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transductil on 15

The phenomena  of

intormation

a common response of nervous

el o responde in a

from environmant these tilssues are
fashion like mechanical to electrical transducer. However, 1t has
been demonstrated that this phenomena  is related with the
intrinsic behaviouwr of membrane itsslf and observed in’dif{erent
membrane preparations.

In this thesis a rewiev of the phenomena and models proposed
by other investigators is made and a model which seems Ld explain
it is proposed. In order to test the predictions of model, an
experimental setup and a methodological approach to conduct the
exparimnent is presented and suwggestions are made for future work

on this subject.




OZETGE

Mekanik uyarilarin elektriksel doniigiimi sinir dokusunun ortak
bir ©dzelligidir. CGevreden bilgi aligverigl sirasinda bu dokular
bir mekanik-elektrik doniligtiiriici gibi davranmaktadirlar. Ancak,
bu olayin zarin yapisindan doBan bir 6zellifi oldugu gdsterilmig

ve depigik zarlarda gbzlemlenmigtir.

Bu tezde olay nakkinda var olan bilgiler toplanip incelemmig ve
olay1 agiklayacak bir model ortaya konulmugtur. Modelin dn
gdrdiiklerini incelemek igin bir deney seti hazirlanip, deney

yontemleri sunulmugtur.
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i. INTRODUCTION

e e e £ o ¥

fAny  kind  of e ternal stimulus winioh

tean

- o e

chemical , mechanical, or electromn:

1. Tiiee  Fform  of

into electrical energy by excilbing cerl
2.

s The namdrg

gneragy which will be transformed determin
cells. In gensral, & group of cells that are excitable by this

vl Tl ssue

way are called nerves in higher organisms. In fac

arid A proo or e@lement of a

a bransdu

CLEN e considered

certain  kind of excitation. fAccording to the stiouli  that one

narve may be excited with, bhe

are named.
\ .

Depending ot bhes const derations, o can assume that

mechanical ta electrical transduction LTS in the
mechanoslectrical transducer nsrwve and carried through the nerves
to higher centers to be processed.

It  has been shown that the transducer and iopulse genesrating
ProCessss, in crayfish slowly adapting recepltor and in mammal 1an
pacinian corpuscle are seperated{loewsnstein W.R. et al 19&%) .
Therefore it is likely to say that in mechanossnsitive organs,
the mechanical pulses oreate a generator potential which  inturn

cause genaeration of spike activity. Certain evidences also

showed that the electrical response to mechanical stimuli may be



a depolarizing or a hyperpolarizing one depending on the site and
the way of excitation of a membrane. A study on non-mvelinated
nerve terminal in Facinian corpuscle revealed that hyperpolari-
Zing response 15 produced on compressilon of the site, while

the opposite sffect.namely

removal of  the compre

"I £

depolarization { Mishi .

e Aanother study showsd that

b e anne laim

SETLCHT L

the mechaniocal stimule

surtace

evokes a transient hyparpao
evokes depolarization Ffor & simlar sTamul s (Maitoh Y. et
al, 1972 .In  baroreceptor naerve of anassthetizied dog., 1t was
shown that the activity of the nerve can be modulated by changing
the carotid sinus dimensions (HBergel D.H. et &l , 1973 while
another‘ study demonstrated that the modulation i sensitive to
mechanical stimulus rear thremhgld operation (Arndt J. 0. et
al (1975). 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 O.C. et al,1980).
On  the other hand it has been shown that & mechano-electrical
transduction occurs  in a step~like fashion in vestibular  hair
cells of the chick which has a conductance of S0 p8 (Ohmorl H. st
al,198%). Taking into consideration ionic events regulating the
generator potential in & vertebrate hair cell, i1t was shown that
the generator cwrents are carried in vivo by KY while the
channel is'in fact nonspecific (Corey D.F. et al,1979).

The above history shows that in different mechanotransducers
the generator potential i1s dependent on stimulus amplitude  and

site of stimulus where it is introduced. The channel which 15



responsible for transduction is non specific for most  of  the

Other than these findings, certain superiments showsd that the
mechanoelectrical fransduction occurs  not only  dn mechano-

) bot also in every kind of

electrical transduoers

nervous Ll

a depolarization and

compression of Lobster giant TR wIS10Ls
an  increase in membrane conductance GJulian Fodeo o et al , 19&62)
while in Myxicola giant axons an all-or-none action potential is
generated when the stimulus strength is gufficient (Ganot G. et
al ,1981).1¢ was reported that stretch causes depolarizing
responses in the node of Ranvier of trog myelinated nerve (Gray
J.A.E. et al,1984). But in a different preparation it was shown
that an increase in intraaxonal pressure causes sguid giant ason
to respond in a hyp&rﬁularizihg way {(Terakawa 5. et al 198320 On
the other hand 1t is  well known  that when a pressuwre 18

introduced  through  mammalian  dentine laver the dental nerve

produces action potential which is proces au pain (Gurkan S.1.
et al ,1972). Besides these, it has recently been reported that in

tigsue ocuwltured embeyonic chick skeletal owscle  there 18 a

stretoh—~activated ion channel (Guharay Fo et al 1984, Diterrent

reports also revealed that stretoch-induced ion channels were
found in different membranes ég. in Xenopus muscle cells (Brehm
. el a},l@B#? and in frog red blood cells (Hamill 0O.F. @t
al,1983). -

ALl these findings indicate that myelinated or wnmyelinated

peripheral nerve fibres and some

muscles oited, or



Eriefly, most of the biological membranea of different species
respond to mechanical stimulation either by depolarization or
hyperpolarization of the membrane potential. Thus it appears that
the mechancelelectrical transduction process is not specific for
specialized nerve structures but is in fact a general property ot
excitable membranes.

Throughout this thesis, the edperimental methods used and the
results of the experinents of Aormer workers  will be discussed
while the theoretical considerationg 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 mare suitably will be proposed. Aafter this, 1in
order to test the reliability of the model proposed, an

experimental setup will be presented.




I1I. EXPERIMENTAL SETUFS USED AND FINDINGS OBTAIMED IN THE FABT

Current records indicate that the past of resgarch on nerve

[

sweoitability by mechanitcal stimuli  Dbe with Tigerstedt

{Tigerstedt R.,1880).

L

2.1 Mechanical Stimulation ot Axons

It is assumed that the first methodological approach to this
phenomena Wwas carried out in 1962 by Julian F.J. et al (Julian &
Goldman, 196320 . In this approach the authors used lobster giant
axon which had approdimate diameters of 100 pm for  being
geometrically simple and relatively free from structures and
frog sciatic nerve which was composed of 9 or & individual fibres
resulting in a +tinal diamsbter of about 10 R They excited thes
NEr Ve with applying rectangular pulses to a sultably damped
Rochélle salt bimorph on which & glass stylus of 1 mm in diameter
wasg mouwnted. The esprimental arrangement used by the authors 1in
this resesarch is given in fig.2.1.

Thg results of this edperiment can be summarized as  follows:
When the magni tuds of stylus displacement was 10 to 15 pm at 'a
velocity of 9 cm/sec an action potential was inifiatad but i+ the
stimulug was applied in a slowar way no depolarization was seen.
It has aleo been observed that a long period of several seconds
15 needed for full recovery. The difference between the short and

long durational mechanical impulses in response natwe is  thats

A




DC LIGHT SOURCE

' l Y
CRYSTAL

L

VASELINE SEAL .
[

PHOTOMULTIRUJER TuBE

Elestvius CRO

ISOTCNIC 1ISOTORIC 1St SOTONIC
KCL R KCL
o ; _ ~- D« AXON
X SUCROSE IE;EE_I SUCFOSE
O MEG WATER

'Fig.2.1 Schematic of experimental arrangement. Width of central
gap, .diameter of glass stylus, and width of base all about 1 mm.
Width of isctonic sucrose pools 2 to 3 am. Black, solid circles
represent reversible silver—silver cloride electrodes, (from
Julian et «l1,1962).

during short pulses the recgyery was fast whereas in longer
durational pulses the recovery was slaow. If the extracellular
fluid was ﬁhanged with choline or procaine to replace Nal the
reséonse .was.abolished.with the removal of these chemicals Ffrom
the medium by washing with artificial sea water, a full recovery

was maintained.




I 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.

wotad ¢

b. Streaming potentials could be df

pal ochanges  dwing

contribute a reversal in sign of the

recovery but such an evidence was nob observed,

c. On  the other hand if a compression 1s introduced to the axon
the contents of the region under stylus are distorted and also
the resulting stretoh causes an increase In membrane area  which
would cause molecular elemets to be seperated either uniformly or

at certain preferred reglons.

de The major differences betwesen frog fiber bundle and lobster
giant axon are the rapid recovery and occasional off response of
the +ormer.

L )

2.8 Reversal Potentiale Due to Mechanical Stimulation

Approdimately  two decades after this experiment, another
attempt was made in order to rescolve the reversal potentials
corresponding to  the mechan?éallywinduc&d conductance increase
(Ganot ET et al ,1981).

The obtained reversal potential would show the ionic pathwavs
responsiblelfor this phenomena. In this set of experiments the

authors used PMyxicola axonal preparation which had an  axonal



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 msec.

The resgponses Qb;@rvmd with thig prepearabtion were éummarized AL
follows @ The change  inc esbeose potential  dnduced by  a
mechanical stimulus depends boblh on negro bude and the rate  of
change of the stimwlus. The addition i TTX  elininates action
potential but does nat affect the mechanically induced
depalarization. When the axon was clamped to its resting
potential, the current response to a machahical stimulus was an
inward current of long duration with an enponanﬁial decay time
constant of 10 sec. The stimulus magnitude and current-voltage

oy

relation curves are given i1n fig.2.2.
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F?g. 2.2 Peak change in current as a function of membrane poteh—
tial for three different mechanical stimulus amplitudes: 29

pmicircles), &3 pmitriangles), " and 60 Hm(squares). Stimul.
duration 5 ms, (from Ganot et al,1981).
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When TTX and TEA were added the reversal potential for leakage
current could be ohtained which denoted a reversal potential of
-4% 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.

The discussion made by the aubthors  on these experimental

Wil that the mechanical

findings concentrated on  the hyp

stimulus dependent excitation does nol involve speciftic 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 i the membrarne proteins reoriented,
some of the lipids form intermitbent 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 Ffrom

the increase in thelr average size.

oy
s

-3 The Effect of Temporary Increase in dxonal VYolume

One year later in order to understand the mnechanism behind this
phenomena another study was made (Terakawa 8. % Watanabe A.,1982)
where the authors uéed squid (Doryteuthis Bleekeri ) giant axon.

The method was highly different in mechanical and procedural
aspacts from.the former experiments. They injected a volume of
perfusion 'fluid intracellularly when the axon was in voltage
clamp conditians. The original experimental setup is given in

+ig.2. 3,



Micro syringe

Fig.2.3 Schematic diagram of the experimental setup (not drawn
to scaled. IMyinlet pipette. 0O0UT, outlet pipette. P,plexiglass
tube. Wowar. S,stopocock. C.,current electrode. Vepotential
electraode. R,reservoir of internal perfusion solution. INSET: An
electrical pulse fed to pen recorder (upper trace) and .a
resultant change in diameter of axon (lower trace). A small piece
of  aluminum {oil 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 3 mm, the diameter of axon 490 jm, the volume of the fluid
injected into the awxon 0,23 pl and the duration of the pulse is 2
saec. (from Terakawa et al ., 19832

They estimated that the increase in surface area would be in
the order of 5~10 per cent because of mechanical stimuli. As the
diameters observed before and during the expansion of intra-

cellular space did not change during a series of stimuli  the

10



authors assumad that there was no leakage of internal solution.
The results of the experiment were a9 follows: @After  the

stimuli applied, & hyperpolarization which grew quickly and

decayed slowly on which & depolarizing response Was suparimnposed

was observed. The relation between stimulus amplitude and  type

wier the stimalus WA AN

was & siginoidal hyperpolarizing one

injection while the withdraws e vl wing caused a  emall

depolarization. I+ the latter Cimulus magnd tude was  inoreased

the response Was again hyparpolarizing. The increase of external
+ . e o o .

K concantration at  the expense of MNa caused a small

depolarizing vresponse. Application of TEA abolished the response
by &5 per cent whereas application of CDC%P which is known to

block Ca channels, externally caused irreversible suppression of

the response. TTH. e-Gminopyridine, TVE MY (3 e, procalne,

ethylalchohol, trypsin applied to the bathing medium or to  the
perftusion did nmﬁ atfect the response.

The discussion about the exwperimsnt mads by the authors has
revealed that by this type of mechanical stimuli  the axonal
membrane  would be stretoched in a circunmderantial directiorn which
produces hyperpolarizing responses separated from depolarizing
ones. Since TEA reduces the response magnitude and  d4-Aming-
pyridine applied internally does not supress it at all, the
authors proposed that the Dbaérv&d response is resulted from the
activation of leakage channelse with a relatively high potassium

selectivity for potassium ions.

i1




2.4 Mechanosensitive Ion Channel

while making patch—clamp measurements of nicotic ion channels
on tissue cultered chick skeletal muscle Guharay % Bachs noticed
an ion channel whose gating was dependent on suction applied to
the pipette (Guharay F. et ol 1980, Investigation on  this
ﬁhannel revaealed that this el etolh wotivaled channel is  poarly
discriminating between Na and K lons. Dupending on these findings
the authors made an experiment in order to Ffind out the
prbperties‘ of this channel. The experimental setup included the
-canvantianal patch=clamp technique ( Hamill et al.,1983 Y as
given in fig Z.4.1 where a micrometer driven syringe was used to

apply suction. The tissue used in this experiment was the

skeletal muscle cells of the above mentioned animal. , |
¢

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

The +ollowings are the results of this and of the proceeding
experiment (Guharay F. et al, 1985 : It is found that for this

strecth activeted channel, by employing Goldman®’s reveransi




potential epguation, the 100 selectivity ratio between K and Na
ions i@ calcwlated to be four . There was an insensitivity for
Ca**g rich mediums applied externally or internally and open t 4 e
distributions could well Fit into an exponential while close

fime distributions could only be fit into at lesst three edponen-

iwoa  function of sguare of

tials. The eftfect of

St The

applied suction pre

structures

cytochalasin  which 18 Enowo 00

shown an the

increases this constant by & facbor o 0. it

procesding  experiments made by the auwthors (buharay F.oo et
,

al ; 198%) that this constant is also dependent on voltage and pH
of the external solution. The kinetic model of this channel which

was caloulated by the authors is as ftollowss

k

,] 2 k. Kk

23 sy
TR e20 20
& ko L kg0 ® wys

where the only rate constant k ig both stretoch, voltage and pH

1,2

dependaent as follows;

. = o i
kga = Ky, ¢ exp (K(pH) V) + glpHIF

(a.4 - pH)
iphi= O.01+0.018/ (1+10 )

(31— pH)

Pipkl = OU&6&HOI4T0/ (1+10

The probability of channel being open wWas dependent on exts

ot ey e :
k. concentration.

The authore also discussed the possibility of conversion of
deformation energy created by stretch to conformational changes
occuring within the channel itseld. With straightforward assump-—

tions the authors resulted with a channel which gathers




. ey 4 5 a2 .
from an area of at least 3%10 A and as

defarmation energy

conductance and reversal potentials are not affected by pH the

authors also concluded that the titrated site(s) are not close to

mouth of channel. A schematic representation of this channel is

given in fig.2.4.%2x

"‘t Wﬁllayer
”IU
esarers WLV SCTOCTFITIICHA
‘.;w.:;./h*rni‘. J‘ ”hh\“hsh
: % i
) un\l A
AR R u\'\\l:nmt .
gi'ﬁi;i’)ﬁLnL....--. .DOUQMA
Fig.2.4.2 Schematic represantation of the channel embedded in

a lipid bilayer layer. The modelled channel is a cylindrical
trans—membrane structure with a radius of "r'" and length of i R
lsotropic tension 1n the membrane {shown by arrows ) increases
the channel radius,"r",and decreases 1ts thickness,"1" assuming a
constant volume, (from Guharay et al ,1984) .

Although it seems complicghed, one can summarize the above
experimental findings and experimental setups as followsj
-a. There is a difference between the responses because of short
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



elangate.

osible 1y

et

the responsss

b. The stimelus seplitude i also ¢

a tbreshold of the stimulus amplil tude

7
H

abserved. There i

farmining  the response  of the menbrane which can  be elther

ins

depolarization or generation af action potential.

g The respor e oan Lo SR Myperool arizatdon i

bl s L

it thie w2

depolarization  because

applied.

d. The auwthors agres with the +indlng the conductance

increase observed can be of the leakage pathwavys., This result

was  supported by the sxperiments involving TTYX and TEA which are
- s e b e de T med T e e e e b e

Einown to block HMa® and B lon channels respectively.

= An dnteresting observation was that on both experiments held

by Terakawa et al & Guharay et al the respons amplitudse was

S s IS JETae——. 20 [T N S— P [ p— . g -"‘Ar. : - e ome g pree - e . PP P . S b A . ot " g

highly dependent on sxternal ilon concentrations. At the same
o . ++

atfect (former authors? and Ca

time CQCIZ had an ireever

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

iy
3

The mechanical pulses were delivered to the axon in the first

two  experiments by stylus which had diameters greater than the
diameters of the axon while the latter two used differential

Pressuwres Lo induce the

1%




[1I. THE MODELS FPROFPOSED T EXFLAIN THE FPHENOMENA BY THE FORMER

WORKERS

The mechanisns underlying the above menbioned phenomana are not

of the working  on the

wll underestood [WERS W T

sociated  with

subject proposed that the 1L e

membrane potential are somehow reconstrie by the detformation

ot the membrane itseltf. But it iz still in doubt  whether the

responses cited above are the major ones, which are the resullts

of mechanical stimulil because, of the differences in the edperi-

. The attempts Lo exprass

mental methods  and  bthe lissue
these findings as a general rule had the difficulties associated
with the membranse models using the mechanical coefficients.
Though a lot of data has been collected about these costficients

af red blood cells of different species and artificial bilavers,

it is still & matter of debate &

Pk

s these data can be applied to
excitable membranes of the same species because of the chemical
composition differences between red Dblood oell and nervous
tissue. An illustrative model of membrane of red blood cell is
given in fig.3.1.1. Thus the attempts to resolve the effect of
mechanical stinuli are generally using the ionic permeabilities
and the cytoskeletons supporting the membranes mechanically in
vivo and  the properties of artitical meabranes. Depending on
these facts the scolution of the problem of the transformation of

detormation energy bto activation energy of channel opennings i

i
i

not shared by the same authors.

1&



Fig. 3.1.1. é&n ddeals g 4 blood cell membrane
compesite. (The underneath spectrin nelvy provides  structural
support for the fluid lipid-protein laver of the

4. &

rigidity and
nhrane. 1, CFrom Evans et al, 17807 .

Taking into consideration of the problems above, the moaciesl @

proposed by different people to e cited here ars:s

A N The Transmembranes Macromnelecule Rotation Model

In this model presented by Goto k. (1983 it is postulated that

when  acetyvicholine combines with the acetyicholine receptor

(AchiR) subunit, hydrophobic subsi are exposed at Jthe  bound

suwrtace of Achi. Gince hydrophobioc portions are gui unatable,

the subsites move to the center of the sembrane, which is hydro-

phobic. It dis postulated that the rotation of receptor subunits

makes the center an ion channel , fig.3.1.2.

At o e ; ; :
Ca” flowing in through this ion channel the underooating

tilaments to contract and this contraction results in the
conduction of an action potential along the axon. The contraction
of  undercoating filaments induces transmembrane rotation  of

globular proteins connected to the filaments. At right angles to




the axﬁn the force of hydrophobic bond between membrane

oy i on
mﬁ{::}?—?-o-c
€
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Fig. 3.1.2 Initiation of excitation. a: AChR in the resting
- stage. b: Binding of ACh to AChR. c: Formation of ion channel. d:
Cantraction of the underlying filaments by Ccart influx. e:The
structure of ACh. The subsite enclosed in a circle is hyrophilic.
f: The ACh-bound surface of AChR becomes hydrophobic, (from Goto
F.1983).
sacromolecul es is s0 strong that many cylindrical lipid
structures are formed. The gaps between the rotatory cylinders
sarve  as  ion channels. Ca'f passing through the ion channels
~allaow  for conduction of an action potential without attenuation

stige3.1.3 and fig.3.1.4.

4
f

W

» The tedel OFf Undercoat And Cytoskeletal Structures Which

»

Supports Ng'Channels r

The experimental evidences‘ for the basis of this model
proposed by Matsumoto G. (1984a) were as follows:
v, Electron amicroscopic observation of the giant axon of the
#quid has re?ealed that axoplasmic microtubules are densely dis-—

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

14



ffélmasﬁ parallel with the longitudinal axis of the axon, forming

Fig. 3.1.3. Conduction of excitation. a: Axolemma in  the
resting state. b: Transmembrane rotation of protein molecules by
contraction of undercoating filaments. cihRotation of menbrane
macromolecules at a large angle. d: The cylinder formatian, (from
Gota K.,1983)

Conduction

. cat Not
Fig. 3.1.4. The formation of the cylinders, (from Goto

.- ) K. ] 1983) »

19



cross—bridges and networks with newrofilaments and thin elements.
. When microenvironments inside the sguid giant axon were put
inte conditions suppressing microtubule assemnbly, by intra-
cellularly perfusing the axon with a solution containing one of

the reagents such as colehicine, vinblastine, podophyllotoxin,

iton of RiAa, the sodium current was

iodide and bromide, and poly

marirear Dy the reagent while

blocked in a concantration—

1t was nobt omuch

the potassium Cwrre
Ce The membrane excitability of sguid giant axons which had been
deterioriated by internally perfusing with a solution containing

;

colchicine or CatTions could be restored by internally perfusing
the axon with solution containing microtubule proteins and 260 K
proteinsg  (they are unigue proteins locatec in  the axoplasm
underlying the excitable membrane in squid giant axons) under

conditions favorable for microtubule assenbly .

d. When the adon was intracellularly perfused with a soclution

containing a reagent supporting microtubule assembly  such  as
Taxol or dimethyl sulfoxide (DMSQ) (Matsumobto G.,.1984br,. entirely
opposite effects upon scdiuwn currents to those of the reagents
suppressing the assembly were observed .

g. The effects of internal perfusion with a solution containing
colchicine upon asymmetrical displacement currents were composed
ot two parts; colchicine-sensitive and colchicine-resistant. The
colchicine-sensitive part was related to normal channels and has
a definite riging phase while the colchicine—resistant one showed

an 1nstantaneou5 Jump, followed by exponantial decay .

*on it is assumed that Na channels proteins are embedded in  the

20



lipid bilayer spatio-seperately from the voltage-sensitive
proteins. The undercoat and cytoskeletal structures %unctlanmlly
connect both betwesn the Na channel proteins and the voltage—
sensitive protein  and between the various NMa channel proteins.

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

voltage-receptor protein  ohang its  contormation when the
menbirane 1s depolarized. Ther, the indtormation of bthe caondorna—

tional change 1in  the voltage receptor 13 transgmitted to  the
gating subunit on the Na channel proteins through the wndercoat
and cytoskeletal structures,inducing the conformation of Na
channel proteins to be in the open state.

llugtrative figures of the previous models and above mentioned

-

model are given in Fig.2.2.1 and Fig.3.2.2.

Quie;de Gating subunit with
voltage-sensitive site

Na channel
xi )// Axclemima
Undercoat
/ /,

inside
Microtubule

Outside Voltage Na channel
receptor protein protein

(b)

i

SN ] A P rou gors s - M + ’
Fig. Z.2.1 & membrane model in which the anonal undercoat and

cytoskeletal . structuwres merely support the function of MNa
channels. a: the Na* channel is a protein  controlling ion-

selective permeation with at least one gating subunit. b: The NMa
channel is Lmndtltuted ot two kinds of proteins neighbowring to
each other; one is a vulthge receptor protein and the other is a

gf?ii;ga)cmntrolllﬁu ion-selective permeation, (from  Matsumoto



QOutside
‘\ voltage - rece ptar MNa channel
protein pnotetn

U § zmwmm&@m a gﬁm@@ FocEmme
S /////// // // ’/“&a?a?;’aéf

// / e 260 K K preteins

de iMictotusule consisting of \
{tu *ryrosmated 'cubuhns /

v oy oy

Fig. Z.2.2. 8 membrane model in whiach the axonal undercoat and
cytoskeletal structures play & direct role in generating  Ha
currents. The wndercoat i1s constituted mainly of 260 K proteins
@i pmﬁaihly of actins. Among cytoskeletal uumpun@ntu ot micro-
tubules and newrofilaments, microtubules are sssential in
functioning Na channel , (From Matsumoto G.,1984a)

ey

0% The Model OFf Surface Charge Density Changes

In a sioulated model ( Gross D. el &l 1985 the authors
discussed the possible role of changes in swiace charge density
resulting  from stretch  and proposed that the changes in the

rface  density would possibly change the intra-menbraneous

electrical field (see TigeE5.23000, thus opening transc-menberane on

conductance  channels or reducing the ion ctivity of menbrane
via leak conductance pathways .

he effective menbhrane potential resulting from &

5
=
.

i
5
T
r+
8]
ey

will be as follows;

Vin® (B — Y A¢
Avin® (f “z"))_t

&

where AV, is the change in membrane potential %é ig  the inner

, o

et .. r 5 1 e . g - a e & i i
su-face puLuntlal,yz ie the outer surface potential, and é% 1
the strain ccoured.

ey
e ol
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- Before
V=-70mV Stretch

V= -70mV | After Stretch
Ny~ 75 mV P/s Fixed

V=-50mV ' After Stretch
Vyi-55mV / Py's Viry Dependent

potential

distance

Fig. 3.32.1. The effect of aion stretch on surface potentials
ygand Ye . membrane potential Ym, and bulk to bulk potential V.
(Top) FPotential profiles for a hypothetical unstretch axon.
(Middle) Fotential profiles after stretch i+ ion permeabilities
remain at their initial values. (Bottom) Fotential profiles 1f
permeabilities are allowed to adjust to the new Ve » {From Gross D.
et al ,i198%). i

A plot of change in membrane potential vs. strain because of
straetch using  the sguation above and assuming that the lonic
permeabilities are allowed to adjust to the new Y,for different
inner and outer swfaces is given in fig.2.35.2

On  the other hand the authors discou

saed the possibility  of
simpla mwchanical deformation of ion channels and concluaded  that
it was hard to believe such a possibility as it was difficult to
imagine how' there can be a

mechanical linkage between ohannel

proteins and lipid bilayer mateix.
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Fig. 3.3.4. Membrane depolarifation va axon stretoh. (Solid)
G- = 100 aVv, (dashed) ¥°-Y% =40 mV, (dotted) ¥-%¥% = 10 aV,
(from Bross D. et al,198%).

Zed. The Model of Fiercelectric Effect Resulting from Mechanical

Deformation

The model discussed by Guzelsu N. (1983) about pieroelectric
effect resulting from striction of the bioclogical mesmbranes
involves that as biological membranes are composed  of  polar
lipids, any kind of pressure change wpon it may caudse a
pierpelectric eftect which could depolarize the membrane
potantia¥. n  the other hand the author argued that, if the
majority of polarization is associated with ion chanrels and
other membrane proteins, and as it is assumed that piezoelectric

proteinsg would be effectively mechanically decoupled from the

24




liguid-like lipid phase of the membrane because of large
differaence in elastic stiffness of the two - phases, a

ormation of the channels would be guite large

pigzoelectyic

which will cause ionic permeabilities to change.




+

IV. THE PROFPOSED MODEL WHICH SEEMS TO EXPLAIN THE PHENOMENA

In order tb evaluate a membrane model to explain the mechanical
sensitivities observed; first of all morphological features of
different mechano-sensitive feceptors, then the properties of

these receptors must be taken into consideration.

4.1. Morphological Evidences

Sﬁudies in the past revealed that the morphological evidsnoes
are thought to be important by several investigaturs ‘in
physiological aspects. It is known that movement of stereocilis
‘tcwards kinocilia results in depolarizing responses while
withdrawal of stereocilia causes depolarizing responses (Flock

A.,1965), fig 4.1.1.

Fig. 4.1.1. Diagram illustrating the-di;edtiuhal sensitivity ©
the hair cell (from Flack A.,1965). i

The first attempts to resolve this directional sensitivity i+
terms of morphological aspects revealed that the hair process ary
anatomically polarized as shown in fig. 4.1.2a and fig. 4;1aﬁ3_

(Lowenstein 0. et al,1959).




Y

Fig. 4.1.2. a: Copy of an electron—-photomicrograph of a
slightly oblique section through part Df a compound hair process -
from & sensaory cell in the crista of a semi-circular canal.
K,kinocilium. b: Diagrammatic representation of the crista of the
horizontal semi-circular canal,showing twa compound hairs and
several compound hair bases on the side of crista facing the
utriculus. Kinocilium is indicated in solid black. Note its
spatial arrangement on the crista. Haires and hair bases are
magnified out of the proportion to the size of crista and their
density is very much reduced. 1In & vertical canal the bhair-
bearing surface shown would face canalwards (from Lowenstein 0.
et al,1939).

Later, when the morphological basis of this mechanical linkage
Was investigated (Hillman D.E. et al,1971) it was found that
kKinocilium makes a plunging like action which produces a dig—
tension of the membrane on its base. Thus the adthors postulated
that this distension of the receptor membrane produces changes in
ionic canductance which wauld(}gad to depolarization of the hair

eell. Conversely a reduction in the amount of dimpling would

decrease the depqlarization ,see fig. 4.1.3. This hypothesis was
 suppoarted by the finding that there is a structural changes in

‘auditcry hairs during temporary deafness (Mulroy M.d. et

31;1984)-
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Fig., 4.1.3 (Left) Diagram shows the saccular epithelium  with
its receptor cell (RC) ciliary apparatus [kinocilium (K),
stereocilia (8), cuticle (C)] and otolithic membrane (OM) ,and the
tilamentous base (FB) which auppoftﬁ the otoliths. (E) Efferent
eqdings; (A)  afferent ending. (Right) Diagrams and electron
micrographs to show the effect of bending the cilia toward and
awWay Ffrom the kinocilium. The relatively firm cuticular base
(d,e, and ) and the attachement of the kinocilium to adjacent
stereocilia (a,b, and ) causes Lhe pliable receptor cell
membrane in the region of the cuticular notch (M) to be thurst up
or down with respect to the movements (a and dyand b and co).In
the vertical position a sligth dip is usually noted in both
scanning and. transmission electron microscopy , (c and ). -
kKinocilium; C,cuticle. ( from Hillman D.E. et al ,1971).
al ,1984).




tim the obther hand iU we found that in Pacinian corpuscle there
is & directional sensitivity where the receptor potential { -

generates hyperpolarizations

polarizing response) on compressl

in response Lo & gracdual ly inoreasing comnpressi on atter rotating

alomg the long  axis  and vica versa

them through %0 degre

e oo thiis Findings were

(Tlyinmsky  DoB.

ke afcd

v F i oed by

& applied

summalrizied as followsy  When

i the

along the short axis of this oylinder b an increase

ratio afb (where a long axis Yoocowed, and consegquently an

;

increasae  in the swface area of the recepbor  memnbrane., On  the

&Ml s (&)

along t

other  hand,  the stinulos  dive
decreasaes the ratio and consequently the swface of the menbrane
{(MNisli B.oet al, 1268 .

e

In res to mechanical stimuwdation of primary and  secondary

prornEe

endings in  isolated muscle spindle 1t 1s shown  that  the

£

receptor  potential  per unit length change of spindle (gain) -

constant  up  to a treshold displacement of 10 paem With  larger

stretoh

the primary endi paln decres

a power function

of  dincreasing displa

more  steeply  than  the secondary

S i S, 4 g e ..
endings  (Hunt  CL0. et al J1980) .  This pheno

€ ar aluo be

attributed to the morphological and mechanical features of muscle
spindle (Foppele F.E. et al,l1979).

fhe  above mentionesd morphological evidences impli that in

receptor mechanismns structural properti

are common to o all to
o =y o e pron vor o e [P SR W e e - " e pimy poon gone o} 3 .
Bnsure & spatial distribution of tension on the membrane in the

developmemt of receptor pmt@ﬁtialu

A
WL F




4.7. The PFroperties of the Receptors

Geveral authors made experiments 1n order to find out the ionic

i

properlties af the receptors. They found out that i+ choline ,an

impermeable  organic cation, replaves Ma ions of procaine ;s which

. . . R
irg  bath Ma® and K

has  a local anesthetic affect by

decreases (Julian

conductance, is added, the e

Fada et  al,1964). On the obther hand the perngabilities  for

-

) . T A VT
various monovalant cations were Li & WNa » K 3 Rbh » Cs > choline

fing

TG > TEA while for divalant cations were CA' > SF 3 B& & MA = M3
(Ohmori QE,IWBS}, TTX or TEA which selectively block normal Na
and E channels respectively had no effect on the development of
receptor potential (Loswenstein et al,1v63; Ganot et al,1981
Terakawa et  al,1982) while Ca™ ions are indispensable (Ohmori
He o 198%).  Thus it seems plawsible that the ionic permeabilities
as&mciatqd with these findings are different than the rcrmal

gxcitation of excitable membrane.

b a The Fossible Models

Lepandir

on the events above one may Droposse  Lhe

models  responsable for the generation of receptor potential a6

follows;
AR Fiszoelectric Effect

As described above piezocelectric effect may have an importance
but  as  seen from the ionic evidences such a possibilty can  be
1gnored becauwse of the Eolll, and Ca antagonism and of the essen-

tial Ca ion concentration car i i &
Ca ion concentration cannot be srplained by this model. But

i




one may assume that these chemicals can alter the pilezoelectric
coefficients which intuwrn causes the observed result. Hence,

pefore having more krnowledge about the molecular level structures

of membranes this possibilty iga left in guestion.

Foatent

4. 35,2 The Edfect of

-t W e

it ode shown o squld

This model can Jgrien e

am ronie Flow through

@ Flow f

giant axon thalts the wa
the potassium channel in the same direction and suppresses the
ionic Flow in the opposite direction resalting & hyperpolarizat—
ion {(Kukita F. et al,1975) which is in contrast with the chserved
findings. It is & possibility that the resulte of Terakawa bH. et

al is consistent with this model since, although the auwthors

assumed thalt thers was no le age of internal perfusion  fluid,
close inspection of the experimental data about the change in

membrane diameter freveals elther an owtward water flow or  the

relavation of the membrane.

4.5030 The Changes in Swrface Charge Density

Mis model has the deficiencies in explaining the TTX and  TEA
insensitivities while the predicted amount of depolarization was
nDt YL i- .L o e 1 S S . . e e S ¥ O T e A ..ff'

o o slongate the open time duwrations of Na cohannels.

But  one may argue that stretch causes agpening  of Ma® channels

different than normal TTY sensitive ones. The results of thelr

simulation showed that in order to ebtain a depolarization of 15
] = R - 1 e 4

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

was  shown that a distension of two or three per cent causes the




membrane to rupture (Evans E.A. et al , 1980 .

4,5. 4. Specific Mechanoelectric Transduction Chanrnel

The ion channel proposed by Guharay et al seems to explain  the
phenomena  well. But  in the svaluation of model  the authors
assumed that the deformation snergy cesulling from stretoh 1s

1t was shown that the

gathered from all the heml sphare.

calculated deformation is not only on the haenisphers bub also an

the cylinder formed inside the patch and on the menbrane outside
the patch.pipette (Evans E.f. et al,1980). Thus the calculation
made on this agsumption is invalid which gives & channel diameter
smaller than i1t should be. Apart from this the avthors assumed a

single ion channel which was embedded in the bilayer which seems

{

t evidence for this channel

no dire

plausible because the
to be single. Even if it was so the strain developed inside the
hemiephere was not isobropic but instead it is cylindrical which

results in a covyvlindrical distribution of terision

T3¢,
4.5.4.1).  The value evaluated from proposed data the authors
resulted From a channel density of O.lé /Fmﬁ wibvi ch R ES
relatively small to contribute such a value of depolarization
resulting  from stretch. Al though the avwthors emploved a  ovbo-
skelatal network as in red blood cell mnembrane to avoid from such
a big protein,in the order w% 1& MDD which  should be observed
before, to @xplain the gating of this channel, it is also  in
debate how this cannel protein can wundergo a conformational
change by “the mechanical linkage between the protein and the

cytoskeletal network.

)
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Fig. 4.3.4.1 Nenuniform extension produced by micropipast

spiration of a surface at a constant area. THe extension ratio
5 plotted as a function of curvilinear distance, s, along the
aridian from the pole of the spheroidal cap to the outer surface
f membrane, (from Evans E.A. et al,1980).

v 3.8, Transmembrane Macromolecule Rotation Model

The author gugémsted that the rotation of transmemsbrane macro-
dlecules may form unstaéle cylindrical lipids which serve as ion
nannels.  Although the contraction cytoskeletal fibers which may
2 composed of actin and myosin Ffilaments seems likely, the
dtation of macromolecules are dependent on flip flop rate of
<Citabl@ membrane. Cuwrent data indicates that this rate i1s in
e order of 10 or 30 days,for.. half life (Harrison R. et
H11980). Therefore the assumption of rotation is inconsistent in
@ light of the above cited rate. Even if it was so, because the
2del Proposes cylindrical formation which are perpendicular to
@ longitudinal axis of axon, the model seems unsatisfactory in

+

‘Plaining why the stability of membrane is preserved after a few

[ ]
(2



grcitation and in  explaining why to ocow  such & preferred

formation.

d.4.  The Froposed Model of Lipid Rupture

d.4.1. Basis of the Mo

The  above

i gt b adn e mechano--

thatical membhrane model wihion

glectrical transduction process;

as  The response dependence to the stimalus amplitodse must be

4

satisfied.

showld be considered.

b. Directional sensitivity of the

Bratween short and long  durational

g The diffence in ¢ 3 CH

stimuli to be

sibiwity must be explained which impliss tha

1

de TTE anmg T

normal lonide channels are not dnvolved in bhe proce

. The indigpensibility of internal G dons must be pr

to  The wunderlyving network which seseas to have an ioportance  in

4

generating the responses must be related to the sodel preop

g. The effect of cyhbochalasin, which destrovs intracelliular net-

work, in dncreasing  bthe mechanic rel i vi by showld

considered.

. I4 an idonic channel is involved in the ptomust have a

. . . + o+
poor discrimination between Ma armd B Lons.

The model wWhich = e Lo satisty the above conditions  soce

Vikely is @ s

suming the biclogical mesmbrane looks ali

memnieane struchure given in Fig. P S it i Tl

mamntirane  material properbiss can only be consi

& oornbtd -

]
ey




Eeie

paaam in the btwo dimensions, which desoribe the membrane swface,

Inm  the +third dimension, thickness, the menbrans  sshibits

molecul ar whructure and discontinuity that preclude treatosnt as

a continous material in this direction. o guantly membeane

appropriatel vy  repressoled islonal conbinmua with

AT AR Y

possible i

in & fluid state, = aliad abia i ane muast

e attributed to cornrmecti ons

of proteins and  other  aolecul es

o

ated with the membrans. T Fig.3.101. the trin network

iw o shown as providiong strouctural rigiodity sod support  for  the

Fluid  component of the membracne and is often reffered as  coyta-

L O M owvaristy  of  additional  structures may  exist  in

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

plasmic elenents.micorobtubule

can  also  provide

~potural rigidity and even active deformation.

4,42 The FModel

Assuming & mechanical. force in the form of stretoh is  applied

o the smembrane in swface plane, it can be considered that the
stress occwred must be balancesd with the intranclecul ar forces of
Vipids and the deformation reagtance of spectrin-protein network,

I+ another assunption ie made by implementing that the o

14_,
-
™
[
i
-,
it
1t
3
I
~~
o

skeletal network provides the main counter acti
respect  to lipid structures, it can be speculated that if the
viscoelastic forces hetween lipid-lipid interaction s greater

than the lipid-protein interaction the strain ocowred because of



gtiress betweesen molecular elements wouwld be sxpected to ocour more
tikely at the lipid-protein interface. This displacement will be

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

gecond assumption it is evident that because af the aformation
time constant, the wunstable gap between  the protein lipid

shatldon

yEmat o

interface can serve as an ion chamel o &

il us dus to

sl b dronn o meechani osl

of response initiastion re

3

ented model 1s given in Fig.4. 9.3,

4.4.% Discussion of the Model
The evidences supporbing the above assumptions can be glven as
follows:

o bechnd gues have

H W Sa i gt and,more recently, Fluor
all been applied to measwe the lateral diffusion coefficlents

(0 of lipid probes, and similar

2, . . A . ‘
cat Asect have been found in a range of cell msembranes and, above

mocdel  phic

meotedln molecules n oa nuanber of ocell

m

2

found to
lipidas.
2.  dhe proteins do not interact with the bulk  of  the lipid

they may interact with specific lipids,

N Qe t “ i somes

adjacent to them. 1Tt hasg been reported that such

a tightly bound lipid in the protein comples cytochrome oxildase
of mitochondrial membranes (Singer S.J.,1975) exists,

d. Different methods applied to resolve viscoelastic character-—

s

[k o)
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b. Stretch of

Reformation of membrane.

state.
Ca

Resting

Aew

Fig.4.4.2.

sformation of channels.

Turning to initial conditions.

e.
Note the expected displacement of the membrane surface.

formation of channels.

stretch,
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tihat thils parameber iz of
t

iatics of

thae  order Jomo. while experiments held on arl-

a cofficient of 250

ificial phospholipid membrans giv

B It has

rasiil s dn 1

[resC aLise it al E

§ i

ampl i tude musl be

agdanple, the ¢

amplitude since the donic pore diemeter wowld incrsase on

increase of the stre whi le the number of swuch formations  are

expected  to increase also. On the other hand,  as the obtained
pore  i1e nonspecific  and difterent  from the normal channgl
proteins 1t also explains the insensitivies for TTA  and  TEA,

L FT
& 1O

.
el Ma i ons,

while it shows no discriminations belbwesn B

i}

arved in the model sinoe its b

indispensibility  is also pere

3

ey Da bry

that the Lhioves

e

groamgn ]«

i

coantracting,thus stidfening the menbrama, while Fron the second

sump Ll on it ds  important  to note  that  the ovtoskeletal

structuwres mainly support  the mesbrane. The sensibtivity

incre effect of oytochalasin can be attributed to its

stroving effect on oytoskeletal network and causing membrane to

touwgh and easily detformable. The effect of Coll, which is

irreversable can be undsrstandable since the blocking effect of

++ LS . - - R . .
Lo on Ca channels is well deftined. e membrane sensitivity

because of stretch zite can be explained by the difference in

intracellular and extracellular network. 1t was reported that the

anchoring nodes of meanbrane proteins are mainly intracellularly

8 .



which implies that the stress to be overcomed by the cvytoskeletal
metwork  are  in the fore of pressuwe  upon restriction of  the

peabrane area and vica versa.

d.4.4, Fredictions of the PModel

@e The model involwy two btime constan whioh are appearing feom

5

the phase difference of the lipid-lipid and of the protein-lipid

stuctwes. One of it appe o Feoim bLhie tims-lag of  proteins ©o
move 1in the lipid bilayer while the other ocomes from  the
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. Another prediction is  that there must be a difference in
amplitude to obtain sisilar responses hetwesn delivering
stimulus to the membrane swuwface spatially or locally. The former
one would need greater amplitude while the labtter would need
smaller amplitude.

o There should also exist a propagation of response. beginning
from a preferred reglion, it the considered swiace is nolb large
enough to  dignore  the changes in senbrane  elements sinces  the
initial assumption was the iabfrmpy ot membrane in two dimensions
suwrface plane) . The aniszotropy of the material properties in
microscopic vareaﬁ would lead an uneven distribution of strain
which intukn cauvse the response Lo initiate from a preferred

region.



d. The model involves a small displacement to occur on the
surftace of the membrane in the order of a few ten nanometsrs 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
menbrane. Recently it has been shown that such & displacement to
occuw in different exicitable memnbranes of different species

(Tasaki 1., et al 1980&, 19800 %




V. THE EXPERIMENTAL SETUF DESIGNED TO TEST THE MODEL

5.1 Selection of the Experimental Proltocol

H.1.1 Belection of the Material
The tissue that will be wsed in ths experiments shouwld be well
defined 1in physiological aspects so a direct comparison  of

the evaluated data can @easily be made. The literatuwre on  this
subject shows that the general material used is either Sguid
giant axon or Myxicola giant axon for being easy to prepare and.
for having relatively large diameters for application of internal
electrodes. Thus the data relevant to their physiological
properties and to their responses to different chemicals can
gaslily be obtained elsewhere ( Bingﬁock Lo &t al 1947, Hinstook
e 2t al 1949, ‘Ganmf G. et al 1981, Hodgkin A.l. st al 1932,
Julian Fod. et al 1962, Terekawa 8. et al 1982 and Hukita F. et
al 19820, fAs it seens iwpossible to obtain Myricola preperations
i Turkey, the selection of animal was restricted and theretore
it was found out that Twkish squids named commercially "Halamar®
and "Muwrrekep baligl" satisfies the anatomical and physiological
conditions., The attempts to wuse the giliant nerve of sarthworm were
faced with, although there arg some papers mentioning about  the
properties of this nerve, the nerve was insuitable for
experimental . preocedures (see below) for being small in diameter.
Another attempt to use the very large membrane of chicken egg-
volk membrane was unsuccessful because of the rapid variations in

its resting membrane potential.
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G.1.2. Gelection of Method to Deliver the Mechanical Stimulus
The wmechanical pulses can be delivered to the membrane by
pressing the menbranes by a stylus, by streching the axon  long-

ititunally or applying pressuwe differences spatially or locally.

Since there are problems assoclated with the reconstruction of

detormation distribution of a oyvlindrical membrane which can  be
madelled as a giant axon of a species and to introduce mechanical

pulges when there is intracellular electrod the problems are

relatively simplified when the membrane is dissected to form a
planar ﬁﬁr%ace. It was reported that this form of mesbrane also
2xhibits the same physiological responses with the oylindric
membranes (Llano I. et al 1984). The mechanical stismuwlus then can
be delivered to the membrane by the help of a polyethylene
stylus. The restrictions associated with the mechanical design of
the +ixation nf membrane caused to select giant axons having
diameters greaster than 500 J i

The stimulus type and the site of application (intra— or extra-—
cellularly) ig to be considered to resolve the above mentioned
predictiorns of  the proposed model. Therefore the stimalus i
delivered by a stepper-motor deiven micrometer in a stepwise

MATINENr «

S.1.%. Selection of the Recmrﬁing Systemn

Since te responses characteristics to be measwed are nobt well
Enown betauﬁé of the different data published elsewherese and the
experimental protocol is highly different from the above ¢ited
methods witﬁi respect to the membrane assembly, the design  and

3
e




implementation of a flexible recording system was taken intco

consideration.

5.1.4. Selection of Ferfusion Solutions

iz the preperation procedure is relatively simple and changes

of the membrane properties are quite well known, the

which the planar membrane  will e dmmersed area
conventionally, The relevant data aboul the etfect of
chamicals when applied intra—- or extra-cellularly are

)

elsewhere, (Baker F.F.,et al 1962Za’.

5.2. The Experimental Methoads

mediums in
prepared
different

described

The general setup to deliver and to collect the data is illus

trated in fig 5.2.

- SCOPE
CASSETTE X-Y PLOTTER (::)U
:
ipapa o

j ngc QUTP UT?

TCROCOMPUTER

INFUSION
PUMP

MICROMETER » '\y
’l"

STYLUS
STEPPER _ - d l 9
CHAMBER

Fig.5.2. Experimental arrangement.



2.1, Preperation O0f The Membhrane

w

Giant nerves of sqguid are found in the mantle of squid.The
sulitable giant nerves of sguid can be found when the mantle is
dissected ventrally. The stellear ganglia in which the axons will
appeatr, 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 zone
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 " giant Fiber of
"the" squid. The largest diameters reach 940 P in Loligo Forbesi
o 750 pm in L.Pealii. Fine branches begin fairly close to the
stellate ganglion and bifucations somewhat farther away. For an
anatomical description see ﬁppendiﬁ A. After dissecting the axon
from one end, a cannula filled with perfusion fluid is tied into
the distal end . The adon 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. 3.2.1.1). At the end of this opera-
tion atter immersing the axon in sea water the remaining peace of
axoplasmn near cannula is moved out by the flow of perfusion fluid
which is about & Hl!min (fig 5.2.1.2. When the perfusion fluid
flows out Ffrom the other end of axon, another cannula is tied

into this end also.

5.2.2. ‘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.% Re-inflation of extruded axon with perfusic

fluid.



fixation table. The manuwfacturing information of the table 1is
given in Appendix B. To improve the electrical and chemical
insulation of either side of the membrane, the table is coated
with fine laver of vaseline oil. The table which was assembled is
then moved to a two chambered specimen holder (see Appendix B for
manufacturing details:! where 1t will serve aszs  an  insulator
between the two chambers of extra- % intra-cellular Fluids. The
gap between the chambers ie adjusted szo that, when the table
coated with vaseline is pushed in, a full insulation may occur,
In order to have a temperature controlled environment each
chamber includes two glass pipettes passing through the chamber.
The ice cold water punped at a speciftic 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 meqg. idions/lt)y L0 ﬁ:
526 Na&\, 50 ca¥, 63T cl, 2.5 H CO, while internal sclution’s
composition is &10 Ht 560 Cf, 20 HLPDZ and the pH is adjusted to

about 7.7 adding by EOH to HHZPQQin tinal solution.

F5.2.4 Preparation of Fipettes

Silver wires of 0.1 mm diameter and 15 ca long were ianersed
in an electraolyte consisting of 2 M ECL as an  ancde while a
carbon rod served as a cathode. The rectangular pulses of 30 mA
amplitudg 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 anocde. This protocol ig

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

4

contact with long copper wire electrode. The agar-—agar is heated
with 3 M EC] and sucked inside a syringe in which the coiled Ag -
AgCl, electrode is immersed. After cooling this assembly the tips

of electrodes are immersed in a beaker containing 3 M HEC1  to

avoid drying.

5.2.9. Data Acguisition

The membrane potential of axon is amplified in the first stage
by a variable gain differential amplifier which has & bandwidth
of Z560 Hz and a CMMR of 260 dE. Because of the offset problems
associated with the Analog to Digital Converter (ADD) which bhas
an operation range between 0-5 Volts, the amplified signal is
then added by a variable voltage to ftall in this region. The ADC
is an eight bit converter which Haa a conversion time of 100
psec. The & bit parallel data is then fed to a R&650EZ based
microcomputer td be stored and evaluasted. The block and printed

circuit diagrams of data translation are given in Appendix .

5.2.7. Control of Mechanical Pulse Seguence and Data dcguisition
The control and data collection is done by the master program
in  Appendix D which uses co-programs given in fAppendix E.  The

algorithm of the master program is given in fig S5.2.7.
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Fig.5.2.7.

Algorithm for the Master program.
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VI. CRITIQUE OF THE METHOD

It can be shown that the extension produced by impulse is

praportional to the impulse amplitude. famesuming the meabrane as
an igotropic and elastic materials  the outlines of this
calculation is given in Appendix F. Sincs it is so, by changing

the stimulus amplitude one can consider that the displacements
occured in macroscopic level is varied 1in a linear manner.
ﬁpplicatimn of step-—-type variations in the stimulus amplitude can
show the predicted time constants. IFf a pre-stetched condition is
achived, the changes to be observed in response amplitude will
show the participations of cytoskeletal structures in generabting
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 uﬁan'applicatian of spatial deformation, in order to
observe the same response amplitude, the amplitude of impulse
must be incresased. Bince the bandwidth of the amplitier 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 i+ a phase difference between the
impulse and response i1s observed. Bubt this time there will be a
problem arising From the conversion cycle since the maximum

conversion frequency is I KHz because of the time limits of the
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CFu. This problem could be solved by wusing a very efficient
program but it was shown that there i%ya problem related with
such modifications made on the software controlled ADC (Lenz J.E.
et al,.1985). The problem arises from the execution of system bus
using noisy instructions at oritical sample and hold times. Thus
in the software configurated 1t was Lbaken into consideration but

i the sfddficienay of the program.

this intuwrn caused a decreas
The dionic currents responsible for the expected changes in the
membrane potentials can also be evaluated by this method and

needs further research.

50



AFPFENDIX A

ANATOMICAL DESCRIPTION OF THE GIANT FIBER OF THE SQUID

; \ Do snsorprachia
: \ | Y/ eBraciis .
: tentacie nerve ... N I y inierbrachial comm
brachial nerve -------\Q | ‘
//)b ‘ .- /_“\\- ---anf. ant, ophth. n.
“TAL -7 _oplic ganghon
superior buccal GANglioN s ecqy-cm e eviana b s Ltmemmee- o --- Cerobral ganglion
! ; ;
i - It 0
duncie ganghion - - Nwe - 5 o2 n «=- -~ i)t. post. ophth. n.

\ oltactory nerve
------- oltactory pit

sa-eo CRHWE iMuncie norve

postarbital neive -====-coe--- ..;7.;:' 4 ,'.)‘vh'

aup. post. ophth. n. ==~

[
ilﬁliﬂlo“uanulto§/ o /
“ A p
\ b

\'~-\"-:< = ~- ant. head reiractor nerve

pathal nerve

SV funnei retr. .

Sy

stomatogastric
cannective

\...-. PP, _:?j/(/=u Branchial neive

\\_,/ ’
T branchial ganghoen

T 'r:" digestive gland duct nerve

- GO gasiric ganglion

cascum . --e- -]

Fig.A.1. Nervous system of Sepia, dorsal view. Right stellate
ganglion and fin nerves omitted; Stamogastric system in black.
ant., anterior; comm., commisure; inf. ant. (post.) ophth. N.,y
inferior anterior (posterior) ophthalmic nerve; N.,nerve; post,.,
posterior; retr., retractor; sup.post.ophth.n.,superior posterior
Opthalmic nerve; visc.,visceral, (from Bullock T.H. et al,19&5)
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N2

visc. n.—}~

int. retr. m.~|

_.post, head retr. m.

med. inf. retr. n.

post. inf, retr. n.

. FlgTﬁ.E. Diagram of the giant nerve fiber system of Loli
Fealii. ‘pr., interaxonic bridoes; g.Ca.lobe, qiant cell lubg?
geCely First-order giant cell; g.c.da, second order glant *afi
whose won runs to stellate ganglion and there makes tﬁeg di:t"l
Synapses; g« Cu2bysecond-order giant cell whase axon runs ta Jtﬁ
posterior head retractor muscle; g.c.idc, second-order q;ant “lf
whose axon runs to the same muscle and to  the in%nndibci
retractor muscle:; g.c.2d, second-order giant cell whose Lv Fune
to the infundibulum retractor muscle; é.c.Ee. Serund—O"d:Dn ant
cell whose acon runs to the muscle;. GuCulig .celfs af . }P'Qlant
third-order giant fibers; g.f.3, third-order giant {QE}QIH- or
Bullock T.H. et al,l96%5) ) Hhers tiron



mantle conn.

g\, c. lobe

1 mm

Fig.A.3. The giant fibers and their synapses and cell bodies in
the stellate ganglion of Loligo Pealiiy dimensions arg to scale
from a small specimen. Ffin.n., Fin nerve— a division of pallial
nerve of the braing g.c.lobe,giant cell lobe; g.+.2a., second —
order giant nerve fiber making the distal synapses on third-order
giant fiber; g.f.a., gliant fiber arising in the palliovisceral
ganglion of the brain and making proximal synapses; g.f.3, third-
order giant fibery matle conn., mantle connective—a division of
the pallial nerve; stellar nn., stellar nerves, {(from Bullock
T.H. et al,17260)
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AFFENDIX B
DIAGRAMS ILLUSTRATING FIXATION TABLE AND SFPECIMEN HOLDER

Smm

¥ ¢4

Fig.B.1. Diagram of fixation table made up of Flexiglass, drawn
to scale. A: Intra-cellular portion , B Extra-cellular portion.

oo ol Ll b s

B R S

Fig.B.2.  Diagram of specimen holder made up of Flexiglass,
drawn to scale.



APFENDIX C

-

BLOCK AND FPRINTED CIRCUIT DIAGRAMS OF DATA TRANSLATION BOARD

Vi

STEPPER DRIVER
SA 1027

()

STEPPER

Fig.C.1. Block diagram of data translation.

=5

IRQ [
NMI [
crU

R6502
2 ‘
gal
& %
os]
[
wn

;) 16 K ROM

[ 3
64 K RAM
e
L
PIA 6821 " pra ea21 A TIMER 6840 if N
PORTB PORTB PORTA 1 -
X/ rﬁEﬁ ™\
ADC 0808
DAC 1408
ALE |
START |@—
ANALOG
"T>{ MULTIPLEX
——0



Fig.C.2. Printed circuit board diagram of data translation; A:
Component side, B: FCB side.



APPENDIX D
MASTER FROGRAM LISTING

The program is written in AppleSoft Basic language,therefore

%
¥
for any modifications related to the program one must refer X
¥
*

to the appleSoft Basic Reterence Manual.

10 HIMEM: 8191

20 CLEAR:FRINT “FOR STYLUS ADJUSTMENT (FPRESS <— FOR INWARD) "2

3
a—

-

GOSUER 5000

O PRINT "PRESS —»> FOR OUTWARD, ENTER FOR D.K": CALL M2AIN

35 GET Asf

40 IF ASC(A#F)=8 THEN : FOKE MOT,Hil: FOKE MOT,L1: FOEE MOT,Hl:
GOTO 35

50 IF ASC(A%)=21 THEN: FOKE MOT,HZ: FOKE MOT,L2: FPOKE MOT,H2:
GOTO 35

60 IF ASC(A%) <» 13 GOTO 35

70 INFUT "GIVE TYFE OF EXCITATION (SIN,S0R,RAMF) Y AF

éo IF AfF="GIN" THEN GUSUER 1000z GOTO 110

IF Ax=t8OR" THEN GOSUBR 2000: GOTO 110

0
<

100 IF Af="RaMP" THEN GOSUB Z000

110 INPUT "GIVE SAMPLING FREQUENCY (HZ3'"; FR: GOSUB 4000
120 FRINT "FRESS ANY KEY FOR BEGINNING®

130 GET A%

140 REM
130 REM

160 GOSURB &00: CALL MZAIN: CALL MIOTR: CaAlL A4DC

n
<



170

SO0

HO0

Th

di

LaT¥]

I A% IE I I I

of

1600
1610
1020
1030

1040

FRINT “DO YOU WANT DATA TO BE SAVED(L),

FRINT "DISFLAYED ON SCOPE(I) FLOTTED BY A PLOTTER

FRINT "CONTINUE FOR ANOTHER CONVERSION WITH THE

VARIARBLES (5) "

FRINT “"CONTINUE WITH DIFFERENT VARIABLES (&) Y: PRINT

FROGRAM (7S

INFUT "ENTER RELATED NUMBRBER "5 & ON A SOTO 2060, 250, 3250,

400 . 450 “ S5O0

GOTD 170

FRINT “WHEN READY FOR CASSETTE OUTFUT FRESS ANY FEY TO

CONTINUE": GET A%: FPORE&LD,O0: POKE &1,160: POKE

FORE 63,19%1: CALL WRITE:s GOTO 170

HOME: CALL CRT: GOTO 170

GOSUR &600: CALL M2AInN: POEE 17195,%2: CAlL DIAC: GOTO 170

GOTO 1460

6O0TO

20
END

FOFE MOT+1,0: POEE DAC+1,0: FOFE ALRC+1,0: RETURN

e subroutine calocwlating the Timer enable and Stepper motor

rection of rotation parameters and pokes them to the adress

00H consecutively by assuming the Sinus function composing

discrete steps.

INPUT "GIVE FREGUENCY AND AMPLITUDE"; F, A

INFUT "GIVE MINIMUM STEFR SIZE"“; Al

X0= D2: TH= O:DI= DI+8¥A/AL: Di= DI+16¥A/ALl: Xi= D4
FOR I= 1 TO A/AL
= 1— I%I%A1¥ALl/(A%AY: IF 5=0 THENM: T= Q.Z25/F: GOTQ 10&60

=8

DISPLAYED ON CRT (2)":
(4rns
SAME

YEND THE

EOO,

b, 285:




1050 7

1060 T= T-T3: TI= T:

1070 FOEE D2,H1:

1080 FOKE DZ+BRA/AL  HEs

FOKE

GOSUR

FOKE D2+1,L1:z

(ATNC(IXAL S (AXBOR(SY 3 1) /7 (2P I%F)

4500
FOKE DE+2,T1l:

FOKE D2+BXA/A1-+1 10

D2+8%¥Aa/a1+2, T2

1090 POEE DI ,TZ: PORE DE-1.7T1i: PFPORE DI2-2,03:
1100 POKE D4,T2: FOEE D4-1,T1: FOREE D4~%,.0 1z

1110 DE=

DZ+4;
NEXT

1130 FOR, I= Xi+1

1140 POKE I, PEEE

1150 NEXT I

114640 RETURN

of discrete steps.

2000 INFUT "GIVE FREQ.

2010 INFUT " BIVE MIM.

2020

T= Q.5/Fz:

030 POKE DI,Hl: FOKE
2050 T= 1/SR: DI=DI+4:
2060 FOR I=1 TO A/61

2070 FOKE D3,H1: POKE
2080 POEE 03; 2: FOKE

DE= DE-4:

(XO) s

DE=D2+4%5A/ AL

D= D44

TO XO+Z256

XKO= XO+1

AMFLITUDE % DC LEVELMj

STEF SIZE % MAX.
DA=DR+8%A/AL+4:
DE+1,L1: POKE D3+2,Ti:
BOSUE 4500
D3+1,L1: FOKE D3+2,T1:

DE+1,L1: POKE D3I+2,Tl:s

FOKE

FOKE

The subroutine caloculating the Timer enable and
direction of rotation parameters and pokes them

SO00H consecutively by assuming the Sguare function composing

Fy

D2+3, T2

DE+B%a/A1+2,Tl:

DE~2, HE

D4~ , Hi

Stepper motor

to the adress

FE IE % - A 3% I

A,

STEF RATE"; Al,SR

XO=02: GOSUEB 4500

ey

FOKE DI+35,T2

FOKE D3+3,T2

FOREE DI+3,T2




2090 DE=02+4: DI=DI+4s NEXT I

2100 FOR I= D4+4 TO XO+254

2110 POEE I, FEEK (X0): X0= XO+1

2120 NEXT I

2130 IF DC < O THEN: FOR I=1 TO ApS(DC)/ /41 POKE MOT,HZ: POEE
MOT,L2: NEXT: RETURN

2140 IF DC » ¢ THEN: FOR I=1 TO LC Zal: POEE MOT,HIs  FPORE
MOT,Lis NEXT: RETURN

2180 RETURN

The suproutine calculating the Timer enable and Stepper motor %
direction of rotation parameters and pokes them to the adress :
SO00H consecutively by assuming the Ramp {function composing mf:
discrete steps. :

TOO0 INFUT “GIVE RAMP TYPE (1) FOR IN, (2) FOR OQUTY; TY

3100 INPUT "GIVE MIN. STEF SIZE, AMPLITUDE, RISE TIME"; &1, A, F

ZO20 T= F¥A1l/A: GOSUE 4500: X0=D2

TOZ0 ON TY GOTO 3040, Z080

I040 FOR I= 1 TO A/Al

TOSO POEE D2,HD: POKE D2+1,L72: POKE D2+2,Ti: FOKE D2+3,T2

TOLO DE= DP+4: NEXT Iz Xi= D2

TO70  POKE D2,L2: POKE D2+1,L7: FOKE D2+2,255: POKE D2+3,25%5:
GOTO 3120

T080 FOR I= 1 TO A/AL

090 POKE D2,Hi: FOKE D2+1,L1: FOKE D2+2,Ti: FOKE D2+3,TZ

3100 D2= D2+4: NEXT I: Xi= D2

3110 FOKE D2,L1: POKE D2+1,L1: POKE D2+2,255: FOKE DE+3 , 255

3120 FOR I= X1+4 TO XO+23564

&0




2130 PORKE I, PEEK (X1): Xl= X1+l

2140 NMEXT I:RETURN

¥ The subroutine calculating the MNMI periods to drive the Step— %
¥ ¥
¥ per. The NMI period is determined by the value written on the ¥
b %
¥ Timer latches. *

4000 T= 1E&/FR: T2=255

4010 Ti= T/T2-1: IF ABS (CINT{TL)+1)# (T2+13-T) »1 THEN: T2=T2-1:

GOTO 4010
4020 IF Ti1»T2 THEN 4040
AQ350 FOEE M2+1,Til: POKE M2+49,TE-1: RETURN

4040 FPRINT Y NOT FOUND ": STOF: RETURN

values written on Timer latches.

= INT(TRIES/254H) IF TI1X2E5 BOTO 4530

1

4500 Ti

i

4510 T2= INT((TXIEL/2D56-T1) 5255

4515 IF T0.008 GOTO 4530

4520 RETURN

45E0 FRINT " NOT FOURND @ STOF: RETURN

The responsible adresses gilven in decimal for  relevant

*
X .
¥ locations and machine language subroutines,
5000 MZ2AlM= 1&6384: MOT= 493703 DAC= 49382
5010 MI10TR= 1&6B%46: A4DC= 16640: ADC= 49364

&1

the ADC. The IRQ period generated by ADC is determined by the %

L3

The subroutine calculating the Timer output periods that drives

X

%
¥



SO20 WRITE= &0570: DIAC= 17152: Da=
SOE0 CRT= 17408: PI= Z.1416: Hil= 32:

3040 RETURN

20480

H2=

Gha

Ll= Os

64



TIMER (M&B40O)

lies in the

address of

intermediate

MOTOROLA, Inc.

M2AIN

A4D0

arre

AFFENDIX E

CO-FPROGRAM LISTINGS

COCEH,

The decoded beginning adresses for two PIAs (M6BZ21) and for

CoODBH and CODOH respectively.The ADC

adress of CoODB8H (FIAIDRS) while CODAH is  the

STEMER's direction and rotation and ADC s

channel multiplexing

adresses

pine beginning respectively from LSB.

The adress COCBH holds the FIAZDRAS which drives DAC. All the

for FIA s and for TIMERs are chip

dependent and are available in Microprocessors Data Manual,

The specifications for DACL408 and ADLOGOB are

LDa
STA
8TA
LDa
85TA
g§TA
LDA
STA
LD&
STA
LDA
85TA
LDA
L RNE
LDA
8TA
8TA
LDA
8TA
LDA
8TA
8TA
RTS

JER
LDA
LDY
LDA

HOTE
cobz
Con4
#HFE
COoDE
CoDs
#FF
Conég
#HFF
con?y
#O0
cobDs
HOT
CoDe
#FF
(BT
core
#H435
CODo
#87
cCoDi
Cobo

4160
COSk
#FF
GOO0, Y

available in Linear Data Boolk, NATIONAL SEMICOMDUCTORS, Inc.

s The routine to initialize ports

s RAM bank switch on

1save ero page

o~
{d



4144z

41&0;

4170

STA
LDA
STA
DEY
BRE
LDA
LDX
TSX
L.DA
&Th
LDA

STA

Clo0,Y
GLO0,Y
C200,Y
4108

COSa
#FF

#HBO
OEFE

LDA #
5TA I

L.DA
STA
L.DA
S5TA
CLI
L.DéA
STA
1.DA
CHMF
BNE
LLDA
gSTA
LDA
L.DY
L.DA
S5TA
LDéA
S5TA
DEY
BNE
1.DA
JEBR
RTS

5TA
8TX
5TY
FHF
FL.A
STA
TGX
8TX
RTS

LDX
INX
INX
TXS
LDA
FHA
FLP

#CO

#86
CoODo
=D

ZE
41739
#HB7
CoDO
COSE
HFF
C1oo,Y
QOO0 Y
200,V
O100,Y

4149

COBa

4170

ES
E&
E7

Eg

EY

E?

£g

ssave stack

s RAM bank switch off

s IRE/ 2546 .
s IRGE vector LSByvte
5 LTRE

s TRE vector MSByte

s Enable TIMERs

: Loop witil data input buffer

;i Stop TIMERs
; Routine for turning back to
¢ Mlaster Frogram

1 Register saving routine

i Register retrieving routine

&4

full



4180: ADCIRE

MIOTR (42007

MOTMMI:

LDY
LDX
LDA
RTS

BEI
FHA
LDY
LDA
STh
LDA
CLE
ADE
STA
LDA
ADC
STA
FLA
RTI

LDA
5TA
LDaA
85TA
LDA
SThA
LDY
sTY
RTS

SE1
FHA
FHP
TYH
FHA
LDY
LDé&
8TA
INY
L&
S5Ta
INY
LDA
STA
INY
L.DA
8Ta
INY
STY
FLA
TAY
FLF
FL.A

E7
Eé&

ES

HOO
cong
(EOH Y

A0
#Had
=20
A
HOO
D

#40
OiEFR
HBO
OEFC
#42
GIEFD
#OO
47

47

G000 ,Y
COoDA

EO00, Y

CoDA

HOOO,Y
Coné&

S5O00,Y
cop7

47

[CT IR TN IR 21

The IRE servicing routine which
reads data from ADC via FIA and
saves it to the data buffer
ADODOH — BFFFH

s JMP opocode

i NMI vector LSByte

s NMI vector MSEyte

“xa @y BT gy ID

The NMI servicing routine to drive
the STEFFER by its direction and
step codes and also generating the
naext NMI period by weiting to the
TIMER latches



D1aDE (4300H) ¢

DACHMNMI:

RTI

LDA
STéh
L.DaA
8Ta
LDA
5TA
LDA
S5Ta
LOA
516
LD
5TA
LDA
85TA
L.DA
5TA
LD&
aTh
l.DA
STh
LDa
STH
DY
SET
LA
&5TA
LDA
CMF
EBNE
JHR

FHA
LDA
8Ta

LDé& 3

CLG
AT
5TA
LD
ALC
8Té
M
BNE
DA
aTa
FL&

RBTL

LDA

. 8TA

LDA
5TaA

#4C
CGAEFB
#$E0
OEFC
s
OEFD
HOD
A

Z0
HCO
EE
#HOO
CoDl
#42
CoDG
#01
COD1
O
CObhé
#$FF
CoD7
HOO

#HOO
CoODO
zD
EE
4EEG
4144

4ETE
#O1
CobD1

4TZE
COoD&
H#FF

Con7

‘3e ‘RE ez ‘AR

‘ap AT

The routine to enable Timers to
genarate NMI periods for data.
output from data buffer ARVOOH -
BFFFH via BAC

NMI servicing routine for

data output

b6




FE e I I I I S I I K I

FL.A
RTI

This subprogram uses built in screen RAM area which is

bit~

mapped. This area’s beginning adress is 2000H and the problem

assocliated with the mapping causes to manipulate some

arith-—

metic operations. For a descriptional mapping see fig.E.l.

This routine retrieves data from SO00H-BFFFH and displays it.

LDA
5ThA
5TA
8TaA
8TaA
LD&
5TA
&8Ta
DA
8TA
LDA
8Ta
L.D&
STA
LDA
5TA
CLe
ADC
5T
JER
LDA
8TéA
LDY
LDaA
EOR
LER
L.BR
Tay
LDA
5Ta
LDA
85TA
TYA
AND
CEER
LSR
L8R

HFOO0
A0
ZE
40

e
Ty

HZ20
O
3F
HAO
41
#CO
42
#0O8

ZE

LT
il

#01
21
FC58
HO1
4%
HOO
(40 Y
HEF

FE
EC
AF
D

&7

LER
LSRR
FH#A
BCC
LDA
LG
abe
5ThA
FLA
S10I
aTa
TVYA
£ND
a5l
ASE
ARG
S5Ta
L.D#
LDY
ADC
STH
INC
BNE
INC
LDA
CHF
BEG
MGl
BOGC
INC
LDA
ChHF
BNE
L.DA
STA
BEG
LDA

4450
#HBO

1
3C

D
ED

#O7

=D

D

47
HOO
{2y
(I Y
40
447732
41

42

41
44634
4%
4420
ZE

441
HOO

ZE
441C
#O0

I I

¥ I




[200)
32086
32160
$2188
119
$2288
82309
_$088
31028
$I8A8
52128
32148
$2228
12248
$3328
$23A8
¥
$26D8
§2158
32108
$2158
£2200
32338
$2308

#1192
8328
8448
8578
BT84
LLEM]
8968
9888
07z
8368
8448
8616
8744
§872

9128
81712

KLl

8528
7313
8784
8512
Gp4e
Gi6h

STA
DA
8TA
L.DA
STA

RTS

FiSEIREREEITURNY

20
#28

bl
-

#18

e
e

e mer me BN DI SR ERSIRRACRALARRIDR

In 2ech bon.

- Cje teem

(T e seees

(ToTT T T v sasss

7 e wes

[ Jeeds si652

{750 srese

T T eres viEm

U R He

Fig.E.1 Fap of high resolution graphics mode
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APFERNDIX F
QUTLINES OF CALCULATION OF DEFORMATION DISTRUBUTION
IN A CIRCULAR MEMBRANE

DEFORMED BY A 8TYLUS

Assuming  the menbrane has to overcome the intrinsic forces

given in  Tig.E.L1l, the general elastic owrve eguation ocan  be

applied to this membrane which 1w

a = - Me
(E. 1)

du? E I
where E/ig the elasticity constant, I is the moment of inertia.
The bending moment Me, can be edpressed asj
F od@

r:;rr
ol

(E.2)

Me =
and the moment of inertia

() &° dgp
(E.5)

12
where § is the thickness of the membrane, F is the applied {force,
R is the diameter of the circular membrane, v is the diameter of

f o ow

the stylus. The boundary conditions for the eg. EJl is s

® R — = () (B, Za)

i

= z o= 0 ' (Ea B

By substituting Eg. E.2. and Eg. E.3 to Eq. E.1

a?z ~ &F ( , )
L= (E. 4}
du? ETT53 Fe—

69



wihere 1t 1s evident that the elastic cuwve is  independent of
angle. By integrating this equation twice and by taking into
consideration the boundary conditions E.Za and E.3b and by

arranging elastic cuwrve equation can be found as;

& e |
Bo= 3 [ o o i~,‘:~:1r1l {(E.5)
-5 I
s & |
This gguation is invalid when o > K-y since the meabrane under

tihre stylus mustnot be deformed because af the stiffness of  the
stylus. Therefore the region between R-r < 2 4 R is to be
considered as a solid line parallel to » axis. The z coordinate
af the function of elastic curve can be calculated by substitut-

ing R-r  to the expression E.0 instead of  w. The deformation

distribution of the membrans can be expressed ass

&
o
2
i
pes
ol
4]
I
"
=
-
B
Qs
i
|
¥

!
g
o]
foot
o
H
-
e
<
14

wherae S(x) is the lins integral of

as
& ( (.71
Where

+ Rinfr |- r] (£.8)

The solation of this integral can be done by numerical methods.
Thus spatial deformation distribution of the membrane resulting

from the peal éhange can be evaluated.
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Fig.E.1. A schematic of the circular membrane showing intrinsic
forces and moments,
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