(3) ,PLOTTED BY A PLOTTER (4) " : 

PRINT "CONTINUE FOR ANOTHER CONVERSION WITH THE SAt1E 

VARIABLES(5)": 

PRINT "CONTINUE WITH DIFFERENT VARIABLES (6)": PRINT "END THE 

PROGRAt1 (7) 

180 I NPUT II ENTEli RELA"TED I\II...JI·IBEF~ "; t:l; Ol\j PI GOlTi :~:OO, 2:'iO, :::;;50, :300, 

4"00, 450, 500 

190 GOTO 170 

200 PH I NT II WHEN READY FOR CASSE"lTE OUlTUl PF~ESS (.~INY f<EY TO 

CONT1NUE": GET A$: POKE60,0: POKE 61,160: POKE 62,255: 

POKE 63,191: CALL WRITE: GOTO 170 

250 HOME: CALL CRT: GOTO 170 

350 GOSUB 600: CALL M2AIN: POKE 17195,2: CALL D1AC: GOTO 170 

400 GOTO 160 

450 GOTO 20 

500 END 

600 POKE MOT+l,O: POKE DAC+1,0: POKE ADC+l,O: RETURN 

* The subroutine calculating the Timer enable and Stepper motor * 
* * * direction of rotation parameters and pokes them to the adress * 
* * * 5000H consecutively by assuming the Sinus function composing * 

* * * of discrete steps. * 

1000 INPUT 1\ GIVE FREG!UENC""¥ AND AMPL I TUDE"; F, A 

1010 INPUT "GIVE I"IINII"IUt1 STEP SIZE"; Al 

1020 XO: D2: 1'3= 0:D3= D2+8*A/A1: D4= D2+16*A/A1: Xl= D4 

1030 FOR 1= 1 TO A/Al 

1040 s= 1- I*I*A1*Al/(A*A): IF S=O THEN: T= 0.25/F: GOTO 1060 
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1050 T= (ATN(I*Al/(A*SOR(S»»/(2*PI*F) 

1060 T= T-T3: T3= T: GOSUS 4500 

1070 POKE D2,Hl: POKE D2+1,Ll: POKE D2+2,Tl: POKE D2+3,T2 

1080 POKE D2+8*A/A1,H2: POKE 02+8*A/A1+1,L2: POKE D2+8*A/A1+2,Tl: 

POKE D2+8*A/A1+3,T2 

1090 POKE 03,T2: POKE D3-1,Tl: POKE D3-2,L2: POKE D3-3,H2 

1100 POKE D4,T2: POKE D4-1,Tl: POKE D4-2,Ll: POKE D4-3,Hl 

1110 D2= D2+4: D3= D3-4: D4= 04-4 

1120 NEXT 

1130 FOR 1= Xl+1 TO XO+256 

1140 POKE I, PEEK (XO): XO= XO+l 

1150 NEXT I 

1160 RETURN 

* The subroutine calculating the Timer enable and Stepper motor * 
* * * direction of rotation parameters and pokes them to the adress * 
* * * 5000H consecutively by assuming the Square function composing * 
* * * of discrete steps. * 

2000 INPUT "G I VE FREO. At"IPL I TUDE & DC LEVEL"; F, f~, DC 

2010 INPUT" GIVE MIN. STEP SIZE gl. MAX. STEP RATE"; Al,SR 

2020 T; 0.5/F: D3=D2+4*A/A1: D4=D2+8*A/A1+4: XO=D2: GOSUB 4500 

2030 POKE D3,Hl: POKE D3+1,Ll: POKE D3+2~Tl: POKE D3+3,T2 

2050 T= 1/SR: D3=D3+4: GOSUS 4500 

2060 FOR 1=1 TO AlAI 

2070 POKE D3,Hl: POKE 03+1,Ll: POKE 03+2,Tl: POKE 03+3,T2 

2080 POKE 03,H2: POKE D3+1,Ll: POKE D3+2,Tl: POKE 03+3,T2 
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2090 02=02+4: 03=03+4: NEXT I 

2100 FOR 1= 04+4 TO XO+256 

2110 POKE I, PEEK (XO): XO~ XO+l 

2120 NEXT I 

2130 IF DC < 0 THEN: FOR 1=1 TO ABS(OC)/A1: POKE MOT,H2: POKE 

MOT,L2: NEXT: RETURN 

2140 IF DC > 0 THEN: FOR 1=1 TO DC fA1: POKE MOT,Hl: POKE 

MOT,Ll: NEXT: RETURN 

2150 RETURN 

* The subroutine calculating the Timer enable and Stepper motor * 
* * * direction of rotation parameters and pokes them to the adress * 
* 5000H consecutively by assuming the Ramp function composing oft 

* * * discrete steps. * 

3000 INPUT "GIVE RI~t'lP TYPE (1) FOr;: IN, (2) FOR OUT"; TY 

3100 INPUT "GIVE I"IIN. STEP SIZE, ?"iMPLITUOE, fUSE TIME"; AI, A, F 

3020 T= F*Al/A: GOSUB 4500: XO=02 

3030 ON TV GOTO 3040, 3080 

3040 FOR 1= 1 TO AlA! 

3050 POKE 02,H2: POKE 02+1,L2: POKE D2+2,Tl: POKE D2+3,T2 

3060 02= 02+4: NEXT I: Xl= 02 

3070 POKE D2,L2: POKE D2+1,L2: POKE 02+2,255: POKE D2+3,255: 

GOTO :5120 

3080 FOR 1= 1 TO A/Ai 

3090 POKE 02,Hl: POKE 02+1,L1: POKE 02+2,Tl: POKE 02+3,T2 

3100 D2= D2+4: NEXT I: Xl= 02 

3110 POKE D2,Ll: POKE 02+1,Ll: POKE 02+2,255: POKE 02+3,255: 

3120 FOR 1= Xl+4 TO XO+256 
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3130 POKE I~ PEEK (Xl): X1= X1+1 

3140 NEXT I:RETURN 

* The subroutine calculating the NMI periods to drive the Step- * 
* * * per. The NMI period is determined by the value written on the * 
* * * Timer latches. * 

4000 T= lE6/FR: T2=255 

4010 T1= T IT2--1: IF ABS « INT Cr1) +1) * n2+1) --T) )1 THEN: T2=T2--1: 

GOTO 4010 

4020 IF Tl)T2 THEN 4040 

4030 POKE M2+1~Tl: POKE M2+9~T2-1: RETURN 

4040 PF~ I NT II NOT FOUND ": STOP: F£TURN 

* The subroutine calculating the Timer output periods that drive* 

* * * the ADe. The IRQ period generated by ADC is determined by the * 
* * values written on Timer latches. 

4500 T1= INT(T*lE6/256): IF T1)255 GOTO 4530 

4510 T2= INT«T*lE6/256-T1)*255 

4515 IF T(0.008 GOTO 4530 

4520 RETURN 

4530 PR I NT " NOT FOUND ": STOP = RETUF~1\1 

* The responsible adresses given in decimal for relevant * 
* * * locations and machine language subroutines. * 

5000 M2AIN;;;;: ,16~':;;84: I"IOT=::: 49370~ DAC= 4[-1352 

5010 M10TR= 16896: A4DC= 16640: ADC= 49366 
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5020 WRITE= 60570: D1AC= 17152: D2= 20480 

5030 CRT= 17408: PI= 3.1416: Hl= 32: H2= 96; Ll= 0: L2= 64 

5040 RETURN 
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APPENDIX E 

CO-PROGRAM LISTINGS 

* The decoded beginning adresses for two PIAs (M6821) and for 

* * * * * * * * * * * * * * * * * 

TIMER (M6840) are COC8H, CODBH and CODOH respectively. The ADC * 
1 ies in the COD8H (PIA1DRA) while CODAH 

address of d i r"E;ct: ion ;:H"ld and 

channel mul tip 1 e;": i nq p 1 nb bt:~q 1.Illl.i" 'II.! j C!"'::;j.:;el:: t i \/(::;1 y 

is the 

ADe's 

LSB .. 

* * * * :f; 

~ 

* The adress COC8H holds the PIA2DRA which drives DAC. All the * 
* intermediate adresses for PIA's and for TIMERs are chip 

df?pendent * and are available in Microprocessors Data Manual~ * 
* * MOTOROLA,Inc. The specifications for DAC140S and ADCOS08 are * 

* * * available in Linear Data Book, NATIONAL SEMICONDUCTORS, Inc. * 

M2AIN 

A4DC 

LDA #O~J 

STA COD2 
STA COD4 
LDA #F8 
STA COD~J 

ST{4 COD5 
LDA :J:WF 
STA COD6 
LDA #FF 
ST{4 COD7 
LDA #00 
STA COD8 
LDA #07 
STA COD9 
LDA #FF 
STA CODA 
STA COC9 
LDA *1:4:3 
STA CODO 
LD(4 #87 
STA COD1 
ST{i COCO 
RTS 

JSR 4160 
LDA C05B 
LDY #FF 
LDA OOOO,Y 

;The routine to initialize ports 

;RAM bank switch on 

;save zero page 
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STA 
LDA 
STA 
DEY 
ENE 
LDA 
LDX 
TSX 
LDA 
STrl 
LDA 
Slt~l 

LDA 
c:: -r' " 
· .... IH 

LDA 
STA 
LDA 
S'lA 
CLI 
LDA 
STA 
LDA 
CNP 
BNE 
LDA 
STA 

4144: LDA 
LDY 
LDA 
STA 
LDl~ 

STA 
DEY 
BI\/E 
LDA 
JSR 
RTS 

4160 .. SHi 
STX 
STY 
PHF' 
PLA 
STA 
TSX 
STX 
RTS 

4170: LDX 
INX 
INX 
TXS 
LDA 
F'HA 
F'LP 

Cl00,Y 
0100,Y 
C200,Y 

4108 
C05A 
#FF 

:J:~80 

O~':::FE 

#41 
O:~:;FF 

~:j:OO 

:~;C 

#t~O 

:::::0 
~:j:CO 

3E 

#86 
CODt) 
~3D 

3E 
41~':::9 

#87 
CODl) 
C05B 
:f1:FF 
C100,V 
OOOO,Y 
C200,Y 
0100,Y 

4149 
COS?) 
4170 

E5 
E6 
E'7 

E8 

E9 

E9 

E8 

; save st~'1ck 

;RAM bank switch off 

;IRQ/256 
;IRQ vector LSByte 
; InC! 
;IRQ vector MSByte 

Enabl e TII"lERs 

Loop until data input buffer full 

St op T I Iv/ERs 
Routine for turning back to 
t"Ie:\ster Program 

Register saving routine 

Register retrieving routine 
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LDY 
LDX 
LDA 
RTB 

4180: ADCIRQ BEl 
PHA 
LDY 
LDA 
STA 
LDA 
CLC 
ADC 
STA 
LOA 
ADC 
STA 
PLA 
RTI 

Ml0TR (4200H) : LDA 
BTA 
LDA 
BTA 
LDA 
STA 
LDY 
STY 
RTB 

MOTNMI: SEI 
PHA 
PHP 
TVA 
PHA 
LDY 
LDA 
STA 
INY 
LDA 
BTA 
INY 
LDA 
BTA 
INY 
LDA 
STA 
INY 
STY 
PLA 
TAY 
PLP 
PLA 

E7 
E6 
E5 

#00 
COD8 
(3C)Y 
3C 

#01 
3C 
3D 
#00 
3D 

#4C 
03FB 
#80 
03FC 
#42 
03FD 
#00 
47 

47 
5000,Y 
CODA 

5000,Y 
CODA 

5000,Y 
COD6 

5000,Y 
COD7 

47 

The IRQ servicing routine which 
reads data from ADC via PIA and 
saves it to the data buffer 
AOOOH - BFFFH 

;JMP opcode 

;NMI vector LSByte 

;NMI vector MSByte 

The NMI servicing routine to drive 
the STEPPER by its direction and 
step codes and also generating the 
next NMI period by writing to the 
TIMER latches 
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RTI 

DIADC (4300H) . LDA . 
5TA 
LDA 
5TA 
LDA 
5TA 
LDA 
8TA 
LDA 
8TA 
LDA 
5TA 
LDA 
5TA 
LDA 
5TA 
LDA 
STA 
LDA 
STA 
LOA 
STA 
LDY 
8EI 
LOA 
5TA 
LDA 
CMP 
ENE 
JSR 

DACNMI: PHA 
LDA 
5TA 
LOA 
CLL 
Ace 
5TA 
LDA 
ADC 
STA 
CMP 
BNE 
LOA 
5TA 
PLA 
RTI 
LDA 
5TA 
LDA 
5TA 

#4C 
03FB 
#80 
03FC 
#43 
03FD 
#00 
3C 
#AO 
3D 
#CO 
3E 
#00 
COOl 
#42 
CODa 
#01 
COOl 
#05 
COD6 
#FF 
COD7 
#00 

#00 
CODO 
3D 
3E 
433C 
4144 

(3C) 
COC8 
3C 

#01 
~~ 
uL 

3D 
#00 
3D 
3E 
439E 
#01 
COOl 

4328 
COD6 
#FF 
COD7 

Y 

The routine to enable Timers to 
; generate NMI periods for data 

output from data buffer AOOOH -
BFFFH via DAC 

NMI servlclng routine for 
data output 
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PLA 
RTI 

* * * This subprogram uses built in screen RAM area which is bit- * 
* mapped. This area's beginning adress is 2000H and the problem * 
* * associated with the mapping causes to manipulate some arith- * 
* metic operations. For a descriptional mapping see fig.E.1. * 
* * * This routine retrieves data {reIn A000H-BFFFH and displays it.* 

* * 

LDA :J:I;()() LSR 
STA 3C LSR 
STA :::E PHA 
8TA 40 BCC 4450 
STA ~l"" ..:...::. LDA #80 
L.Df.:l ;1*20 CLC 
STA ::::;0 ADC ~SC 

STA 3F STA 3C 
LDA #AO PLA 
STA 41 ("~DC 3D 
LDA t~:CO STA ::::;D 
STf::l 4·2 TYA 
LDA #08 AND #07' 
8TA 23 f.:1SL 
LDA ::::E ASL 
STA 2() f'lDC ~5D 

CLC STA 3D 
{·mc *F01 LDA 4···· . .::. 
STf-) 21 LDY ~fOO 

JSR FC58 ( .. mc (3C)Y 
LDA :j:j:01 STA C::C) y 
8TA 4'T 

'-' INC .<.1-0 
LDY #00 £lNE 4472 
LDA (40)Y INC 41 
EOR #FF LDA 42 
LSR ClvlP 4·1 
LSR £lEQ 4484 
TAY A8L 4":, 

'-' 
LDA 3E BCC 442C 
8TA 3C INC 3E: 
LDA ::;::F LDA #28 
8TA ~.:m CI"IP :3E 
TYA BNE 441C 
AND 4*:::8 LD(~l #00 

,£lEQ 4455 STA 3E 
LSR BEQ 441C 
LSR LDA #00 
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STli 20 
LDA 4*28 
STA 21 
LDA tU8 
SH~ 

,.., .. ::-
....... j 

RTS 

Fig.E.l Map of high resolution graphics mode 
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APPENDIX F 

OUTLINES OF CALCULATION OF DEFORMATION DISTRUBUTION 

IN A CIRCULAR MEMBRANE 

DEFORMED BY A STYLUS 

Assuming the membrane has to overcome the intrinsic forces 

given in figuE.l, the general elastIC curve equation can be 

applied to this membrane which IS 

- Me 
(E. 1 ) 

d"~ ,., E I 

where E is the elasticity constant, I is the moment of inertia. 

The bending moment Me, can be expressed as; 

(E~2) 

and the moment of inertia 

I -
12 

where 6 is the thickness of the membrane, F is the applied force, 

R is the diameter of the circular membrane, r is the diameter of 

the stylUS. The boundary conditions for the eq. E.1 is : 

By substituting Eq. E·· ? . ~. and Eq. E.3 to Eq. E.i 

6F " (-'.'-) 
R-~·~ 

(E. 4) 
d· ..,2 

" 

69 



Nnere it is evident that the elastic curve is independent of 

3.ng1 e. By integrating this equation twice and by taking into 

consideration the boundary conditions E.3a and E.3b and by 

arranging elastic curve equation can be found as; 

(E.S) 

This equati on is i nval i d when ;{ :> F(,!' '311"lCe the membl'-",\f'ie LInder 

the stylus mustnot be defermed because of the stiffness of the 

stylUS. Therefore the region between R-r < x < R is to be 

considered as a solid line parallel to x axis. 

of the function of elastic curve can be calculated by substitut-

ing R-r to the expression E.5 instead of x. 

distribution of the membrane can be expressed as: 

as 

Where 

s (:.; ) 
f (;.:) " .. 

s (){) - J J 1 -I-;/:J. dl-; 

-.. 6F 
: = ------[ R-x-Rln IR-xl + Rlnlr 1- r] 

E IT b31 

The deformation 

(E.7) 

(t::.8) 

The solution of this integral can be done by numerical methods. 

Thus spatial deformation distribution of the membrane resulting 

from the peak change can be evaluated. 
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F 

R 

Fd¢ 
LiT 

!. = Ct<-y,) d¢ .S3 
12. 

Fig.E.1. A ~chematic of the circular membrane showing intrinsic 
forces and moments. 
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