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ELECTRO-OPTIC SPECTROSCOPY AND CHEMICAL MODIFICATION
OF NERVE AXON MEMBRANES
Peter Gwan Pa Ang
Laboratory of Chemical Biodynamics
Lawrence Berkeley Laboratory
University of California

Berkeley, California

ABSTRACT

The optical retardation or birefringence of the nefve responds to
perturbation of the membrane potential as detected from the changes in
the intensity of polarized light transmitted through the nerve. The
‘technique developed far separating the total transmitted light intensity
changes into a pure retardation component and a pure forward direction
scattering component involves introducing a quarter-wave plate into the
optical system. The absolute magnitude of the retardation change is
calculated fromvthe geometric average of the relative light intensity
changes at two different orientations of the phase plate. The signal
to noise ratio is improved by the use of a computer averaging system.
Transient changes in the phase angle of the optical retardation of the

order of lO-5

radian can be detected.

By applying positive (depolarizing) and negative (hyperpolarizing)
voltage pulses (50 mV) threugh'two pairs of external electrodes on a
small bundle of lobster walking leg nerves, the membrane potential is
perturbed transiently. The resting potenﬁial is normally about -70 mV,

> V/em across the

which corresponds to an electric field of about 10
membrane. An attempt is made to investigate the molecular structures
that may be responsible for the voltage dependent retardation change,
A® . The magnitudes of A as well as the static retardation ®p ,

before and after a chemical modification, are compared.



‘:‘

'Increa,sing the concentration of potassium ‘arid/or calcium results
in a decrease of A® and ©p. In calcium-free medium lowering the
pH results in an increase of A® with little effect on ®,. However,
if calcium is present in the medium this pH induced increase of a®
is ‘only small. This is then followed in time by a rapid decrease of
both A® and & - Treatment with high pH (above pH 10.5), | phenyl-
glyoxal, and protein. denaturants (HgClg, N-Ethylmaleimide, para chloro
mercuribenzoa.te)' reduce both A® end ®p . Glutaraldehyde also reduces

A® significantly but increases ©, slightly. Ur'é.nyl ion, which

binds strongly to the phosphate head group of phospholipids, does not.

have any effect on A® and ®,. Other phospholipid modifiers, includ-

' ing' phospholipases and detergents, reduce A® with relatively 1little

or no effect on @ . The decrease of A® in this case could be due
to a general disruption of the membrane structure.

Among the cholinergie compou.nds, acetylcholine has an interesting

effect. In the regular saline solution it strorngly reduces A® and @o.

However, in calcium-free saline it increases A® with no effect on € .

thus resembling the effect of low pH. Other chol_inergic compounds
bearing quarternary amines have no signific’:la.n‘t effect on the optical
reterdation. Eserine and nicotine decrease A® quite strongly 1in
the vr‘egular saline. However, in calcium-free solution they increase
A® with relatively little effect on @,.

Local anesthetics and barbital sodium are able to induce a large

increase in A®and &y, especially in the calcium-free medium. The

increase in ©p indicates a loss of the negative retardation component

of the nerve, which is likely caused by the disordering effect of the

drugs on the lipid structures. The increase of A® is believed to be



aue to an increase in the fluidify of the meubrane. In the regular
salihe solution calcium usually interferec and causes a 7Tapid de-
crease of both A® and O,.

Ouabain, an ATPase inhibitor, gradually increzses A@ with lit-;
tle effect on ®g . ATP itself has relotively little effect.

The increase of A® induced by eserine and nicotine suggests the
involvenent of a cholinergic binding macromolecule, located at the in-
temal surface of the mezbrone. Some ot?g-er‘ drugs, e.g. ouabzin and
local anesthetics may also interact with it. It is sugrested t}:a'tA@‘
mgy be associated with an electric field induced displacement of a
positively charged'guanidi_niwn groun thet is & part of tlhie macromole-

cule.
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¥ .



U 589

DEDICATT O

- To my parents.



ii

ACKNOWLEDGEMENTS

I iould like to thank Dr. Melvin Klein and Prqfessof Melvin Calvin
for their guidance, advice and support of this project. It has been a
great experience for me to work in the vwell-equipped and diverse lab-
oratory of Chemiéal Biodynamics. I appreciate the suggestigns given
by.Prof. Cornelius Tobias and Prof. Kenneth S. Cole. I ﬁlso thank
Dr. Chailes Wade and Dr. Sue Kohler for reading the manuscript.

To Dr. Michael Kaplan for introducing me to the optical studies of
nerves and for showing how to handlé-lobsiersiand the nerves. To E4
‘Zeldin 6f the Great Atlantic Lobster Co. for providing animals.at less’
than regular prices. I am grateful to Gary Smith, Mike Press and Ferenc
Kovac for their'expertisé in building, modifyihg and maintaining mucb
of the necessary electronic equipment.

I thank Dr. Ed Bennett, Michael Hanley and Hiromi Morimoto for
many'helpful discussions and supply of chemicals. I am also grateful
to Paul Hayes and William McAllister in obtaining materials, to Dick
0'Brien and Cees Degroot for their skillful help and to Evie Litton for
the drawings.

| I would also like to thank Dr. David Goldman for awarding me a
fellowship to attend the training program at the Marine Biological
Laboratory in Woods Hole, Massachusetts.

I would like to thank the support of my parents that has kept me
going. I am also grateful to the understanding, patience and encourage-
ment of my wife Peggy.

| This work was done with support from the U.,S, Energy Research and

Development Administration.



| ELECTRO-OPTIC SPECTROSCOPY AND CHEICAL MODIFICATICN

OF NERVE AXON HBYBRANES

CONTEITS

1. INTRODUCTIOW

II. ENCITABLE MEBRANES
A. Electrophysiology -
B. lodels

C. Spectroscopical Studies

ITI, ELECTRO-OPTIC SPECTROSCOPY
A. Optical Retardation and Birefringence
B, Mzterials and Methods

C. Results

IV. CHEMICAL MODIFICATIOR STUDITS
’ A. Chenges in ‘thve Ionic Composition of the Bathing Medium
1) Potassium a;nd Celcium
2) pE depen&ence
B, Protein Reagents
1) Phenylglyoxel
2) Sulfhydryl Reagents

3) Glutareldehyde



iv

- CONTEITS: Continued)

C. ¥odification of Phosvholipids
.1) Uranyl Ion
2) Phospholipases
3) Detergent
D. Cholinergic Compoun'ds
1) Acetylcholine Group
2) Anticholinesterase
E, Locé.l Anesthetics and Barbiturates
F, Modification of ATPase
V. DISCUSSION AND CONCLUSSIOQNS

VI, APPRIDIX

VII. REFERENCES



I. INTRODUCTION:

The électrophysiological characteristics of ion-permeability con-
ﬁrol in excitable 'membranes are becoming increaéingly clear. The
macrdscbpic ‘phenomena accompanying the action potential in neural mem-

. branes have been described in detail for some time now. Membrane cur-
rents of voltage-clamped squid giant axons“have been analyzed by many
investigators (Hodgkin and Huxley, 1952; Cole, 1968; Armstrong and-
Bezénilla; l97h). Hbﬁever, the molecular mechanisﬁs reéponsible for
these’mécroscopib'events ére'still vague. The .identification of the
biochemical constituents involved remains relatively unexplored. The
' discovery of' pharmacologicél agents, most notaﬁly tetrodotoxin ’énd

| tetraethylemmonium ion, that block either the inward or the outward

‘current with a‘Qery high degree of selectivity, have greatly aided the
elecfrophysiological studies. There are many other drugs, e.g. local’
anesthetics, that are able to affect Both‘fhe,inward énd outward -cur-
rents. . The éhemic#i interaction of all these compounds with excitable
membranes is, however, not well defined. To this aspect, Spectroscop- _'
ical experiments may éomplement the electrophysiological studies - of
nerves. | |

In this thesis the électrogoptical properties of nerves - are in-
vestigated. The birefringence or optical retardation changes of nerves
have been reported by several groups (Tasaki et al;, 1968; Cohen et al.,
1968-1973; Berestovsky'et'al., 1969; Sato et al., 1973; Kaplan, 1972;
Keplan and Klein, 1974; Watanabe et al., 1973; Ang and Klein, 197h ;
Von Muralt, 1975). The source of the birefringence change is still
obscuré. The axon has many different compoﬁents and it is therefore

of interest to identify the molecular species that are involved in the



retardation changes. The'research described in this thesis involves
chemical modifications of the lobster nerves. The resuliing changes
in their optical retardation characteristics are exgmined.

This thesis is divided into several parts. The first part con-

tains a brief description of excitable membranes. Nerve and artificial

membrane models are discussed in some detail. A review of the electro-
physiologiéal and spectroscépical experiments 6n nerve is also pre-
sentéd. The technique of electro-optic spectroécopy vis pfesented ir
detail. The use of a quarter-wave ?late in order to impro#e vthe sig-
nal to noise ratio and to‘calculate the statié retardation as well as
the magnitude of the field induced retardation changes 1is explained.
Datea are presented, showing the effects of treatingvthe axon with
different éation compositions (variation of potassium, calcium and pH),
protein reagents, phospholipid modifiers, cholinergic compounds, local
anesthetics, barbiturates and ATPase modifiers. The fesults are dis-

cussed with respect to the various mechanisms that can be postulated to

explain the changes in the optical retardation properties of the nerves.

The results of a few voltage-clamp experiments performed at the
Marine Biological Laboratory in Woods Holé, Massachusetts are included

in the appendix.

v
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II. EXCITABLE MEBPRANES

A. Electrophysiology

A neuron, or a nerve cell may be generzlly described as having

these basic functional wnits: the soma, the dendrites, the axon and the

synaptic endings. The sama, or perikaryon, in many respecis reseudbles

the cell bodies of less Spécialized cells. The unique function of the

neuron, that of transmitting infomation from one part of the orgenicn

. to another, is made §ossible by the unique nature of the branches thot

extend from the soma. Th@e are of two 'bypes,’ the'dendrites and “the
avon., Dendrites are relatively short structures found on all neéuronsl
cell bodi&':. They sei've as sites for inconing :‘.nfo:mat'iﬂcm and they
have many synaptic comections with other neurons, The axon seres as
e self amplifying caﬁle for long distance intracellular communication.
A voltage spike or an acfion potential trevels the length of -'-thg axon

until it reaches the terminal, where the axon makes synaptic catacts

with another nerve or a muscle.

411 living cells possess a mexbrane, Membranes are generally can-

posed of proteins, phospholipids, cholesterols, carbohydrates, and also

combinations of these as-glycoproteins and glycolipids. T h e ‘nerve

axon can be simply resprded as & long cylinder - of plasma mem-

brane with -electrolyte solutions of differing ionic coxnpoéi‘tions

- on the inside and outside. The ionic concentration grdadiemt across

the membrane is main‘ained by & chemical energy-dependent selective
active transport of Ne* ions outward end K+ ions inward. ThisNa’ -r*

punping is not related directly to evcitability and will not be dis-

cussed in further detail.



The interior of an axon is an aqueous electrolytic gel
having epproximately the following ionic concentration: (Na+ )2 60 mf,
(k" )2400 m, (€17 )= 40-100 m¥, and otker anions such as isothionate

"and aspartate in concentrations yielding an eléctroneutml balance.
The axoplasn contains an extensive network of axially oriented
pmteinaceous neurotubuies and neurofilaments (Metuzals end Izzard,
1969). The bull of the axoplas: is apparently not directly involved
in action potential propagation, since most of it may be squeezed
out of a squid giant axon and replaced with electrolyte {such as
potassium fluoride) without detrimental effect ! sec review Ty

Cilbert,1°71). The exterior saline solution concentrations are

epprovizately: (Na¥)= 460 mr, (%)=10 mt, (Ca'*)=50 m, (i’ *)=10 mr

and (C1 )= 340 m:. Between the inside and the outside of the axon
ohe can measure a potential difference of about =70 mV, the resting
membrene potential. This potential can be approximated by the Coldaan-

Hodgi;_i.n-Katz equation (Goldmen, 16435 Hodgkin and Katz, 1949):

v . ' . 4 -, + -
- wow=R (K )o+(Na' ) Pyo/P+(C17 ) Py /P
ay = i FV°" F1° - . Prg/ Py +(C17 ), Poy /Py

This equation takes into account the permeabilitydf other ions relative
to the permeability of potassium, Because the resting menbrane is

more permeable to k*ions than to others, the resting membrane potential

stays close to the potassium equilibrium potential. The origin of the

menbrane potential can be very complicated, particularly if one
considers the effects of fixed charges on the membrane surface.
The potential profile in the membrane and the contributions of the

surface potentials to the membrane potential have not been well

A4
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w‘cablished, but quite a number of investigatbrS have applied the ‘
fixed charge theory to biological m’enbranes (Gilbert, 1971; Ohki, 1.973)'
- By changing the ionic composition of the inedia, or by pe.ssing
currénts across the meibrene, one can depolarize or hyperpolarize ‘the
membrane potential ,_b i.e. making it more positive or more negative

respectively. A threshold potential is the membrane potential ebove

“which en all-or-none action potential is produced and below whick mme is

produced. The action potential of the axon is & pulse of gbout 100 mV
in amplitude and about 1 msec in duration.. This self-propacating
information travels along the nerve in the form of a moving region of

locally depolarized nembrene.

B. Models

| Nunmerous models for the excitable membrane have been proposed.
These models can be useful since they may suggest new el ectro-
physiélogiéal, spectiroscopical and biockemical tests whose results
may né,rrow the field in model competition. The test of a mathemztical
or vphysi‘.cal mode]." for membrane excitation is not only whe‘l:hef it
satisfies el ectrophysiological characteristics, but whether it makes
chenical sense, i.e. it must be consistent with thevbiopbysical and

biocheznical prop.erties of the excitable membrene.

1) Eodgkin-Fuxley Model (1952).

Theii model was based upon the “sodiu_:n hypothesis" which stetes
that the action potenfial oﬁershoot is due:-to an :f_rl»i‘luxl of Na"vions
during the initiel phase of the action potential. Hxperimental
support was given by their wdrl; on the giant axon of the sciuid us.:'.ng

the "voltage clamp" technique. It was found that upon plaecing axial



~current and voltage electrodes into the interior of the axon, it was
poss_ible to i‘ix the voltage across the membrane using a network of
feedback amplifiers, and then measure the i‘esulting transmembrane
currents (see also Cole, 1968). Then the membrane potential was
clanmped to a depolarized level, en initial transient inwerd current,
followed by a steady-stete outwerd current vas detected. The trensient
inward current was identified as the sodium current, since its
magnitude was dependent upon the external s’ concentration.
Experiments using racdioactive tracers have showm that the steady-
state outward current is dﬁe to a K+ flux thro@ the inembr:me in &
low-resistance siate.

The Hodg}'.in-ljim:lrey model stated tiat the permesbilities of the
metbrane to Na+ and K* ions are specific and irxd’e:bendent of each
other, and that these pexm-eébilities are explicit; smooth functions
of voltage and time. Iohs pass tkrouwgh the menbrane by way of
“"chennels" or "pores" and these pores are controlled by membrene
m*oleéules vhich serve as "g,ates"._ These Ejatiﬁg moiecuies are
postulated to be charged or have dipole moments, which makes their
conformation sensitive to.‘ the electric field in the membrane.

The chaerge movement associzated with changes in the electric field, or
"@tmg current" should be measurablé. Hodgkin ahd Huxley were
unable to detect it in their experimelnts. }However, by combining the
techniques of intemal perfusion, voltage clamp and signal averaging,
Arustrong and Bezanille (1974) and Keynes and Rojas (1974) were atle
to memsure the gating current a.ssociatéd with the sodium channel.
The gating current showed up as an out@rd current rising mpidly

to a peak on depolarization of the membrane and then declining
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exponentially to zero, followed at the end of the depclarizing pul’se
by én ihward' surge of current with a _similar time course. The cherical
xiatu.fe of the gating molecuies have not been well established.

In geneml, the Hodgkin-Euxley model provided & fairly complete
description and anzlysis of the voltage 'cla}np cuﬁents of the axon

mewbrane along with »a"- demonstration that the action potential could

~be calculeted from the model formulation using the cable eguation.

The formulation was partly phenomenoclogical and in a number of places
detailed equations were given which were purely empirical. This model
is by far the most quoted of all, and experimentzal resulis are usually

phresed in teras of the model's :cthemetical parameters. An objecticn

1o the sodiux hyvp'otheSis of the Fodgiin-lwdey theory was reised when

Taszzi (1968) found that apperently nomal action potentizls can be
generated with & cdivelent cation ertemsl solution and a2 sodium phos-

phate intemzl solution.

2) Tasal:i Model (1963)

The excitable meubrene of a nerve cell is considered 1o be comi-

'

posed of macromoleculcr compleres of proieins end phospholipids.

In the physiological pE range the émphoteric nature of such macro-
mol ecul es reél;lts in an excess of negative chorge within the ertemcl
membrane layer and also on the inner surface of the anon membrene.
The charge le.yer‘ mex es ‘the membrane act like an anion-impemeable
catidn véxchanger, able to exchange equivalent amqunts of catibons Tith
the electrolyte media contiguous with the membrene surfaces. Tesaii
has emphaé.ized the indis?a’xsability ‘of divalent cetions in the ex-
temal medium, In'the.resting state a.nioﬁic sites in the membrane arc

‘pzfi.xnarily occupived by divalent catioans such as ca**.



Ecci‘cation is initiated by an outvard flowing stimulating current of
monova.l‘ent cations, which replace the divalent cations on the anionic
sites. When a critical univalent/divalent ratio is reached, a coopera~
tive phase transition :.n menbrane macronolecules occurs. The mambrane
macromolecules are believed to have two stable stat.es. Excitation is v,
visualized as a phase transition of the macromolecular complex from

a stable "resting" divalent catiop-rich stafe to the depolarized,
wivalent cation-rich "excited" state. The phase trarisition results

in drastic changes in membrane selectivities, increases in the densi-
ties of charéed sites participating in cation exchange and increese

in the'wa;.ter content. As a consequence the meibrane conductance for
ell cations increases' drastically and the potential change observed
during the action potential ensues due to the interdiffusion of cations.
Adjacent membrane patches will be similarly excited by outwerd flowing
counter-currents to the net inward current dur_irig the excited state.
Termination of the excited state occurs as a result of the inward
diffusion of divalent catiéns and their recombination with the anionic
menbrane sites, r_étu:r‘ning the nembrane to its low conductance resting

state.

3») c eux Model

Changeux et al. (1967) have discussed certain general aspects of
the cooperative interaction between micellar units, poésibly consisting .
of lipoprotein, arranced in a two-dimensional lattice. The treatment
is general and largely phenomenological. One can show the possibili-ty
of "flip-flop" transformations between conformational states.
The theory became the basis of a model by Blumenthal et. al. (1970),

in which the two states are characterized by a discontinuous change
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in the affinity and pemeability of some ionic or molecular species.

4) Adam Model

The use of cooperative phenomenz as a basis for excitability has
also been developed by Adam (1968) based on a lattice of cation ex-
changer uhits_which bind or relesse calcium compefitively with sodium,
thereby controlling the ¢urren£ flow. This also leads to ; "f1ip-flop"
systeﬁ.and'limited attenpts have bgen made to calculéte some‘aspecté

of the voltage clamped current curves.

5) Wobschall Model

Wobschall (19638) has involved the idea of electrets of phospholipid

dipole domains., This is another example of an approach based on a

‘'study of cooperative interactions. He has expressed his idees in

analytical form and has carried out some computer simulations of
_ . . , _ v -
changes in Na  and K conductances as functions of voltage that closely

résemble'those found experiﬁentally in both action potential propaga-

tion and in voltage clamp situations,

6) Tobias Phospholipid Model

Tobias (1964) has proposed a model similar to Tasaki's. It is |
hypothesized that outward flowing cationic currents drive pota#sium‘
from the axoplasm into the membrane vhere it*displéces calcium f:om_
the polar carboxyl and/or phosphate groups of phosphatidylserine.

The phospholipids then undergo an orientational change, inducing a

conformetional change in the lipoprotein membrene structure which is

expressed in the electrophysiological properties of the excited state.
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7) Wei Transistor Model

| Another model which also places heavy emphasis on the role of
oriented phospholipids is that of Wei (1969). He has s_uggestedvthe
use of fra.nsistor mechanisms as an analogue of menbrane excitation,
due to the fact that the membrane has many properties similar to those
of se'niconductors.v Brecitztion is iniciated by 2 foltage induced
.',‘_flip-flop" of ‘thé oiiented* phospholipid head group's eléctrical
dipoles, which lowers the ﬁote.ntial energy barrier at the m'em’;)rane
surface, thus allowing the Na' ions to flow 'along their electro-
chemical . potential gradient. A description of the EY fluxes is not

. . . .. +* .
given, nor is the role of Ca = ireated.

8) Goldman }ogel

Ggldma.n' (1964) has postulated that the ion fldw control mecha-
nisn incoi'porates an effective dipole whose rotation under the |
 influence of the electric field opens or closes the appropriate ports.
The conformation of a macronolecul e cﬁtically involvea in excitation
dépends upon the electrostatic atiraction betweél the singly-charzed
positive and negative ends of the dipole, assumed to be connected by
a flexible molecular chain. These charges attract each other when
no counter-ions are present. They do not interact when the negative
charge is electrostatically bownd to & wnivalent cation, and theéy repel
when the negative charge is bound to a divalent catiom. Goldman
assumes that the resting potential across thé membrane térxds to keep
the positive ends of th.e:dipole buriied in the membrane in a mode that
gives preference to the binding of Ca*™ at the anionic sites. Depolar-
ization allows the dipole to emerge from the membrane, release Ca**

‘and bind Ne* and then K' in successive conformational states.
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By assigning a specific affinity for I\'a’ y ¥ or Ce ~ 1o eack of these

conformations, as well as appropriate electric field-dependent ratie
constants for transitions between then, a mathematical model which

predicts a lot of nhysiological daiz cen be worked out.

9). Weiss Spring Model

Another mocdel whrich assumes tlat linooroteins can act as exchange

"sites for monovalent and cdivalent cations has been proposed Dy "eiss

' 1969). The model eavisions the tide portion in a spring-like
P

helical conformation wiich is contracted in the resting state, with

et ’ . X : . :
~Ce” " bound to outer sitec and k¥ bound to imner sites. 4in outward

stimulus current displaces the bound ot y Which e&llows ithe soring
.+ Vs » . . 1o .
to expand to a lia seicciive confornmation thereby increases its per-
e LR S e e ; Ceav .
mecbility. Ce = diffusc~ bazh into the merbmne with MNe', caurin:s
trc sorings to ricontrzct into a confomation favorable to bingding

s 4
I

ané passage of ¥ ions. The K~ current displaces ca'*t from the inner

cites to the outer sites, znd the menbrane thereby reverts to the

L X4

10) Nachmansohn icetylcholine Recentor lodel

A complex, multi-reaction model involving acetylcholine as the

essential trigger for excitation has been proposed by Nachmansohn

(1959).  Eis chenical hypothesis of nerve excitability has energed

from biocherical and electrophysiological studies. It is postulated

‘that scetylcholine is present witLin the excitable membrene boun¢ to

a storage protein. n vexcitatio‘n, acetylcholine is released within

- the membrane and initiates a series of reactions leading to a large

amplification of the normal subthreshold activity. When released
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from the storc—.ge site, acetylcholine is translocated to a receztor
protei_.n, inducing a conformational chance. Thié corformational clunge
is assuned to release Ca' ioné, vhich are bound to the _I'eceptof in
the resting condition. The released catt ions act onv the elenents in
the gatevey, producing the changes that pezﬁit the flow of ians. Tho
conformational changé of thei recentor protein is assu.ﬁegi to 'L'zmmj—- v
locate acetylcl'loline. to an acetylcholinesterase enzyne. Thne acetyl-
choline is hydrolyced, and the recepstor retums to its original con-
fézmation and agein binds cat ions; f’:zus the barrief for ion move-
ment is reestablished., It is assuned.'tha‘t the three pfote:’.ns, the
storace protein, the receptor proiein and the enzyme protein, are ii;-
terloc?»:"ed in a compl ex w"::ich is located close to the Eﬁatem-é;y througsin
wiich the ions are supposed to move cduring activity.
An e;tt‘empt at an intecral model of excitability was made recenily
by Neamann et al. (1973, 1374) on the basisioi‘ the classicel chemical
model elavoreted by NHachmansohn. The integrel model is an sattemot
t§ integrate much of basic da'ta‘ of biochemicagl and pharsaco-eleciro- .
physiological studies bn excitadble m?::b:mze. Some fundamental cawests
are introduced: 1) the notion of a basic.excitation unii, 2) the as-
sunption of an acetylcholine storage site particularly sensitive to
the electric field of the excitable membrane, 3) the idea of a con-
tinuous sequantial translbcation of acetylcholine througch the clhdlinegic -
protein (aceiylcholine cycle). The key processes of the model asso-
cigted with ercitation are formulated in terms of a series of cherical
reactions. Supporting thelr model is evidence tiat acelylcholinesicrase
is localized in escitable membranes, and thet acetylcholinesterasc

inhibitors block enrcitation in several types of nerve fibers.



In this thesis, the effects of some cholinergic compounds on tie

electro~optical properties of the nerves will be studied.

"11) Artificial Membranes

Excitability is a me*nbra_rj.e phenomenon, thus it is not limited
only' to nerwes and muscles, but it can also be found in many other
systems. Spike electirogenesis by chloride act'i\}ati on occurs normclly
in the fresk water algae Chera ané Nitella (Gafiey ang Mullins, 15758;>
¥ullins, 1962). A protoplasmic drop isolated from an 'mtemodal cell
of Nitella ca: becoze electrically excitable in a solution of appro-
priate electrolyte composition (Inoue et el., 1973).

.SeVeral comrounds ovi‘ fungel or bacterial orifin, e.g. ED (-
citability Inducing I.htefial), eglamethicin, monazomycin, c@ ,réedily
incorporate into prefomned artificial membrancs made of planar iipid
bilayers, ané generate volta,gé—dependent ion conductances (Imeller
and 'Rudin, 1968; liueller, 1975). Alamethicin hes a compler behavior
in the presence of protamine, where action potentials can be evoled.
Since the kinetics for the geting mechenism in all exciteble cell
membranes and also in the artificial bilayers are identical, lueller
(1975) bélieves that the mechanism by which the mesbrane opens axd
closes for the flow of ions is eésm‘cially the same in ail cases,.

He has proposed a model in which the gating involves the voltage-in-
duced insertion of all or part of the translocator molecules from the
mexbrane surface into the hydrocarbon region and their subsequent egc-
eregation into open ch r*;els by laterzl diffusion. The long axis of
the translocators is assumed to span the hydrocarbon region forming the

walls of the chennel like the staves of a barrel. 'This model is attrac-

tive, since the proposed mechanism should be able to cause rather dras-

 tic changes in the optical properties of the membranec.
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C. Spectroscopical Studics

To conplement the classical el ecirophysiological studies, many
investigators have attemptied physical studies of excitable membranec.
The goal is to detect and understand functionally related changes in
the structui‘e of axonzal membranes. The ph;;rsical' studies in general
fzll into two categories, optical and magnetic resonance studics.
The optical studies include the studies of changes in ulire - violet
absorption (Yayusiin et al., 1960; Mararov and Yrasovitstaye, 1270),
changes in infrared absorntion (Sherebrin et 2l., 1972) and heet enis-
sion (Abbott, 1960; Lowarth et a2l., 19068), changes in intrinsic flu-
orescenze {Uncar and Ro;aano, 13625 Landowie and Ritchie, 1071), ¢! ".._;'a?
in exirinsic dye fluorescence and in fluorescence polar_zatiorn (Cohe:
et al., 1973, 1074; Tesaki. el al., 1%75), changes in dye absorriion
(Ross et al, 1374; Wagconer, 1676), chances in FReyleich linewidikhs
of in asticelly scaitered laser 1ight (Fritz, 1975), clenge in light
scattering (Cohen et el., 16722, 1720, 1975; Tesaki et al.,1968, 1975) ax
chonges in onticzl retardation (see introduction). An excelleit re-
view and discussion of many of the proposed mechanism for the opticzal
' changes is given by Cohen (1973) and also by Tasaki (1975).

I&agngﬁc resonance spectroscopy on nerves have been attenpted
using the electron spin resonance (FSR) and the nuclear magnetic reso-
nance (IR) svectromnters, Hubbell and McComnell {1942} have done -
evvioretorv study of the structure of & number of biologiczl membranes,
using the spin label 2,2,6,6,-tetramethylpiperidine-l-oxyl (TEPC).
The ISR spectra showed repid tuubling of the label in nerves. | They
concluded thet the ercitable menbranes contain liquid;like hydro-
phobic regions of low viscosity. Calvin et al.' (1968) have explore

.the behavior of pair interaction in biradical spin labels incoroorated



in nerves. The spectrum of one biradiczl indicated fhat‘it wes dis-
solved in a liquid-like hydrophobic region of the nerve. The IR
spectrum did not changé during action potentiéls, érobably because
the label was bound at sites where no structural changes occur during
nerve excitation, Different types of spin labels have been incorpo-
reted in the nerve as local anesthetics (Ciotte et al., 1973). They
conclﬁded that durations of anesthesia and ability of theidrug to par-
{itioﬁ into the hydrocarbon region of the membrane are rélated. An-
other label has been attached to sulfhydryl éroups of the nerve to
detect chemical-induced protein confomational shift (Giotta and Tans,
1973). Turther research is needed to detect potential-induced changes
in the ESE stectrum. A strange ESR signal in nerwes have been oise:rvec‘;
as a result of mechanicgl injury of the nerve (Commoner et al., 1969),
The g-vélue depends on temperziure and orientation suggesting ferro-
magnetisﬁ in the sample. Uninjured nerve lacks the ISR signal.

In récelt years, nuclear magnetic resonance (MYR) snectroscopy
has been anplied to the study of nerve tissues (Prits and Swift, 1967;
Chapman and lclauchlan, 1967; Klein and Phelvs, 1969; Dea, Chan and
Dea, 1972). Most of these studies have been concemed with the state
of water in the nevve. In ad&ition to the strong water signal:,_Deh.et
al., (1o72) have obsefved several relatively sharp, altﬁough wealer,
resanances that could Ee contribuféd by the protons of phospholipids
~and cholesterol. A chahge in NKR spectrum of proton or other nuclei
- associated with the action potentiél of the nerve has never been re-
ported. If this can be detected, it may reveal a lot of specifiC'in-
formation about changes in thé local environment of the menbrane

during excitation.
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Unlike some other spectroscopical signals (extrinsic dye fluores-
cence, ESR) that require the incorporation of labels into the menbrene,
the changes in the optical retardation origi;z;;te from the nerve i_téoli‘.
An exact interpretation of signals originating from extrinsic labels
is difficult, because the binding sites of many of these labels in tre
nerve have not been well characterized (Conei, 1973). 1In this thresis
an attenpt is made to investigete trne molecular origin of the voliazre
devendent changes in the optical retardation. The cheanzes J.n the e
lectro-optical proverties of tlﬁe nerve following a chemical modifica-
tion will be studied., Tie details of the technique is described in

the next chapter.



.
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ITI. ELECTRO-OPTIC STECTROSCOTY

A. Optical Retardation and Birefringence

. The ihdex of refraction of a birefringent material depends upon
the orientztion of the plane of polarization of the traversing radia-
tién. This type of optical anisotropy élso‘means {hat the velocity of
light in the medium will depend upon its polarizatioh. In general,.
linearly polarized light incident on such maferial will have ite state

of polarization preserved only if the plane of oscillation of the

electric fiel¢ vector is oriented in either of two mutuzlly perpen-

diculér directions, called the principal aies. Tach of these two
directions is characterized by a separate index of refraction and
dielectric conctant. Therefore, two mutuzlly perpeﬁdicular polariced
beamsvwhich are agligned aloﬁg the principal axes, and which are‘ini-
tially in phase upon eantering the material, will energe out of phasc.
The phase angle difference produced is given by

2r d(ny - ny)

©= X

The difference between the refractive indices, ny - ny, is called the
birefrihgence of the materia% and its product kith the thickness, d,
is the optical‘retardation given by

R= d(ny - ny)

The optical retardation can be mezsured using the compensation method.

This is done by putting the material between two crossed polarizers

and inserting a phzse plate, e.c. a quarter-weve plate between one
polarizer and the object. The phase plate can be used to add, subtract
or compensate the optical retardation. The intensity of light trans-

mitted through the system depends on the total optical retardetion.
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When‘the principal axes of the retarding materials are oriented at
a 45° angle with respect to the pélarizer axis (see Fig. 1), then tre
light intensity is given by (Szivessy, 1925)_
| I = I, k(sin ©/2)° -
The actual output of the photodiode that measures the total light

emerging from the optical system is given by

I, is the intensity of the light incident upon the polarizer, k is an
isotropic transmission coelfient representing losses due to absorption,
licht scattering, reflection etc., @ is the phase retardation angle,
Ij oo is the voltage thet is recorded due to imperfection of the
crossed polarizers and Iy is the voltage recorded with light oi‘f,.
thus repreéenting the IC offset due to the battery in the photodiode

circuit.

=l -
I, P d A1 PD
Fig., 1 Basic optical system:
Io = inteusity of light source, P = polarizer;
a8 quarter-wave plate (not shovm3 can be inserted
behind P, 4 = thickness of the retarding material,
A = Analyzer. The emerging light intensity I is

detected by the photodiode PD (from Keplan, 1972,
reproduced . by permission).
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I3 g + Igayk can be measured directly when the static retardation of |
the object is fully compensated Sy the quarter-wave plate, i.e.. when
total .e =0 . This condition is met when the phese plate has been
roteted to give minimum light transmission. At this orientation, th'e
anéle }V betwegan the slow axis ‘o.f the quarter-wave plate g.nd 'the
polarizer axis; determines the static retardation @o of the material,

i.e. | &, =[2;Z( Asin 2#/]

It is possible to calculate A® , the change in the phase angle

of the optical retardétion, from the corresponding changes in light

ih'tensity. Kaplan and Klein (1974) have shown that differentiating

‘the Iypta] eduation yields

ioter = Al = To (510 ©/2)2 & 4 Lk (sin ©/2) (cos ©/2) 4O -

or, in gbbreviated form
| | dl = dlg 4 dlx
ﬁvhere dIs is the intensity chahge due to changes in forward direction
light scattering, reflectance etc., and dI, is the magnitude of the
intensity changes due to ckanées in reterdation. Vhen the éuarter-
weve plate is oriented such that the total ® is maximally positive
at © = ©, + /2 (see Fig. 2), depolerizing pulses will yield
(@ = @ +2) = d+ |
and when the total © is made negative by roiating the quarter-wave
plate, the intensity change is
L (c) =Q, - N/2) = dIg —dl,
It is easy to show that |

Ir(© =@+ T/2)= - dr@= O, -71/2)
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Fiz. 2 Light intensity I as funciion of the phase angle © of

the optical retardation. Arrows show the direction of

light intensity chances due to & decrease of ©.(Modified
from Kaplan, 1972)
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«=Tr

The pure retardation component is thus

a1, =[iT; (©:@4+%/2) - daT,(@=G~1/2)] /2
In this .'hhesis' the forward direction light scattering changes will not
be analyzed in detail. This component is. usually much smaller than dIn
and it is also not very reproducible.

We have defined previously dI(®)= Igk(sin &/2)(cos @/2)d®
or subsituted as di (@)= I(®) cot &/2 do .
At ©O=*NN/2 and at ©=Q,"T/2 we can have -

.dIr(@)] S+ 11/2 '
= t

'TTE*T ©:0,+ /2 ee 2 4© .and

iI_I;(_@_). = cot @-——-L-o—n 2 i®

L I(@) =@o— ﬂ/g 2

respectively.



It car be eesily shown that the product |
, s/ T - -
. [cot %_EM co-@ .—e—o—-EM = -1
Thus the chance in phase angle of the optical fewrdation cah be cal-

culated as

a(©)] . (1)1
1©) lo=gpn. L X@) Jo.o-n/2

@ =\ [
. The coﬁpensatdr ca:. be ilsed for measurenents - in vhite lighw.
In this case the calibration velue for A =550 ni, the centre of
gravity of the visible spec’czum,i-can be annlied. For higler accﬁmcy
monochromatic light is ﬁecessa:y. However, ac it can be seen in the
expression of dI, it is edvantagous to use a light source of high in-
tensity.
Biologicel materials moy exhibit two types of b'i:"efrinjen'ce‘, i.e.
intrinsic birefringence and fom birefrin ence. -Int:r'insjic“ or crystal-
line birefringence occurs in subtances havingj homogenous 'ordvered

arrays of molecules wrich are anisotropic in the polarizabilities . of

" their chemical bonds. The form or terxturel Dbirelringence occurs when
. &

particlcs or lcyers of a substance having one diclectric consitant are
arrayed in a substance having a different dielectiric constant.

In many cases, intrinsic and fomm birefrincence occur simul taneously

in the same moterial. The relative contribution of each type can often

be determined by varying the refraciive index of the‘ Sﬁrr_ounding'me—.

diun until it matches that of the particles causing the form bi-

refrincence. The residual birefringence when the total birefrinzeice

reaches an ertrenun is the pure intrincic camponent,

BRenr et al. (1937a, 1C37b, 1¢37¢) anctlyzed the birefringence of

various regions of both myelincted and non-myelincted nerve fibers.




22

They found that the axially aligned proteins of the axoplasm of inver-
tebrate giant axons (from squid and lobster) generate a positive uni-
axial birefringence with respect to the long axis of the fiber. At
the center of the axon, most of the resting retardation arises froﬁ
the presence of longitudinally oriented fibrils and tubules in the
axoplasm; removael of the 'axoplasm reduces the retardation of the
center of the squid axon by 90% (Cohen et al., 1970). At the edges of
the axon, the positive retardation is contributed mainly by the form
and intrinsic birefringence of the Schwann cell and connective tissue.
The plasme membrane itself appearé to exhibi£ a negative intrinsic
Birefringence and a positive form birefringence with respect to the
longitudinel axis. The negative birefringence is an indication df
.the radiglly oriented 1lipids in the membrane system_(Bear et al.,
1937a, 1937b; Schﬁitt and Bear, 1939).
‘It is known that during electripal activity the optical retar-
dation, defined as R= d(q”- n,), where d is the thickness and n, and n,
are the refractive indices of 1light with electric vector parallel
or perpendicular to the nerve's long axis respectively, decreases with
a time course resembling the action potential of the nerve. Treatment
with proteases reduces the optical signal derived from the birefringence
change (Sato et al., 1973; Kaplén and Klein, 1974), which indirectly =
indicates'thé involvement of proteins. ﬁowever, the proteases are not
very specific since they attack many different proteins. Cohen et al.
(1971) have concluded that the retardation change does not occur in the
lipid portion of the membrane, since it is not affected_by the presence
of octanol, butanol or procaine in the bathing medium. They have con-

sidered that electrostriction or molecular reorientation (Kerr effect),
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due to & chénge of the electric field in the membrane, could give rise
to changes in birefrin_gence. They have also shown that the signasl
originates from & thin annular layer of uniaxial retarding ﬁxaferial. |
near the surface of the axon having a radial optic axis, and is mostly

potential dependent. From the slow time constant of the signals it is

.assuned that the movement must tale place in a region VWith high vis-

cosity. ‘

" the other hand, -Sato et al. (1975) have suggested that‘the
bifefring,ence change is .related to changes in longitudinally “oriented
mécromolecular structures nezr the membrane, and is related to the

mechanisn contrelling the merbrane conductance. The involvezent of

‘a iongitudinally oriented, crystal-like structure ai or near the inner

surfece of the axon mesbrane in the process of nerve excitetion 2s
also sucgested. Wetanabe et al. (1973) presented evidence whichv‘
supports the v:’_.ew that birefringence signal in the crab nerve is at
least partly originated from the axoplasm. They believed. that the
birefringence signal is probably produced by an increasea calcium
influx during excitation, which disturbs the ordered structure of the
axopla.ém and decreases its anisotropy. |

In this thesis an attempt is made to investigete the molecular

species that may be responsible for the voltage dependent retardation

changes.
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B. Materials snd Methods

The nerve bundles used for this study were obtained from the

walking legs (pereiopods) of the American lobster , Homarus Americanus.

The nerves were isolated simply by cutting the ligament around the
joint between the meropodite and carpopodite of an isolated walking
leg (1st, 2nd, or 3rd) and pulling them apart (Furusawa, 1929). Only
& small fraction, about % mn thick of the nerve bundle was wused and
the length.wasitypically 15 mm.

The experimental chamber has three compartments for the electro-
lytes (Fig. 3). 1In the central chamber, about a 2 mm length of the
fibfe'is bathed .Vith the experimental solution. Both open (cut) ends
of the nerve are dipped in saline (with 100 mM K*) which fills the
distal compartments situated on the left and right sides of the central
chamber. The nerve portions (ebout 2 mm long) between the central and
distal chambers are enclosed with 2% agar gel, which virtually iso-
letes the chambers from each other.

We perturbed the membrane potential transiently by applying squaré
voltage pulses (about 50 mV) through two pairs of external electrodes
made of black platinized platinum. One pair of electrodes was posi-
tioned adjacent to the fibers in the central chamber. The othér pair
was positioned at either of the open ends of the nerve, which topo-
logically have a close contact with the inside of the nerve. This sym-
metrical electrode and chamber assembly closely resembles the arrange-
ment in the conventional‘double sucrose gap technique, except 1in our
chamber agér is used instead of sucrose to separate the liQuid pools.

In the early stages.of this study Qe used electrodes'made‘of smooth

platinum instead of the black platinized platinum.
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Fig. 3 : _ ' o XBL 762-5659
Schematic diagram of the experimental chamber (top view):

‘1) central chamber filled with external fluid, 2) external electrodes,

3) nerve axons, 4) agar plug, 5) "internal" electrodes, 6) chamber with
"internel" fluid, 7) stopper, 8) electrode holder, 9) pulse generator
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The changes in optical retardation obtained with the smooth electrodes

were much smaller and suffered a differentiation effect. These effects

disappeared after the electrodes have been platinized in a standard

platinizing medium. A train of hyper-and depolarizing pulses were

applied to the nerve. These pulses originateq from 2 Tektfonix pulse

generators (type 161, driven by type 162). They were attenuated by

a potentiometer and passed through an amplifier (ngrison 6823A-Hewlett
Packard) with an output impedance of less than 3 ohms. These voltage

pulses had a rise and decay time of about 20 usec.

Light from a DC operated quartzlinevlamp (GE EJL 24V, 200 Watts)
trgverses the central compartment through a pair of glass windows.
The 1aﬁp is powered by .a voltage regulated power supply {Lambda,
model LE 102¥FM). The glass reflector surrounding the bulb envelope

was cut away with a diemond saw in order to produce an image of the
filement. The lamp 1is positioned at the center of curvature of a
spherical mirror. Light from the filament and its reflected image
is first collimated and then focused upon & variable slit after passing
through an infrared absorbing glass filter. After recollimation, the
light is reflected from a h5° first surface mirror eand passed through
& film polarizer (Zeiss, # U7-36-00) mounted below a microscope con-
densor. The plane of polarization is set at a h5° angle with respect
to the axes of the microscope stage. The 1light 1is condensed using
- an inverted Zeiss 10x Ultrafluor strain-free quartz objective 1lens.
The beam is focused on an area of about 0.1 mm2 at the center
of the nerve fibers. The axons in the experimental chamber are

mounted on the stage of the polarizing microscope, with their long

axis oriented at a MSO angle from the polarizer axis. A quarter—whve



plate is inserted vetween the pblarizer and the nerve, in & manner
that aliows the plate to be easily rotated. Light emerging from ’_c‘ne
nere is collected by a éecond strain-free quartz 10x objective lens
having a nﬁmerical aperture of 0,20 and passed tm‘ough an gyepiece
(Tiyods Ii-eye 16 bi) and an analyzér (a second £ilm polarizer with -
its axis rotated 90° from that of tiﬁe polarizer). The eyepiece focuses
the beam at a photodiode (PIN-8, United Detector Technology) whick
meesures the light in‘ualsity. The pho/todiod,e‘. has a very good quantun
efficiency af high light intensities and has much levss. de:.ianding: powrer
sunply reduirements than a photomultiplier. A 15V ﬁemu:ry cell bat-
tézy pvro_v'idesés‘cable bias potentizl. The photodiode curremt, Vh.j}ch is
propoﬁ:imal to the light intensity, is measured as the voltace acros°
a 100 %k 1 load resistor.:v , |
The experimeutal apparetus is showm in Fig. 4. Trnat psz’cion used

: i‘br measuring and signal averaging the light in‘censity'changes is basi-
caﬁ.ly s:i.:;ﬂilar to thét used by Hanlen and ¥lein (1972, 1974). ‘Yodi-
fications were made to parmit the measurenents of static light in‘tén-
sity and static retardation. The voltagce across the 100 kN1 ‘resistor
is measured using an LM 310 voltage follower (National vSemicénd.u_cth
Corporetion), which is intemally coﬁnected as a unity-gain non-i_ﬁ-
verting amplifier. Typically this operational amplifier has an input
resistance of 1012.12' and an output resistance of 1f1. Tﬁe IC output
is monitored on a digitel voltmeter (Danz, Model 540:-3').. The signal is
then. amplified by e Te}:trox.lix. type 1ATA anmplifier powered by a Tekironix
Type 127 power supply. Tiie bandnrass filters of the ampiifier arc set

at & high frequency -3 dB point of 3 Ullz and a low frequency -3 45 point
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of 0.1 Hz. Thié'blocks the slow drift sometimes -seen at the DC
coupled' input - stage if the 1light iniensity emerging from t h e
nerve drifts slightly, Because- of a slow 'deterioration of the
tiésﬁé withv time. The output of the amplifier is‘ displayed on
a Tektronix RM35A oscilloscope using one of the four channels of the
type' M préamplifier; Amﬁlifier noise, Shpt noise of the light.‘source
and vibration noise dominate the signal! Care is-taken also to elimi-
nate 60 cycle noise by appropriate grounding and by mounting the mi-
crdscope and photodiode system in a fine copper mesh Faraday'cage.A

The small component of the signal due io,changes in the optical
prbperties of the axon is resolved by employing the signal averaging
techniqﬁe. The.signal to noise ratio increases proportional to ’h%,
where n is the number of passes made, usually 400. The output of +the
lA?Aiamplifier,-biased close fo 0V, is fed into a transienﬁ ‘recorder .
(Biomation Model 610) which can store and digitize 128 words (ad-
dresses) of 6 bit data at a rate up to 100 nanosec/point. For the ex-
périments with the nerve bundle, a digitization rate of 1 msec/point is
normally used, which gives a sweep time of 128 msec. The signal aver-
aging is done by a Nuclear Data 180 M memory unit operating in the
multi-chennel scaler (MCS) mode. It has four separate quadrants of
mémory that may be used separately. The interface built for this
system utilizes the digital output of the transient recorder directly.
Once a signal is stored and digitized by the transient : recorder; it
sends a signal to the interface to begin advancing the addresses of the
transient recorder output and the Nuclear Data memory unit simultaneou§-
ly. At each of the 128 addresses, six bits are transferred in paraliel

frbm the transient recorder to an interface buffer. A clock circuit



30

then begins to produce & pulse, subtracts one from the buffer, pro-
duces another pulse, etc. until the buffer is empty. The analog sig-
nal is .therefore convertedlto a number of pulses between 0 and 63 for
each of the 128 digitized poihts. After appropriate amplification and .
'shaping,.the pulses are fed from the interface into the Nuclear Déta
where they are added to tﬁe number already in the memory for that par-
ticular address. The averaged signal is displayed on a Tektronix RM503
oscilloscope and is recorded photographically using a Du Mont os-
cilloscope camera with a Polaroid film back. The opticel recording
time constant is ebout 60.;sec.

All experiments were ﬁerformed at room temperature, about 2630.
The medium bathing tﬁé nerves was made according io the formulation
givén by ﬁalton (1958) and was usually buffered with 1O0mM HEPES
(N-2-hydroxyethylpiperazine-N‘-2-ethanesulfonic acid, pK = 7.55) ad justed
td‘ApH 7.&-7.5 with NaOH or HC1l. Its composition per 1liter is :
465 mM Nat, 10 mM K*, 25 mM Ca**, 8 mM Mg**, 533 mM C17, L mM SO} .
All chemicals were reagent grade and used without further purification.
The companies from which the chemicals were obtained are listed ( with
their abbreviated forms) as follows: ' ,
Aldrich Chemical Comﬁany,.lnc. (ALH)
Allied Chemical Corp., B & A Laboratory (ACN)
J. T. Baker Chemical Co. (BKC)
Bio-Rad Laboratories (BRL)
Calbiochem (CBI)
I1I.C.N, - X & K Laboratories, Inc. (KNK)
Mallinckrodt Chemical Works (MAL)

Mann Research Laboratory, Becton-Dickinson Co. (MAN)



Merck & Co., Iné. $%:49)
Polyscienées Inc. {P0S)
Sigma Chemicel Company (SIG)

The chemicals (a.nd the companies) are listed below in fhe order
aé thev api)ear in ‘Ehe text:: |
| EPLS (S16), Né.bl (Brc), KCl (BXZ), 'Ca012.2ﬂéo (MAL), MgCly. 68,0
(MAL), Cas0y. 2E20 (ACKH), Tri-me Maleate (SIG), Ka acetaté ('E}cc),
NaOIi\ (MAL), phenylelyoxal (SIG), WBY (SIG), EeCls (ACN), PCMB (SIG),
glﬁtazaldehyde '('Pos), fon@de}wde (:AL), Urenyl nitrete (21C),

L-u-lyséphosphatidylcholine {STG), phospholipese C {772), nhunnkr -
livase O {SIG), sodium dodecyl sulfate (BRE.), ‘triton X-122 (SIC},
acetylcholine cﬁoride (SIG).,_ choline chloride (ALE), carbamylcholine
chloride (SIC), tetramethylammoniun chloride (:7%), tetraethyl-
éxﬁmoniwn chloride (ALE), henich.éiinium-B (ALT), hevamethorium
chloride dihycvimtle (), deCa;:etZ:onium.iodide (x277), g-tubosurarine
chloride (CEI), nicotine }Cl (KI), eserine selicylate (SIG); neo- -
stignine bromide (SIG), procaine EC1 (SIG), tetracaine ECl (s16G), ..
dibucaine (.r::::v:); barbital sodium (I'R:), pentoba}bital sédiu‘m (s10),
ATP diéodiu:n (SIG), ouabsin (C2I). Nost of the chemicals were -
stored desiccatéd in the freezer. The lobsters were kept in‘a;éuazs-
ium tenks filled with cold artificial Seawater (*Instant Oceen",

Aquarium Syéf. eas Inc.).
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C. Resul ts

Vhen & voltage pulée is epplied at the electrodes, the ortical
retardation of the nerve changes. The associated change in.light in-
tensity wes averecged fras 400 sweeps at a fre{uency of 2.5 per second.
Buzl lwpei'polariz:’nc and depolarizing pulses were applied to the nerve
about a IC offset of =70 mV inside nerative. Fig. 5ishows typical op-
tical signals (_top and bottom) produced by trains of 50 mV hyperpolar-
izing and depolarizing pulses (viddle), An increese in lignt intensity
is shown ac an upward deflection. The length of the vertical calibra-
tion bars corresponds to the stated value of A.Ir/I for a single sweep.

. , ,

‘I is thé intensity of the background light and A& Iy is the ché.nge in
ligrt intensity caused by a'change in opticael relerdation. A II./I for
a.particular véltage pvulse veried from preparation £o preparation due
to the differing thiclmiess and trensparency of the tissues; (but the
variation rarely exeeded wore than 507 fron the averare value). In
‘Fig. 5 (top) the slow axis of the quarter-wave plate was oriented
parallel to the nerve's longitudinal axis, so that the total reter-
dation phase ancle'@:@o-{- A/2. The signzl could be reversed in siin
vhen the quarter-wave plate wes rotated by 90° (bottom), whiclh made
®=@Q-ﬁ/2. A® is ce.lcﬁlated from the geometric average of both
signais according to the formule derived before (see pace a1 ). An
averege of A® = 5%1072 radian can be elicited by a 50 mV applied
voliage, while the r;estinf;' retardation of a good nerve bwidls gvemged
about 30 nm, which corressond to a phase angle of about 0.3 radian.

A sample of how A® (induced by a depolarizing pulse) is calcu- .

lated is shown below (for symbols see section A):



Pulse:

HP X . P "
ON i NP oN ' ORF
Fig. 5.

Light intensity changes of the nerve with o= @ + T\/ 2
(top) and @ =04 TT/2 (bottom) caused by 50 mV hyper-
polarizing (HP) and depolarizing (1.))1‘) pulses (mlddle)
Optical calibration shows the relative changes of light
intensity, AIr/I, per sweep (total LOO sweeps accumu-
lated).
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Iiotel (@= @ 41/2) = 313 oV
Itotal (@ . © - /2) =151 wv
Ieak + Igay; et ©=0is 35 m?
© is zero when ql =6.5°, Thus the static retardation of this nerve
bundle is 30.95 nm which corresponds to a phase angle of @o = 0.35 ra-
dian.,
I(@= @+ A/2) = 278 mV
1(@= Q= A/2) =11¢ v
Vhen the averaging experiments are finished, the stéred maxinum and
ninimun deflection oi‘bthe iight intensity changes ere measured:
dI1(©=Qp+ A/2) = -640 v
A1 (©=@o-MN/2) = 600 mV

Thus dl, = (dI; - dIp) = -620 oV at e.—.@°+,-(/2
or dlp=+620 oV et ©=Q, - N/2
After gividing by the total grin of the system (157.5) and the totel

number of sweeps (n = 400), one gets

11:(Q) = .3 -5
[I =) °+Jl/2 5.4 % 10

and [dI = 8.48 %1072
He) Jo-oF /2 |

Thus A ® =-5.48 % 1072 radian

The observed changes in light intensity usually have fise and
decay times of about 7 msec. TUsing single giant axons of the squid
and the standard voltage clamp technique, Cohen et al. (1571) have
observed three COmporients of the optical retardation change wiih re-
lacetion times ranging from about 40 psec to about 20 msec. In our

case, although we apply rectangular voliage pulses to the electrodes,
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the cable properties of the nerve fibérs as well as the nonuniforn
fiber diameters in tie bundle may preﬁmt an instantaneous change in
membrane potentizl at the centrel recion of the nerve. This seems to
limit the fast response of our techmique. Al though this simple technigue
suffers slightly in its kinetic behaviof, it suffices for our siudies
since we are comparing only the saturation values before and after

the chemicél modificetion.

Ve hg.ve determinec that the normalized changeﬁin ortical retar-
dation exhibits an almost linear voltare dependence (Fig. €). We can
see that large depolarizing pulses producé smaller responses than those
,produced by hyperpolarizing pulses,;'ln sqguid giaﬁt axons, the slow
éo@ponent also has an almost linégr voltage dependence (Cphen et al.,
1971). TYe shouldv note that the cable proverties of tre nérve i. our
exéeriments will attenuate the applied voltages by o certain factor.
Thus the actual change in membrane potential at the central region is
less than the applied voltage pul‘ses at the electrodes. With a 50 m;\f
voltage pulse the change in meibrane potential at the centml region
can be_estimated to be about 20'mV, which is small compare? to the
aaplitude of the action potenfial (= 100 mV); The compound aciion
potential of the fibers can give rise to A® of zbout 1074 to 1073
radian. Tig. 7 shows the light intensity changes detected at
©=0,~ N/2 (top) and at ©=O,+ T\/2 (botton). The relative chances
81,/ are 42.3 * 1072 and -13.7 * 1072 respectively. This experiment
was done using a nerve chamber sigilar to the one used by Kaplan (1972),
as shown in Fig..4. The cdmpound action bofential was elicited by

an 11 V pulse of 0.5 msec duration.



36

4 Rel. A8 (%)

1600 |
800}
Pulse (mV)
-800 -400 : 400 800
-800 }
-1600 ¢
- Fig. 6 . | XBL 766-5941

The voltage dependence of the optical retardstion change.
The data are normalized to the value of A® induced by
50 mV hyperpolarizing (negative) pulse.
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Fig. 7. -

The changes in light intensity due to action potential .
(not shown), At ©=0,- N/2 (top), A&Ir/I at the peak
is 42.3%1070. At ©=0*T/2 (bottom), AIr/I=-13.7¥107°.
Time calibration: 6.4 msec per large division.

LOO sweeps averaged.
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The values'of DO and of the resting retardation ©g of different pre-
parations ére usually not equal, since the thicknéss and the general
condition of the tissues are not the same. Both A® and ©, decrease
.slowly in time, as shown in Fig. 8. Here and in subsequent figures,
we plot the relative values of A® and @g normalized t§ the value at
the beginning of the experiment. The graphs are plotted as averaged
values and standard deviations from at least three different prepara-
tions. In each experiment A© is calculated from the average of the
optical signals induced by 50 mV pulses in both-hyperpolarizing and
depolarizing directions. .

The decrease of the optical signals are believed to be due to a
general deterioration of the fibers with +time, perhaps due to entry
of calcium ions into»the axopiasm (see diséussion). Fig.8 also shows
the effect of the pulse duration (32 msec and 64 msec). Pulses of
longer durations tended to cause fgster decfeases in A@ and ©g .
Pulses with large amplitudes also accelerated the degradation of the
nerve, and fof these reasons the voltage perturbations were kept short
(32 msec) and small (50 mV). Some of the early data were obtained
using 64 msec pulses. The effect of the chemical modification will be

described now.
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Fig. 8 - , ng764-5832
The time dependence of A® and ©,at two different
‘pulse durations (32 msec and 64 msec) . The data

are normalized to the values at time zero. Standard
devia.fcions are calculated from 3 different preparations.
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IV, CEEIICAL }ODIFICATION STUDIRS

In order to understand the molecular mechanism underlying thre
excitation process, which is in general the W timete goal for many
researchers in the field of membrares, one needs first to understand
the meaning of the spectroscopic signals eﬁ:hibited by the nerve. The
primery objective of thié' thesis is to investigate the molecular spe-
cies responsivle for the voltage dependent retardation changes éi‘ the
nerves. The’che:r.-ical modification technique is used, with the -
tionale that a chenical perturvaiion or the interaction of a specific
dmug with thoce molecular species may perturb the structure which e-
ventually vould cause changes in the opitical reterdation character-
istics. The word specific will have to be usec with great caution,
because as we will see later, a chenical perturbation may have mul-
tiple actions and the effects may be interfered by other components
normelly present in the medium, Therefore, we will begin by descxibing
first the effects of those cations that are usuelly present in the
control medium. In many cases the chezical modification can be too
severe for the nerve and uéually the action potential is blocked.
Liowever, even in cases like these, the voltaze perturbation st:iJlr per-
nits the detection of optical retardation changes. Since this is the
main interest of this thesis, the discussion will be focused mostily
on the optical retardation rather than on the électmpl:ysiological
espects of the chemical modii‘ica-’cions. Wherever possibie, references
describing the elcctrophysiological effects of the drugs will be

quoted in each section.
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A, Changes in the lonic Composition of the Bathing Medium

1) Potassium (K*) and Calcium (Ca'*)

Increasing the external K* concentration will depolarize the mem-
brane potential as described by the Goldman{Hodgkin-Katz-equation
(page 4). It will be interesting to study the nerve optical'retarda-“

tion in the depolarized state, as compared to the normal state of 'tﬁe"

membrane. However, increasing the potassium concentration of the ex-

ternal solution will also cause an increase in calcium influx (Hodgkin
and Keynes, 1957). This increase could bevdue to‘the electrical or
chemical effeét of potassium. For this reason the effect pf calcium is
also included in this section. Fig.9 showé the effects of KCi and CaCl o
on the voltage induced retardation change A&j #nd the‘resting*retafdé4!
tion ®, - Here and in subse@uent figures, at time zero the éontrolbme—
dium bathing the nerve in the central chamber is replaced'wﬁth_a ffeshiyif
preparéd solution containing the modifying éomﬁounds. The control ex- |
péfiménts were done in thévbalton solution ,contgining 10 mM KV .gné
25 mM ca™* (curves la and 1b for A® and the corresﬁondinga(Jbirespec—
tively). Increasing the potassium concentration to SOO mM (osmolality
was balanced by substituting potassium for sodium) almost completely:
abolished A® and @, (curve 2). However, tﬁis‘effect wasviéés drastic

when the experiments were performed in a calcium-free medium (Naf re-

places Cé?*).- Curve 3 shows the effécts of the potassium induced depo-

larization on A® and ©@yin the absence of calcium ions. A typi-
cal example of the effect of p§ta§siuﬁ" on AI, the voltége in-
duced changes of light intensity, is shdwh‘in Fig. 10." Curves a and c
are Al in control saline solution at @ =, +N2 and @#@o-ﬂll re-

spectively. Curves b and 4 are the corresponding 4I about 10 minutes
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The effects of potassium and calcium on A® and Op:

1) in control solution containing 10 mM K* and 25 mM ca'*

2) in 500 mM K* and 25 mM C‘a“
3) in 500 mM X* and O mM C&"*



Fig. 10. '

Voltage induced changes in light intensity (arbitrary units).
Control experiments at @ =@y,+ /2 (trace a) and at ®=0;- /2
(trace c). Traces b and d are the corresponding results in

500 mM K solution. Time calibration: 12.8 msec per large
division. L4OO sweeps averaged per experiment.
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alter tle medium was changec to a high potassium solution. The resting
licht intensity‘ I was also reduced as the nerves becaize less trans-
parent. The celculated decrease of A ® and @o vas reversible upon
return to the control medium with the low potascium content. An ex-
enple is skowvn in Fige 11. At time zero the control medium was chonged
with a saline solution conteining 60 m? K¥. A® decreased transiently
(curve 2 before it equilibrated to a level below control value (cumveld.
Yo significant effect on @y cild be seen. When 500 il X* was in-
troduced, both ©g and A © decreaced sharply, and increasaiafein s
soon as the control medium (10 m” %*) vas reintroduced. In some cascs
the reversibility wzs nct complete, e.. after prelonzed exposurc to
high potassiwﬁ solution and ecpecially if the solution containe high Co**.

In in"cernaily perfused sqQuid axons, divelent ions in .t};e perfuscte
tend to ‘block excitability at concentrotions lower than the nomeal cv-
termal Cat* concentration (Tesaii, 1:65). To the contrery, Bereirisisch
and Lynch (1974) have reported that intemai concentrations of calcium
up to 10 m'’ hove little, if any, effect on the time-course, voliace
devendence, or magnitude ol the ion_ic currents of voltage-clamped squid
igiant arxons. It is known that microinjection of cslcium liquifies the
axoplasm and tends to block cor;duction (Eodgkin and Keymes, 195¢).
Thus the co:duction block mey be caused by a2 slow deterioration of the
internzl environment of the nerve.

~In the external media, small concentrations of divalent cationg
are necessary for, but larre a::ountﬁ r.educe, excitability, or "stobi-
lize " the recting state .whore:;: lov Catt concentration freciumtly
leads to repetitive Spontaneogs activity. In a voltage clausp en-

periment, reducing the external Ca** incresses the early inword and
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The effects of potassium concentration on A® and ®p
(curve 2). At time zero (arrow) the concentration
was changed from lO to 60 mM. .Second arrow shows
change to 500 mM K*, and later (upward arrow) back
to 10 mM X* Control exper:.ments (curve 1) in
regular sallne
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fhe late outward currents and decreases their rise times (Frerkenhaeuser
and Dodgkin, 1957). The current voltage cﬁrve obtained by plotting
"the maximum inv."ard current vs. applied clamping voltage 4is uniforaly
shifted so thet a smaller depolarization is required to yield & given
size inwverd current. This shift could be due to a surface charge
effect (Fﬁém:enhaeuser & Hodgkin, 19573 liclaughlin, Szabo gng Tisenman,
1971). Watenabe et al. (1973) beliévedv thet at least one component
of the birefrincence signal of a cm_’b nerve is derived from a change
in axoplasm. They concluded thal the birefrin-ence signcl is probably
produc‘ed by an increased Ce*t influx during excitation. 4 trensient
rise in intracellular ca** concentration could disturb the orderec
st'r.ucture of the axonlasm and decresses iis arnisotropys The process

of diffusion meles the time course of the signal slow and long -

The effects of calcium on a© and @ are showm in Fig. 12,
The control experizenis were done in a medium with 25 mf Ca**. Both a®
arnd @, decrease slowly in tine at a rate of about 10% per hour (curve 1).
Increasing the colcium concentration to 100 m’ (and reriucing Nzt aporo-
priately) results in e faster decrease of A © and ®4 (curve 2). The
nerve also became opague faster tian in control experiments. When the
calciur level was furth.er increased up to 350 w, the effect on A®
and ©g was not much different than what is shown in curve 2. n the
other hand, elimination of the calciur ions from the control mediux
results in 2 reduction of A® to o level of about 60 - 705% of the
control value, while @o renzins higher than control for a long period ’
(curve 3). Ve should note agein that the values of A® and ®, in the

figures are plotted relztive to their magnitudes at tine zero vhen tlhe
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The time dependence of A® and @p at different calcium -
concentrations: 1) 25 mM, 2) 100 mM, 3) and 4) O mM with-
and without prior incubation in 25 mM Ce'* (control me-
dium) respectively. Arrow indicates solution change from
0 to 25 mM Ca'* . :
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.~ bathing medium is changed. Thus the absolute magnitude of A® in
ca'’ -free medium is always lower than in the control medium. .However,
when the nerves had never been exposéd to the control medium (con-
taining 25 mM Ca ¥ ), i.e., they were immediately bathed with ca't -free
saline after the diésection, they behaved differently and had the"A()
and ©pq time behaviour shown in curve L. Here time zero corresponds
to abéut ten minutes after the dissection. This ten minuté delay was
neceSsary for positioning the nerves in the experimental chamber and
then hounting. the chamber on the microscope stage etc. We can see
from curve 4 that A@© rises momentarily (about 20%) before it equili- .
braﬁes'and stays at an almost constant level. The change could be
due to the transition from lobster blood to the artifiéial solution.
©p stays always constant at the relative 100% level. It will also
be interesting to find out what happens 1if +the calcium level is in- .
creased from O to 25 mM, the value in +the control medium. This is
shown in the later part of curve L (start at arrows). Usually A©
rises relatively about 30 to L40% and then decline slowly, while
©o is immediately reduced. ALl these experiments indicate that high
Ce** concentration tends to reduce &, and AO faster than normal. There-
fore, in the coming sections it is found neceésary to do the chemical
perturbations in the normal medium (with 25 mM ce*) as well as in
the c&* _free saline.

2) pH dependence

It is assumed that the voltage dependent retardation changes
may be caused by some kind of field dependent movement of & charged

molecule. If one can "titrate" the optical retardation -change by



studymg its pH-dependence, one may obtain some infomeztions abbuf
the nature of the charged particle. However, as the pH.is changed,
some characteristics of the nerve may also be changed. The pH-de-
pendence of the electrophysiologicel properties of the nerves will
bé revieved brieflly. | | _

Hille (1968) has fo@d that'a.s the pl is lowered below 6, the k
max:.mum sodium conductance decreases quickly ang reversibly in a
ménh'er that suggests that protonation of an acidic group with a piy
of 5.2 blocks individual sodium channels in the frog node. It kas
been shown that divalent ions, monovalent ions and EY ions influence
the Hodgkin-Fuxley (1952) parameters m, h and n (Chandler et 2l., 1965;
lille, 1968; Gilbert and Farenstein, 19-59_; Mozhayeva and FHaumov, 1570,
1972; Brisuar, 1973). To a first approximation, the functions  re-
lating m, k and n %o voltage are simply shifted along the voltage axis.
- These shifts arise tirough the influence of available_cotmterions 39}
the surface potentials, which are set up by the fixed negative surface
charges. Catiﬁms screen the surface charge by .foming an ionic, dif-
fﬁse double lagyer at the surface and may also pbysic;,lly neutralize
some of the surface charge by forming complexes (binding). Both effects
can reduce the negativé surface potential. The Gouy-Chapman-Stem
theory (Gilbert, 1971) has been applied to m'eaéured voltage skifts in
axons by choosing values for the fixed surface.vcha'rge density and, in
some cases, assigning acid dissociation comstents (pXg) or disso=-
ciation constants for s’uri‘ace campl.éxes with various divalent ious
(Giibért and Fhrenstein, 13069, 1970; Mozhayeva and Naumov, 1970, 1572;

Woodhull, 1973; Irismar, 1973). The results from current measurenents
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sugcest an internal nesptive fixed charge with a separation of 27 K
(Chandler et al., 1965) or 40 & (Rojas and Atwater, 1968) and ex-
ternal fixed charges with & separation of 11 to 18 A (Gilbert and
Ehrenstein, 1970; MNozhayeva and Naumov, 1370).

Woodhull (1573) also recognized that the description of low pE
effects as & voliage shift of the pealt sodium permeability-voltace
curve and a superimposed block of a 'givaz percentase of channels was
inadéqwte. The blocik of cha.nneis by protons vdepends on membrane
potential; fewer channels are blocked for large depolarizztions than
for smell depolarizations as if devolarization drives protons out of
tieir binding site.  Thus the sodium permeability titrates avay =zt
low pl as if controlled by a neg,ativel:}_charged carboxylic acid‘with
a voltage dependent apparent pXe in the range between 5 and 6. (Fille,
1975).

| The potassium gating components are closely associated with a
group with a py on the order of 6.3 (Shrager, 1975), which is close
to the pily value of hictidine imicdazole groups. According to him,
the slowing and -inhibition of potassium current by diethylpyrocar-
bonate gave further evidence for the participation of histidine resi-
dues. Diethylpyrocarbonate is a rezgent with & reportedly high se-
lectivity for histidiﬁe.

Clark and S.t’ri.c}‘{holm (1971) have reported impedance transitiohs
near pH 6.3 and pX 8. These are tentatively identified as resulting
from histicdine and sulfhydryl grouns. Conformetional trensitions
involving histidine groups of surface me:brane proteins are believed
to t}e involved in the action potential and ion permeability regulation.

Spyropoulos (1972), Richer and Ohiii {1972) have reported that drastic



000460595,

changes occur in squid giant axon near pX 5. Thé resting potential ~ -
ié lowered by approximately 30% and the action potential is completely
obliterated. Rojas and Atwater (1968) working with isotonic potassium
as the on_'.Ly' intemal and external catiorn in squid giant axon, have
reported a decrease in conductance for hyperpolarizing currents 6:‘ the
membrane at pE below 4.5.

: In general, at low pH regions near pi 5 one can see drastic
chan,gés in menbrane potential, membrane conductance and ionic currents
due to protonation of certéin charged groups. It may become difficult
to do a streightforwerd deteraination of the partiCuiar charged group
that is involved, because of the uncerteinty of the loczl or surface pl.-
From the Doltzman distribution law, the surface pE follows as:

(pE)g = (pB)yp + 2—.—3%5723

Here (pH)s is the pF at the surface of shear and (pll), is fhe pulk pl,
while T is the zeta potential, i.e. the value of the potential ai the
surface of shezr. The external surface potential for the squid axon

is about -46 mV‘(G'ilbert, 1971), so that the predicted difference
between (ph)y, ana (pE)g is zbout 0.5 pI wmits. It is also likely that
electrostatic interactions with other chargecd groups mayv shift the pily
value of an ionized é‘roup. .At extreme unphysiological pE, irreversible
damage to the tissue can also occur. These are just a fer of the
problems that one has to be awai‘e of when studying titration curves of

membranes. The pE dependence of A®@ ané ©, will be described norv.
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The pE of the mediun in the central chamver wes changed at tine
zero. Prior to this thevnerves had been eguilibrated in a control
medium at pH 7.5 for at least 20 minutes, either with or without cal-
cium depending upon the experiment. This process was necessary since
A® usually increases slightly during the first 30 minutes (curve 4
'Fig. 12). The solutions were buffered with 10 mf [IFPES (pl{l = 3,
pKp = 7.5), Trizma Meleate (p¥y = 5.8, pK; =8.3) or acetate buffer
(pky =4.7). No buffer was used for pi higher then 10, The pl values
were checked many times with a Beckman pl meter. The bufiers the’n_seﬂ{res
do not have any effect on A@ or G,. The tinme dependence of A® and
@, at phSand at pE 9.5 are shown in Tig. 13, both witk or without
calcium (25 mf). At p¥ 5.0 and zero calcium, DD rises and almost
do=.151es vits value znd then declines slowly (curve la). The increace
is reversible. ©, stays zlmost constant (curve 1b). Then the modiw:
contains calciunm AO increases slightly, followed by a rapid decrecse,
which is irreversible {(curve 2a). This decresse, whiéh tums out to

‘be an artifact caused by calcium was first noted in a preliminary
report (Ang and Klein, 1974). ©, also decreases (curve 2b). The de-
crease of A® and @o was nore severe at lower pH values whenever
calcium was present. At p¥ 9.5 A® decreases slightly (curve 3a) and
decreases more rapidly if the medium conteins calcium (curve 4a).

The resting retardation ©, renains elmost unchanged at the relative

10055 level (curves 3b and 4b). Kot shom hLere are AO and ©, at pi 7.5
thet stay relatively constant vwith the scale of Tig. 13 (sec also

Fig. 8 & Pig. 12).
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Fig. 13.
The time dependence of A®© and © at pH 5 (curves 1
and 2) and at pH 9.5 (curves 3 and 4) The concen-
tration of calcium isO mM (curves 1 and 3) or 25 mM
(curves 2 and U4). '
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At pE higher than p% 10.5 both AG and ©, decresse very Tenidly
to zero even if no ca,lcium“is present in the medium. An example of
the actual oscilloscope record (after 400 sweeps) is shown in Fig. 14.
From top to bottom, the first +trace is control at pE 7.5 with
© = @o +)(/"2, the second is its corrésponding record 20 minutes
after incubation at pE 11, The third record is also control at pE 7.5
but © = @o — /2 and the fourth is a similar record at pl 11.
No more changes in lig,htv intensity can be detected in Fig. ’14 at
Pt 11 and the decrease of A® in this case is irreversible.

+4)

The increase of A® at low pX values (without Ca cen usually

be seen visually from the changes of light intensity in each sweed.

i 15 shows typical records of light intensity changes. The firct
record {top) is control at pi 7.5'wi th @ = ® + A/2 and the second
is its correspondiné record et pE 5.0 (after 10 minutes)_. The third
récord is also control at pil 7.5 dbut @ = @, - JC/2. The fourth
(bottoﬁg) is its corresponding record at pll 5.0. The increase of the
voltace induced changes of light intensity is obvious and the increase
of A® can be readily calculated. Ween the pE is further lowered
from pE 5 to pE 3, A® increases only slightly as if it satqrates.

£t these low pl values it was often observed that hyperpolarization
pulses induced about 25 larcer A® than depolarization pulses.
LHowever, the relative values of A® were alweys calculated from

the average of AO induced by hypez;polarizing and depolarizing pulses.
The increase of A® at very low pi was usually followed by an irre-
versible decrease. Similerly ©, was also reduced and the nerve
turned opaque. This could very likely be due to some kind of denatura-

tion after the long incubation period in unplysiological pii.



B U U g sy

Fig. 1k. '

The effect of high pH on the voltage induced changes in light
intensity. From top to bottom: 1) and 2) at pH 7.5 and pH 11
respectively (© = ©g* \/2). 3) and 4) at pH 7.5 and pH 11
respectively ( ® = Qp~MN/2). Calibrations of the large divi-
sions are 12.8 msec (horizontal) and arbitrary units (vertical).
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Fig. 15.

The effect of low pH on the voltage induced changes in light
intensity. 1) and 2) at pH 7.5 and pH 5 respectively(©=0,+N2)
3) and 4) at pH 7.5 and pH 5 respectively ( © = Q4 T\%).
Calibrations of the large divisions are 12.8 msec (horizontal)
and arbitrary units (vertical)



The pH dependence -of_.A&D is summarized in'Fig.l16. Here the
values of -A® were obtained | from +the experiments in the ca? —_frée
medium and each point represents the calculated A® twenty minutes
after a opH change. It is aséumed that within twenty minutes the
nerves have been well equilibrated with the new médium and that
no severe denaturation has yet occﬁrred. ‘Ali vﬁlues of A® in Fig..16
are normalized to their control values at pH 7.5. We cén see clearly
that at low pH thefe is a sharp increase of A® . It saturates at about
200% and the mid-point is at about pH 5.5, There is a sharp-decrease
between pH 10 and 11, This decrease could be due to denatﬁration.'of
the nerve or due té neutralizatioh of a strong positively charged gréup.'-
The latter_is sﬁpported by the increase of A® at iow pH, where prob;
’ébly protonation of.some méeities may take.place, thus reduciﬁg "the
negative charges. A candidate for thé positively vcharged group could
be either amino group (pk=10) or the guanidino group of arginine
(pK = 12).> The absence of A® decrease before pH 10 supports the
guanidino group as the possible source of A® . We will test this
hypothesis further in the next section by probing protein side chains

with chemical modifiers.
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Fig. 16.
The pH dependence of A® , normalized to A® at pH 7.5.
The date are the results obtained with many different
nerves (one preparation per point)
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3. Protein Rvaa.ge:its ’

1) Phenylelyoxel

The data from the pll dependence of A® (I-‘ig.lllé) havev
sugcested that at neutrel ph a strongly basic group, presumably
a guanidino, may be responsible for the volitage induced retar-
dation change. me would expect also to ‘see' some ‘chang:es
of A® upon chemical modification of thic grouwp.  Phenyl-
glyoxal 1is a reagent which reacts with guanidino groups of
proteins nezr neutrzl | pll (‘I‘ai»:ahaéhi, 1968). The reaétion
(Fié. 17) gives derivatives containing_ two phenylglyoxal
moieties .per guanidino group (Means and Feeney, 1971).
Upon . extensive ireatneni with phenylglyoxal, &-amino groups

may ealso react.

NH O
//// /——\ // pH -8
p Y —NH—C +2 c—=C e
_ =/ | \1
NH, k
c o
’\__— ———
3 7\
@ NH—C CH—C— + H,0
/ | =
NH—C—O
S
N

Fig. 17 Raactlo*l of the guanidino group of a

: : protein vith phenyleglyoxal (from Means
and Feeney, 1971, vy permission of
Holden=-Dey Tnc.).
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The éffectv of 10 mit phervlglyoxal on the nerve optical .retarda-
tion is shown in Fig. 18. The experiment was performed in Ca”-i‘ree
solution to avoid the side-effects of calcium. Te can see that AO®
is quickly reduced, thus supporting the idee that a guanidino group
mey be the source of AO . The effect is however irreversible and e
slow decrease of ©, also occured, suggestingvsome kind of denatu-
ration. For comparison, the actions of other protein denaturents were
also tested, e.g. sulfhydryl reagents and »rotein crosslinking agenfs.

These are described below.

2) Swlfhydryl Reements

Sévexal reagents have been used to stugdy tl_ze consequences ol modi-
fication of the sulfbydm‘l groups of proteins. N-Ethylmaleimide (NE!)
is a widely used sulfhydryl reacent. However, it is also able to re-
act with amino groups ai high pH‘ values. At pll 7, its reaction rzte
with simple thiols is approximately 1000-fold greater thah thet with
corresponding simple amino compounds (Means end Feeney, 1971). Mercu-
rials are reagents that react rapidly énd specifically with the
sulfhydryl .grou_ps of proteins. The most cémnonly used mercurials are
mercuric éhloride (LeCl,) and para chloro mercuribenzoate (PCNB).

The reactions of NH’ and mercurials with sulfhydryl groups are shown
in Fig. 19.

The action potential of squid giant axon is blqcked by internal or
extezﬁal application of N-Ethylmaleimide (NE?) and mercuric chloride
(Hmeeus-Cox et al., 1966). The inward (sodium) and outward ~(potassiwn).
currents are also reduced by mercuric aceiate (Gilbert and Lipicky, 1973).

NR®' inhibits the sodium current almost completely while potassium current

is only slightly reduced (Shrager, 1975).
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The effect of 10 mM phenylglyoxal on A® and ©®, .
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O ' H O

@»-SH + l NeH, 222 | NG,H,

o H ©

@-S" + 'HgR — @—SHgR

Fig.‘ 19 : Reactions of a sul fhydryl group with
N-Fthylmzl eimide and with mercurials
(from Means and Feeney, 1971, by per-
mission of Holden-Day Inc). '

‘The effects of NE/ (2 m¥) and HgCl, (1074 1) on the optical re-
tardation of the nerve are shovn in Fig, 20. Both A® and ©, are
strongly reduced. The experimen:l:s with NB’ were performed in a cal-
cium-free mediuu while the experiments with HeClo were peri‘om»l'ed' in
& regular saline, However_, g fevw experiments with Egllo in a Ca’x:free
medium also showed & strong reduction of MO, although @o was redﬁced
at a élomer rate. The effects of these drugs on DO and @, were
irreversible. |

PCIB at a concentration of 1074 If in the regizlax; saline medium
also reduced A©® and ®,, but compared tc the effect of HeCls,  the
decrease was not as strong (Fig. 20). Typically after one hour A®
was only reduced by 20% and @, by 0% This drug vas initially dis-
solved in a drop of NaOF solution before it was diluted with saline.
The solubility at neutral pE is limited. This fact and ma.v-be also

the presence of the negetive charge of 'the carboxyl eroup could cause

difficﬁlty for the drug to penetrate the membrane.
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3) Glutaraldehyde

Glutaraldehyde, a protein crosslinking ggent, was first in-
troduced as a fixative by Sabatini et al, (1963). This is such a
gentle fixative that it can leave many cellular enzymes undisturbed
as to function, and is therefore of great value in studies with the
eiectron nmicroscope. The crosslinking reaction (Fig. 21) betweeri
polymer_ic glutaral dehyde ané two primary anino groups was proposed.
by Richards and Knowles (1968). The amino groups are converted to
secondary amines éonnected by a five-carbon bridge. The effect of
glutaraldelyde on rhodopsin has been reported by Browm (1972) and
Cone (1972). Following giu‘bamldehyde fixation, the photoinduced
dichroism reaains, probably as:the result of crosslinking., Yo di-
chroism will reumain if the rhodopsin has not been fixed previously,
since the molecules are free to rotate and undergo random Brévmian
motion. Glutaraldehyde treatment also reduc;es the motién of maleimide
spin labels covalently attached to proteins (Jost et al., 1973).

Shreger et al. (1970) have shom in crayfish axons, that small
amounts of glutaraldelyde reduce and widen the action potential,
especially during the fz1ling phase. Voltage clamped squid axans
are also affected by glutaraldehyde. The membrane ¢urren'bs decrease
and the onset of the outward current is delayed (see appendix).
This suggest that if glutaraldehyde forms molecular bridges, then the
molecular motions are greatly restricted, or in other words the memn-
brane becomes immobilized. If this is the case, one can expect that
the voltage induced change in retardation should also be greatly

reduced by glutaraldehyde.



Fig. 21 : Reac%:ion peiween two amino group and glutar-

aldehyde (adapted from Richards and ¥nowles, 1G63).

Fig. 22 shows the efz'eét of 0.1% by volume glutareldehyde (in
Ca**-free solution) on the nerve ostical retardation. A® decTeases
strongly wkile @, incresses slichtly. This effect is irreversible and
usually the nerve becomes rather stiff and slightly brown-colored at
the end of the esperiment. No decrease of A® and®, could be de-
tected when fomaldeinyde was given to the nerve at 0.1%. Compared to
glutaraldehyde, i‘omal'dehyde is a wealier crosslinking egent. Iowever,
when it was given at a higher concentration (about 1%), thenr a de-
crecse was seen.

The results of the experiments with protein reégents give a strong
suggestion that proteins may be involved in the generation of A ©.
This is also supported by the i‘act_ that glu'bamldehydé tr%;:ment has
little or no effect on the fluid bilayers (Jost et al., 1973). They

observed no changes in the electron spin resonance spectra of a lipid

spin label in nerve bundles upon exposure to glutaraldehyde.



120

REL. A8 (%)
®
@)

40

120

80

REL. 8o (°/o)

40

66

0.1% Glutaraldehyde

@]

1 |
40 80 120
TIME (Min.)

160

XBL 769-9611

Fig. 22. :
The effect of glutaraldehyde (0.1% by volume)
on A®@ and ©y -



Further tests with lipid reagenis will be described in the next sec-

tion to check the role of lipids on the generation of A®.

C. Modification of Phosvholipigs

1) Uranyl Ior (TO-)

UO;_,* has beer showm to bing very eﬁfectively at extrenely low
concentratians (lO'6 to 1072 K in the bulk aqueous phase) to necative
surface charges or phosphatidyl serin'e bilayers, whereas much hi.g,her
cancentretions (1072 1o 107! 1 in the bull phase) of the alkeline
eerths bind mininglly and predominently screen these charges (Mlaugiin,
Szabo and Eisenman, 1971). An exvtensive urenyl ion binding can czusc
- the negative surface charege de:sity on the axon to be decremsed con-
siderably. This was evidenced by the fact that eguzl concenrtretions
of elkaline-earth cations dic not have the same effect on the thresioll
potential (D'Arrigo, 1575). Thus uranyl ion can be used to study the |
role of the phosphzte Leadcroups of phosphatidyl serine on the vdioge
induced retardation change. Then uranyl nitrate was added to the
mediuz, no significant chances of a0® or (O could be defected. Lfter
one hour incubztion, the relative valge ova@.was 95% and that of
@, was 100%. The dru¢ was given &t 2 concentration of 10-3 i, but the
effective concentration was only on the order of 10-4 I’ since it was
not coﬁpl etely soluble at physiological pL. The effect on the Hrecholc
potential was significant at about 10-2 ¥ al though uranyl ién did not
have am/ detectable effect on the actuzl shape of the action potential
itself (D'Arrigo, 1975). The absence of an eflect of uranyl ion on A®
succests that the negl;ati*‘ve ckerge of phosphotidyl serine is not the

primary origin of A®.



Other reagents that perturb the phospholivids are phospholipases

and detergents. The effects of these drugs will be described below.

2) Phospholipases

Pho.spholipa,ses are able to disruot the lipid bilayer of memuronec.
The sites of zction of phosprolipases on pl;‘osphoglycerides are chown
in Fig. 23 (Lehninger, 1970). Phospholipese A (found in some snake
va)o:'ns) cleaves one fztty acid linkare, leav:‘né the poler heads of the

phospholipid molecules intaci, Lowever, thc product, lysopkosshziide,

is {oxic ané¢ injurious to membranes. Phospholipase 2 is a mixture of

Phosnholipase £ and lysophosrlhiolinasc, The lysophospholipase reuoves

the fatty acid fron lysophospvholipids. Phosvholipase C hydrolyces ile
ester links-e betvee: the oK =-carbor of glycero! ané the phosphesie
group in some phostholipids. ~Phosdholipase D hydrolyses the linizge

between the phosphate ané the rest of the head group.

~ Phospholipase B .
H.CO-|-C—R
Phospholipase A | CEJ
R,—C-+O0OCH
b | o
H,CO-i—}l;‘-}-OCH_.C!-l,N‘(CH,)‘
&
Phospliolipase C l"hosphohpast: D

Fic. 23 Sitec of action of phospholipases
on phosphatidyl choline
(from Lehninger, 1970)



69

The effec_ﬁs of phosphblipases on the excitability boi‘ the nei‘ve
have been investigated by many workers. In general, internal ap»nli-
. cation of phospholipases 4, C or D supporesses the e:cntablllt:y (Tasaii
and Takenaka, 1964; Abboit et al., 1972). The effects of extem.ally'
#@inistered phospholipases are still controversigl, sinée the purities

of tke enzymes used by differe:zt £roups are not ideitical. In this

- study we will focus our ettention mostlj to the effects on thé opiics’
‘retzraztion. Fig. 24 shows typicel effects of 0.5 mg,/ml lysophos-

phatiglcholine (procuct of phospholipase 4 and phosphatidyl choline),
phospholipase C (1 mb 21) end phoepholm..sc D (1 m2/=1). These phos-
pholipases irn tenera_' reduce A® irreverziply. This effect was also
seer in a few exp e"':uner‘ce wkhere calciun was absent. Phospholinase D
also'reduces(jb‘quite significantly. In the experiments witk the oiZer
phos Ltolipeses, ©, stays elmost constant and :.n peny ceses it Is larger
than the ve.luas of the conirol erperiments. It is possipvle ihat tre
menbrane is disrupted by the action of the phosphkolipases. This pos-
sibility W_ill- be investigated by studying the effects of detergents on

ilie nerve.

V 3) Detergent

A detergent is usually 2 surn aceactlve agent containing a
‘bydmpm.llc mozet{ at one end and e fairly long che._n lipophilic groum
at the other end. Ylsh:.:noto and Adelmern (1964) have studied the el-
fects of detergents on squid giawt exon resting and action potex t_a_
as well es mezbrane conductances in the veltage clanp. Sodiu:r. lauryl
sulfzte or sodiux dodécyl'sulfate (an enionic detergent) gt'o.l o

1l ml’ causes a temporary increese end a later irreversible decrease of
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The effects of 1 mg/ml phospholipase D, 1 mg/ml
phospholipase C and 0.5 mg/ml lysophosphatldyl-
choline (L) on &A@ and .



action potentizl hei{_‘,ht anc¢ tre value of the resting potaﬁtial. The
sodiuwz and potassium conductances are also reduced irreversibly.

The typiczl effects of 104 M sodiwm dodecyl suwlfete orn the
. ontical retardation sre shown in Fig. 25. (One expefiment was don
in & rezular saline solution,contzining ealcium (cuw’es lae anc‘v lb))ar.c'
-oﬁe other evperiuent was done is a caléium;free nediux (curves2z and Eb)
In both cases A decresses, while Opdecreasss slightly (1b) or even
increase (2b). The incresse of @o vill be giscussed further irn the
Discussion seciion. | |

Triton X-100, a2 non-ionic detvercent, showed almost. similar effects
es sodiun dodecyl sulfate. At 2 cancentration ranre between 1073 and
10"133 (by volume)A® wes reduced sirongly but ©, decreasec only slightly
(Pig, 26). 1In this casc the experinents were done using jusi the nor-
mal saline solution, The decrease of ©, could be due to entry of
calciun ions. Sodiw: lauryl sulfzte also causes a consideravle increcse
in leakage current for kyperpolarized potcnticls (Uishimoto and Ldelmen,
1964). It was assumed that this phenomenon implies a non-specific lealk
or an increased gceneral permeability of the membrane to zll ions and
may in pa:t be responsible for the degzadatidn of the nerve. The de-
crease of A © caused by the detergents (eve: in calciun-free medium)
indicetes that the intact structure of the membrane is necessary for
the generation of A® . The generzl actions of the phospholipases re-
senble those of the detergents and thus they may reflect a non-specific
disruption of the lipic matrix. 3ased on these results and on the
sirang effects of protein reagenis describéd eerlier, it seezs benefi-

cial to look for specific proteins that may be associated with the

change in the optical retardation.
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The effect of 10'h M sodium dodecyl sulfate on A® and ©,.
1) experiment in reguler saline, 2) experiment in C&**-free

saline. Broken lines are control experiments in regular

saline.
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D. Cholinerric Compounds

Nerve exon x:;e:branes' afe xnown to evlkibit considerable aceiyl-
cholinesterzse activity (Nach.ansohn, 1959; Neuzznn end Nach:ansoln,
1575; Villezas and Villegas, 19743 Soeda et al., 1975; Denburg et al.,
1972, Belera et al., 1975). Acetylcholinesierase inkibitors and
‘acet;flcholine blockk excitaiion in several tynes of nerve fibers
{Detibarm anc Bartels, 196S; Foedman ang Dettbern, 1971). At present
'ther_e ve.re sone conflicting ideac about tle role of é.cetylci:oline in
nerve conduction., The locaiization of acetylcholinectersse in tie
é,iar;t nerve fibver .of thie squid was established by histocha:ical élec-
tron micréscopic determingtiion arnd it was found to be distributled
t

glong the axolewns and attached to its axoplasmic leaflet (Villeszs

ané Villegas, 1374). At these resions the trileziner substructure of
the exoplasi and a narrowing of the axon-Schwann cell interspace were
also present. Recenily, Villegzs (1975) has also shov.f: that a cholneic
syste:z is involved in the gene;sis of the long-lasting Schwann cell
Ib'perpolarization in the squid giant neve {iber. Howe\rei*, tte pres-
ence of acevylicholine andg its related enzymes in the peripherzl nerves
was once thougkt to be related to their transport towards the active
physiclogical sites of the nerve terminels at the synapses and neuro-
muscular juctions (Koehig and Koelle, 1961). On the other hang, a
coaplex, multi-réactiori model sugresting thzt the permresbility clenges
of excitable membranes are controlled in vivo by specific reections
involving the acetylcholine systes has been proposed by Nachmensorn
(1955) and Neumanr et sl. (1975). Althoﬁg‘n the concept is supported

oy a nu:iber of biockezical anc biophysical data, more defiritive tects

are still required. Denburg et al. (1972, 1973) isolated mecromolecules
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fram looster aon membrones thrat bind cholinergic ligands anc local
anesthetics. The exact roles of the acetylcholinesterase and of the
cholinergic binding macromolecule in the axon membrane désewe furtrer
exverimantal studiec. _The eflects of sone cholinergic“co:pounds, |
anticholinesterase enc local anesthetics on A® 2nd Oy will be described

nexs.

1) Ac et;.'lc'::ol-jng Croxm

hcetylcholine in concentrations of about 10 ml depolarize the
mé::brane, prolong the actior vot.ntizl, and with rrogressive éépola:‘i;
zc—.tiof. reversible bloch of concduciion occurs (Deitbarm ané Beriels,
1363). The recponse of & cholinergic membrane to acetylcholine might
ihx'ol'»re severzl sites of action, and the activ.e sﬁte of a;et:,'lc}:ol‘_ﬁcs-
terase might .be one. Acetylcholine is hyérolyzec al an apprecicble
réte by the menbrane bowné acetylcheolinesterase. An acetylchrioline
induced depolarization resronse in lobster glant axon hes beer dexon-
stretec to be due 1o loczlized ecidification of the mecbrane caused by
the hydrolysing ectivity of acetylcholinesterase (Eoeimen erid Dettbam,
1971). A similer depolarization phenomenon was reported for eel elec-
troplax in which the receptor sites had been modified by hbrpgrtonic
solution, leaving the cholinesterase activity unaltered (Podleski and
Changeux, 1967). |

Adding 10 m! aée‘cylcholine to the solutian bathirng the nerve in
the central chamber mer:edly reduceé the voltase induced retardation
change A® and the resting retardation ©, (Fig. 27). The decrease of
A©® angd Go was mﬁch faster in a mediur contzining low buffer concen-

tretion (2 m!) then in & medium with a high buffer concentration (30 ml).
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The effects of 10 mM acetylcholine (ACh) on 4@ and ©pat different
buffer concentrations (2 M or 30 mM Hepes) in the regular solution.
The curves at the top (+——+) show results in Ceé'* -free solution with

10 mM ACh. At the downward arrow this solution was changed with a
Ca’* -free solution without ACh.



The control experiments were done with 10 m' Eepes buffer. Wher lover
or higher concenfrations of buffer were used in the control exper;ment,
no signific;nt chances were detected. Sizilarly no effect wee sec:
when 20 m/ choline or acetic acid, the hydrolysisc products of ecetyl-
choline , Was added to the medium at a.carefuliy mzintained pll,

Wren the experisent with acetylcholine was performed in a czicium-
free medium, the result was different. As stown in Pig. 27 (top);.
a0 increaéed oy about 80 while &, stayed constant at 100 Tr.e effect
1

wa2s reversitle upon retumrn (arrow) to the calciun-Treec control meldium.

In this case A® went bacik to nmesr 1007 level. Thus the datc in Pig. 27
sugest thzt acetyicholine induced a change in local pll, probably dac
to a locel relezse of acetic acid vhex acetylcholiﬁe was hydrolysed by
the acetylcholinesterese of the tissue. The pE Change was &lso seen
clearly when the nerve bundle was placed on top of a pE indicator mer.
Adding 2 drop of solutian thét contains acetylcholine (10 m¥) bufered
with Eepes (10 m’) 2t p¥ 7.4, changed the color of the paper near the
ticsue to yellow-orange (p¥ 5) irn 10 minutes, elthough the color of
the surrounding liquid still remains ligkt green (p¥ 7).

n the basis of the avove observations it was therefore of in-
terest to test the effects of cholinergic compounds that are not hy-
drolysec by tre acetylcholinesterase. This kind of study can deter~
mine wheiher there are any other siructures with which tke acetyl-
choline can interact and cause the changes es shé.“ in Pig. 27. Soze
cholinergic compounds suck as carbamylchoiine, tetramethylammoniua,
tetraethylammoniws, heuicholinium-3, hexamethonium, decamethoniuz,

d-tubocurarine induced no significent effect. These experiments were

performed using the regular seline. The‘results are shown in Fig. 28
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The effect of carbamylcholine (20 mM or O mM) on

 A® and ©,. AO® was induced by pulses of 64 msec

duration.



for caz-bawlchol_iné“,’ in Pig. 29 for teiremethylammoniwa, in Fif. 30
for tetraethylemmoniut and hemicholinium-3, in Fig. 31 for hexametioiun
and decasethonium, and in Fig, 32 for vd-tubocurarine. The experinents
itk carbaqylcholinc and tetramethylammonius were done usmg €4 nsec
puises vhich caused the vaiues (also in control experiments) to de-
crease faster (see Fig. 8). The lack of an effect of the previously
listed coznpounds rey indicate that they have difficul*;ies penetrating
tﬁe nenorane, perhé.ps due to their charged qﬁartezna:y azine nature.
Yeh and Narsheshi (1974) have reported tha‘t.‘ extemal applicetion of

carbachol, ecetylcholine, heiamethonium, decamethonium, d-tubocurarirne

3

have 1ittle or no effect o

: resting and action potentials. lLowever,
when perfused intemzlly, the;fdecraase the heickt of the zction pb-
tesiial and prolong its durstion. JTonic congductancez are also s;.:_:\‘—
pressed.

Extemszl epplicetiion of 10 m’ nicotine reculis in z 30407 re-
duction of the steady stete current (Frezier et al., 1973). Like th
othver cholinergic ligends, nicotine is &lso more potez_’xt 1n blocking
mezbrane ionic conductences when applied from the inside of the men-
brene than from the outside. It is known that nicotine binds to =z
component from & preparation of an exon-plasma mentrane with & disso-
ciation constant of 0,42 % 0.04/?.'; (Denburg. et al., 1972).

Nicotine has an interesting efi‘ect onA®, as shown in Fig., 33.

‘Given at 20 m (pk 7.5) it gradually lowered the values of A® andQ,
below the control exoseriment in the reguler szline solution, P.owever,‘
when the experiment with nicotine was performmed in the calcium.-free
mediun, A® was increase 207 tan_ﬁorarily while ©, stays close to 1007 |

level, Ceare was take:n that the nerves were sgquilibrztied long enough
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(at least 20 minutes) with a Cé**-free solution, before the nicotine

was added.

2) Anticholinesterase: Eserine (physostigmine) and neostigmine (pro-
stigmine)

Both eserine and ngqstigmine are known to be potent inhibitors of
acetylcholinestefésé extracted from many differen£ tissues (Nachmensohn,
l959§ Soeda et al., 1975). In monocellular electroplax preparations,
eserine at 5%10°7 M inhibits the acetylcholinesterase, while at 5%1073 M

it prevents,thé usual‘acetylcholine induced depolarization (Higmen and
Bartels,‘l962). Eserine also iﬁhibits the binding of nicotine to the
vaxénal cholinergic binding macromolecule (Denburg et al., 1972).
Dettbarn and Bartels (1968) have studied the electrophysiological
effects»of eserine and neostigmine on the giant a#ons of the loﬁster.
Eserine at 10 mM caused a 15 mV’depolarization and the action potenQ
tial was prolonged before it was blocked. Neostigmine did not hgve
an effect on the membrane or on the action potential although it pre-
vented the depolarizing effect 6f acetylcholine. The effect of 10 mM
" eserine on the optical retardstion is shown. in Fig. 3h.7 Care
was taken to minimizé the ekposure of the eserine solution to heat,
light and air. Solutidns thet showed a pink color, probably due
to hydrolysis; vere discé.i*ded. A©® was reduced signif‘icahtlyv and
@y was slightly lower than in control. In this case the side effecté
of calcium.were>also cheéked. Whehvthe same e#periments ﬁithv eserine
were performed in a Ringer solution that contained no calcium, dif-
ferent results were obtained (top curves). Both A® and ©, increased

for the first 40 minutes and then decline. This kind of phenomenon
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has been observed mary times also with different kinds of chemical
modification. The possibvle r_nechaﬁisms for the increase or decrease
of A® will be describe¢ in detail in the discusscion section.v
Neost‘ig;:ine at 20 @' did not skhow any sig‘nifiﬂca.nt effect on the
opticcl ret;;rdation (Fig. 35). Eowever, & few additional experiziamts
have incicated that pretre%atment of the nerves witk neoétig:i-ne de-
creased the ef:‘ectiveness of acetylcholine in reducing tre optical
r_e'tardatibr. signcls, This ié ;\rez;w likely due to inkibition of the

acetylicuolinesterase activity by neostistine.

L. Locz) anecthetics and Barbituraztes

e gereration of action potenticls ir the nerve can be bloc}:;d
by loczl anestihetics such as procaine, tetracaine or dibuce.iné, end
by barbiturates suck as barvital socium and pentobarvital. The active
component of locel enesthetics is the charged form (positive) acting
fro: the inside of tre axon. However, due to their 1ipid solubility,
most tertiery arzine local anesthetics can block the action potenticl
froz both sides of ihe menbrene. Bar’pitumtes are derived frox
pyrimidine with 3 keto odycen end some hydrocarbon chains. Barditu-
retes end local anesthetics bind to phospholipids in vitro.  The
binging of czlciuz to .'the phospholipids ere increased iby barEitumtes,
while locel e,nesti:etics decrease it (Blausteir. and Goldmn, 1966‘) .
Loczal anesthetics are dissociated into cations but barbiturates are
dissocieicd into anions. Blaustein end Goldman (1966) su{;gested. thet
the polar heads of cztionic drugs would tend to neutralize the nece-
tively chargecd site» an the phospholipid so that fever sites would ‘be.

avzilable for the binding of divelent cations. Conversely, if the
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drus were ‘a_n anion its negmiively charged head wéuld tend to neutral-
ize the cationic nitrogen of the phospholipid, so that there would be
an increcsed tendency :oi» divelent ions to bind . to the phospholinics.
In voltage clamp experiments, botk types of drugs inhibit the pes:
transient and late steady siate currents, and increase the time for
the transient current to reach its peal: (_IIamhéshi-, '1971). The mecha-
nism of the currest inhibition by anestlhetics and tranquilizers stili
renzins ooscure. Previous interpretations of ‘bi‘.-e effects of local
ah.estl:etics on cellular mesdbrane :hr:.\'e~ Tocused iargely or. the inter-
action of these drugs with membrene linice. Lo_cé.l anesthetics are
knowm tc'produce nolecular diserderiig 3.n lip.id bil&ye_rs.;e.nd to en-
hance the fluicity of phospholipids in mezndranes (Seeman, 1972; _
Hubbell et al., 1959, 1970; Papahadjopoulos, 1975). Hubbell et al.

- (1963) have founéd thet anesthetics cause & melting or disordering of
the membrane such that mo're hycrophobic molecul es ‘e'nter the nembrane's
hydrophobic regions. The electron spin resonance spectra ol nitroxide
‘molecul es rit‘z:iﬁ the menbrane phase indiczte thet the anesthetics in-
6re.se the molecular freedoz of motion in the membrane., More recent
experiments suggest thet anesthetics also in‘t'e:act with membrane
proteins (Boges et al., 19763 Seeman, 1972, 1975). It is known that
loczl anesthetics expend biological membranes. At concentrations of
dmgs_(such as 'ethanol) knovm to block the nerve i‘ibers,v. theb menbranc
expands an the .order of 2, to 35, and significantly fhe expansion is
something like ten times greater than predicted fra:z tkhe amount of
drug known to enter the mezorene. Then the same experiments were
done with iiposom’es, in vhich no protein ‘was present, no such a=pli-

fication occurred. Since anesthetics are able to pProduce corormation
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cbangés in proteins (3alasubramenian et 2l., 195&), it is poscidbie
that the mmbme expands as a result of modification of the membrzne
proteins.

Since aresthetics can perturb the lipié anc/or the protein
structures in the menbrane, it will therefore e interesting to study
their effects on the opticel reterdation. Cohen et al. (1971) fownc
no effect of 10 v proczine. £t 10 m¥ the elffect may not ve sec:
easAy becouse it is still witnin the standard deviztion renge of tie
control experiment. Lowever, whe:.'. ve used higher concextrations
(50 ml), e significent efiect was ovserved (Fig. 38). Both A® and
@o ircrease for a WZ'.ilé and itrhen decreasec. Similer elfects were in-
d@ce:’ by tetrecaine at subillimolar concentretions (Fig. 37). The
{rensient increcse of A® was reversible and in addition, it was not
a.i‘fected by prvet.reat:ne:zt of the fivers with eserine or neosiigzine.
The transient increase of @o ancé the late decremse of A® were moTe
pronounced at high concentratiouns.

The effect of dibucaine, & locgl anesthetic that is more potent
ther procaine or tetrecaine, ves v:'m'esti.gatec‘ at 3 different concen-
tration fen;es (Fig. 36). At 1072 11 trere were no sigrificent effects,
while at 1074 M A© wes reduced and Oo was increased. At ZLO'_3 17 there
was a rapid increéée of @o vhich was then followed by & sharp decrease.
At this concentration A® wes irreversibly reduces immeciately after
the ecdition of the drus. Eowever, when the experiments were dore in
e calcium-free solution, different results vere obtained, as shomm in
Fig. 39. At 1077 ¥ we can see an increase in A® and @, vhick is then

followed by & decresse. When lover concentrations (1074 ¥) were used,

the onset of the decrease Wes usuelly delayed. Tetreceine at 10-3 ¥
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elso inducgd almost the same effect (Fig. 39). The early i-ncrea::é
of A® wes very large hote the change in scale) while ©, increesed
slightly. Both A® and @, decreesed gredually later. At higher
cancentration (l.O'2 1) this decrease wes usuzlly more repid end irre-
versible. By comparing Fig. 39 with the previous figures (Fig.37, 38)
‘one can see that in calcium-free solutions tke local anesthetics in-
duced larger and loﬁger lesting increese of A® arxdeo. in ermrmyle
of the bu{;e increase of‘A@ is .shov..":- 1r Fig; 40.. Eere the increesse
in light :Ln*_tensity chances (AI) at botn qriéntations of the quarter
wavc tlate is ého':n, before,and 10 _ﬁ.inutes'ai‘te:" the additiox of
le‘B I’ tetracaine. vThis increase is usuzlly reversible upo::h ’ri;'zsi:;g
with tetraczine-free mediwnu. No change in the kine’cics of *..“:e sif-
nals could be detectec after the addition of tetraceine. |

The barbitumte'é é.lso havé ‘étron_g effects on fhe optical retar-
dation, as showr in Fig. 41 for barbital sodium. At 20 m’ or 50 w,
A® iucreased trensiently anvd then decressed,an effect similar to‘
thatb induced by proczine. Eowever, @, showedonly a decreese without-
a transient increase. The decrease ofA® and ©, was more severe &t
high concentration (52 m’). A few experiments were also performed
with other berbiturates, e.g. pentobarbitel (nembutel). This drug
decreesed A® and @, elready at & concentration of 1 ! (Fig. 42).
A11 the experiments with fhe barbiturates were done in the nommal

saline solution.
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Fig. 40.

The changes in light intensity of the nerve (arbitrary units).

1st and 2nd: at ©=0Og+N\/2, before and after the addition of
tetracaine.

3rd and bth: at ©O=@,-TV2, before and after the addition of
tetracaine respectively.

Time calibration: 12.8 msec per large division.
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F. Mogification of ATPase

It is knomn that the éheath from giant axons contain an A'i'Pase
enzyme thet is actlvatea by mag,nes1wn ions ana bydrolyzes ATP to -
ADP, liberating :Lnorgenlc phosphate (Sabatini et al., 1968; Sjodin, 7
1971). ATP is the éerg,y source for ‘the "pump" that actively tzans—v
ports sodiuz out of the cell. It is of considereble interest to
find out whether the changes in the opticel reiardaticn can Bé zas-
societed with the ATPase. Some of the dmgs that have been used
earlier, e.g. tetrael 1a:nmo*11uxr end hemicholiniur-3, are known to
be inhibitors of the ATPase (Matsumurz and Naraheski, 1971). Fow-
ever, as describeld earlier, these two érugs did not have any sigri-
ficant effec£ on the optical retérdation 4@ and ®, (see Section D).

In tkis section, the effects of ATP and ouabain will be de-
scribed. ATP is the substrate of ATPase, while ouab:l:'.n, e cardiac
glycoside is a well known inhibitor of the enzyme. ATP at a con-
centration of 20 m’ decreased a© end O, only slightly (Fig. 43).

At this <:or1c»:-‘:~1:re.‘c1 on the drug was not completely soluble ir the
normal saline solutlon. 0n the other ha.nd, ouabain, at & concen-
tration of only 2 mi has & stv-ong "‘"ect, as shown in Flg. 44

A0 rose continuously while ©, stayed constant initially, but a
slow decrease was apparent after a long period of incubation in
ouabzin. The ere*‘iments witin ouabain were done in e calcium-free
saline to avoid the interfering effects of calcium. A1l .t":»e pos-
sibl e mechanisms a.nd intrepretations of the drug *”"‘ects will bYe

described in the Discussion section.
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V. DISCUSSIG: AND CONCLUSINS

We have demonstrated that a relatively simple method, not re-
quirine intemal electrodes, pemmits studying the effects of men-
brane potential perturbatioﬁs ori the optical reterdation of nerves.
The method offers the advantage that these optical sig:ﬁals can be

" studied even under cbnditions in wh;.ch no action potential can be
elicited. Cons_equer.tlyz, Vthis kind of study may provide more insight
into the Imolecular origin of the p,ote.ﬁtial—induced retardation
-cha..ces, since cheaical ané biochenicel modifications and perturva-
tions are compatible witl the evveriments. » |

Tne results of the chemiczl modification experiments have shorh
that there are different types of druc effects on A@® and &,. The
decrease in A® could be due %o one or more of the following meckza-
nisz?.s:

1) Celcium entry into the interior of the axon
2) Disruptian of membrane lipids

3) Disruption of proteins

4) Neutralization of a positively‘charged groun

The decrease of 4@ due Yo calciun can be seen clearly in Fig.9,
Fig. 12 and in many other drug experi.ments. If hes then been ob-
served that in Ca '=free media the dzﬁg eflects 6n AG are not thcb

_ sem: ac in the resular Pinger solutien (Figs. 13, 27, %3, 34, o).
Thus some of the drugs are capable of inducing en increase in cal-
cium influx. Tne slow decrease of A0 and &, in the control experi-
ne:ts (Fig. 8) ax;e probebly also due to calcium entry into the in-

terior of the nerve, because in catt -rree solution, both A® and @,



eTe more stable anc always stay close to the relctive 100 level
(Fig. 12). Dipolé et al., (1976) have meesured the values for ion-
ized cé.'lcium in squid axons by measuring the light emission fron a
drop of aequorin confined to & diazlysis tube located exially. Wit:
a.fr&hly isolated axon in 10 mM Ce.“'-seawater, the aegquorin glow
invariably increesed witk time, indicating ar increzse of ionized
calciur inside the nerve. The calciun level was promptly reduced
when the axon was bathed in Ce't-free seawater. The axoplasn of &
living nere fiber is solid and anisotropic in the resting state,
showing the existence of some molecular organization (Beer and
Schmitt, 1937, 1957, Jetuzals and Izzard, 1960). Eodg:in and Iemec
(l>9'5’) have shown thzt the solidity of the nerve avoplasz is de-
sti‘uéted with e small amount of czleium in the internsl medium.

The d_ecree.se in ©, nzy reflect a disturbance in the ordered structure
of fhe axoplesm,

The experiments with lysolecithin, phospholipases (C and D) and
detergents suggest t}/xat the decrease in A® could be due to a dis-
ruption of the membrane lipids, which mey also lead to a collapsc
of the menbrane structure. The absence of any effect of uranyl ion
suggests that the heed group 61‘ phospholipids is not directly  in-
volved in A®.

The decreese of a® qould also be due to disruption of protein
structures. Phenylglyoxal, LgCls and NE! are protein reagents that
| strongly decrease A® and @o. Glutaraldehyde reduces A@© probably
due to its crosslin.‘f.iné ection on proteins. The involvement of pro-
‘teins in fbe chenges of retzrdation has been sucgested by Seto et al.

(1973) and by Kaplan and Klein (1974).
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The decrease of A® &t pE higher than pl 10.5 suggests the in-
volvement of & positively charged group that is neutralized at hl{}b pl.
This positive charge could be an exino or a gu_anidinovgmup. Since no
significant decreese of A® was observed between pX 7.5 and p& 10, and
since &Q was strongly redﬁced by phenylglyoszl (which is more spe-
cific for guanidino grour than for amino group), it is believed thct
tkis charge is & vidino group. The almost linear voltace dependence
of DE sugpest that A® nay oricinate fror & simpl e..displaceneht of
the clérged guarnidino grouv by the change in the electric field ol 1ihc
mezbrane.

Tné increzse in A@ could be due 1o on.e or more of the following
mechanis:is:

1) Protonztion of negmiive charges

2) Increese in menbrane fluigity

5) Interaction with a cholinergic binding macromolecul e

| Protconation of negative" cherges can occur at low pk values, and
in this recion A® increases (Fig, 16)., The decreace in the number
of the nefative charces mey result in an increase in the tot;l (net)
positive charge, so that the electric field may induce a larger dis-
plecement of the positive charge. It is also possible thet the posi-
tive and negative charges are on different molecules. In this cacse,
protonztior of the nemtive charges may result in a decreace in the
attraciive electrostatic forces between theu., This can also result
in & larger displacenent of the positive charge.

The increese of A® could also be due to an increase in the flu--
idiy of the membrane, as sugrestec by the erperiments with local anes-

thetics and barbital sodiun (Figs. 39 - 41). It is possible thzt when
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the mgnbm.ne vié_cosity decreases, the bydmcérbon chzin of arginine
or lysine may encounter less -frictiona.l forces in the membrane. Thus
the electric field could induce a larger displacement of the positive-
ly charged guanidino 6: amino groups whick would then cause an in-
crease in A® . The decreese in viscosity should also effect tiie
rise and decay times of the opfical signal. TUnfortunately, our sys-
ter does not permit us to detect a decrease in the time constant,
since the rate limiting ster of the system is deteminéd 'by the cable
properties of the nerve buncle. Xeymes and Rojas (1974) have"\shoma
that.l,fé procaine roughly helved the time constant of the gating cur-
rent. This agp.in supports ithe notian of ax a,nes‘ti_hetic induced in-
crease in the fluidity of the lipidmatri;( of the menbiane. Some lo-
cel anosthetics also trensiently incresse the static retardation O
of the newe (Figs. 36 - 39). This increese mc;)f indicate a loss of
the negztive retardation component of the nerve, whickh is very _li‘f..elyv
causéd by the disordering effect of th.e drug on the lipid structures.
¥hat remzins is fhen only the positive retardétion componeﬁt, which
‘mostly briginates froz the microtubules and miczbfil&nents of tre
exoplasm., However, prolonged exposure or app'livcationb of high concen-
trations of anesthetics répidly decreased the static retardation O,
as well as the retardation change A®. Thé decrease of ©, suggest$
that these drugs may cause & disruption of the g,xoplasmic microtubular
protein stmctures; Supportiing this vier is the el eciron microscope
émmimtim by Ticolson et al. (1976) of untransformed BALB/3T5 cells.
Tieafn;mt with anesthetics revealed significant reductions in plasma
menbrane-associated microtubules and mi‘cro‘filammebts and/or their

plasmé membrane attachment. It is believed that celciua may pleef ‘a
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réle in the destruction of the microtubular structures.

The interaction of some drugs yith a cholinergic'binding macromole-
cule in the membfane is believed to be also one of the causes of the
increase in A® . This ma;romoleculé could be similar to the one iso-
lated by Denburg et al. (1972) from lobster axon membranes. They have
shown that the macromoleéule, which - is a phoépholipoprotein, binds
cholinergic ligands (nicotine, eserine etc.) end local anesthetics.
Nicotine and eserine induced an increase in lKj‘uhen’ the experiments
were done in a Ce'* -free medium (Figs. 33, 34). As described earlier,
local aneéthetics also induced an increase in A®. The large increase
was interpreted as due to & decrease in membrane viscosity. However,

a small percentage of the increase of A® could alss be due to a di-
rect interaction between the local anesthetics and the macromolecule.
Wéber and Changeux (197h) have shown that local anesthetics inhibit
competitively the binding of (3H) acetylcholine to the cholinergic re-
ceptor site from Torpeds electric tissues. They concluded that l5cal
anesthetics bind to the cholinergic receptor site with a low affinity,
but that they inhibit the depolarization of the electroplax by binding
at different sites situated onbor near the cholinergic receptor protein.

We have tested many different kinds of cholinenergic compounds.
Most of these charged quarternary amine compounds.may have difficulty
penetrating ﬁhe_membrane due to theif poor lipid sdlubility and thus
have no significant effect on the optical retardation.r They might
also fﬁée diffusional barriers exerted by the Schwan cells and con-
nective tissues surroundiﬁg the axon It is beiieved that the nico-
tine receptor is located on the internal surface of the axon plasma

 membrane (Denburg et al., 1972; Frazier et al., 1973). The effect
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of acetylcholine (Fig. 27) is wnigque since it resea"ol,es the effect of.
low pE (Tig. 13). The hydrolysis of acetylcholine by the acetyl-
cholinesterese is respansible for the decrease in local p¥ of the
‘tissue. Iigh buffler cancentration or pretreatment wit‘h. neostigrine
decreased the effectiveness of acetylcholine in rejucing A®@ . Neo-
stignine, an acetylcholinesterase inhibitor, did not have any signifi-
cant effect on A® and @ (Tig. 35). All these results suggest that
A® mey not be associated directly with the é.c’etyllc'holir.lestezase.

The absence of an effect of AT? (Fig._ 43) rules out the possibil-
ity that".';'l‘?ase ey be assoclated with the retardstion changes. On
the other hand, the cuatair induced contihuo_us increzse of A was
rether surprising (Fig. 44). Eiowewlfer', Denburg and 0'Brien (1973) have
shm thet besides inlaibitin; £TPase, ouab:,;i.p is also & ‘noncompetj;'lv:ive
inkibitor o (1) nicotine binding wiih a Kj= 7*10‘5_}.:. Thus the .
ouzbzir induced A® increase could be due to the n'pteragtiop of oualsin
vith the cholinergic bindi_ng macrozolecule. The exactn_&ture of inten
action between many different drugs and the macromolecule neéds further
investigation. Denburg et el. (1972) concluded that the nicotine-bind-
 ing component of the axonzl menbrane resembles the acet;;'lcholine ré
ceptor that exist et cholinergic pos‘t-synaptig membranes. Frazier .et
al. (1969) on f.he other hand spggé‘hed that the two macromolecu;es mey |
be functionany different. In reletion to these views, it is ‘intex__‘-
esting to know that bir.efrin.gance‘ changes during _é,ctivi,ty ‘have also

been observed in the electric orgen of Electrophorus electricus (Coher

et al., 1963). It is known that the electric orgen is riqh_.in acetyl-
choline receptors. The importance of the birefringence changes in the

molecular mechaniss of excitation is @& subject that meeds further imves-



108

tigation. It will be interesting to do the chemical.modification ex-
periments by applying the drugs directly on the internal surface of
the membrane. Tnis can be achieved easily using the internal perfu-
sion techniéue on the giant axons of the squid. Large squids are wun-
fortunately not readily available in the West-coast.

Taken together, the data from the effects of pH (Fig.16), protein
- denaturants (Figs.18, 20, 22) and proteases (Kaplan and Klein, 197L;
Sato et el., 1973) suggest that at least part of the electric field
" induced retardation changes may be associated with & charged group on
a protein macromolecule. It is reasonable to assume that such a macro-
molecule is located within or close to the membrane since A® also
responds to changes in membrane fluidity (as shown by the effects of
drugs such as local anesthetics and barbiturates). Changes in thevmem-
brane properties as indu¢ed by ‘the phospholipases andvdetergents, which
are knowﬁ to modify’the integrity of the strucfure and the dynamics of
membranes, may render the macromolecule more or less, susceptible to
the changes in the electric field. It will be interesting to find out
if the charge movemgﬁt associated with the retarda?ion change can be
correlated with the charge movement of the gatiﬁg current (Armstrong
and Bezanilla, 1974; Keynes and Rojas, 1974). This can be done when
more date from the effects of chemical modification on the gating cur-
rent become available.

I hope that the results of my experiments have narrowed down the
"band-with" in the search of the origin of retardation changes in
nerves. All the interpretations of the results are subject to further
testing with other types of spectroscopic technique. It is'hoped that

the other techniques will be able to give more detailed informations
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about the nature of the changes induced by the electric tield. At
least we are almost certain now which part of the membrane is worth

future study.
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APPT DIV

Effect of Glutaraldehyde on the Ilerve Yembrane Currents

Materiels and lethods

Gient axons of squid, Lolico pealii, available in Toods Lole,

liassachusetts during the summer were used for this study. The axon
is dissected free from the mentle by meaus of very fine microscissors.
Botil ends of the avon are tied with thread. The mzjor portion of tie
sm2ll nerwe {ibers surrounding the giant exon is removed under a dis-
secting microscope. The éiar.eter of the giznt axons renges beiween
320 end 502 =

‘A plexifless chamber was built for tr.e nerve., DBlack plaiinized
platinum electrodes are useé for the ertemizl curreni electrodes (cen-
t.er axd srounded guerd electrodes) as used comventionzlly. A pigsy-
bac: arrensezent is used for the intemizl current injector~voliare
sensor wires. The intemmel current electrodeA(Pt v.ire; 100 p ir
diameter) is placed next to the intemal poteniial electrode (tefion
insvlated Pt wire 25 po in @iameter, platinized over 1 mm at the tip).
The two vires are adhered together usiné dental sticly wex. The tip
of the voltage electrode is locate& in the middle of the platinized
portion of the current electrode. Only 13 me of the tip of the cur-
rent electrode (axial wire) is platinized. The mantle area of the
axon surrounding this pletinized tip is about 0.25 co? for an axon
300 ar in diameter. 4 major part of the current injected throu:,h
the gxial wire will flow through the large guard electrodes, wiile

only & smell pbrtion vill flow to the current detecting (center} e

lectrode., This electrode has & sxiri‘ace arec of gbout 1,/8th of the
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guerd electrodes. Thus the center elecirode will utilize only about

0.03 cm? of the axon surface.
The intemal and extermel potential electrodes are also made of
blzacl: platinur wires, vhich are not as toxic as Ag-AgCl for the nerve.

Tre use of platinum wires for potential measurenenis hacs the advantace

tnet it eliminates the necessity to wor: with the comventionzl micro-

electrodes, However, the junciion potentizl of the platinum el ecirode
is not as steble &s the potentizl of the revercible Ag-L£ll el ectrode.
Freguent replaﬁing of thg platinum electmdes‘is necessary. 4s &
result, the absolute velue of the meizbrane potential éa.nnét be mecs-

ured with (rezt certainiy.

b

temzl fluid mecdium is deliveres froz & resewoir to the nemve

chamber through polyeibylene tubing and a stainless steel cooling coil,

te

vhich is placed in & pox filled with ice. During control experinents,

naturel see water (pk 7.9) is circulated around the axan. For the

glutereldehyde evperizents, one Capsule of glutaraldehyde (10 ml &%,

Electron lcroscopy Crade, pE 7) ie diluted in ses weier to coiuir a

by
¥

fine) concentretion of Q.25

Tf the newe hae bean zounted in the chemder, &n opering on tkhe
axon isv made. Ther under the dissecting microscope, the axial wires
are inserted into the axan through the opening, witn the help of a
micromanipulator. Duaring this procedure, resting and action poten-
tials (vith erternal stimuli) are mornitored continuously tb see whether
the axon is damaged or not. T':.e tipv of the current electrode is
covered witkh a dot of epé;:y é;lue to reduce scratching of the ix;;:ef
wall of the axon. | |

A conventionel electrometer preamplifier (unit D) and voltage
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claap devicé of the excitable menbranes class are used for the ex-
periments., The instrument does not have an ad,justme:it for cofapen—
setion of series resistance. Te:tronix pulse generetors (type 161
and 162) are used to trigger clamp pulses. The voltage and currest

density are displayed on a dual bea: oscilloscope (Te:tronix 51037)

and vhotogravhed with a polaroid oscillograph camnerz.

Resul ts

Af{er inserting the axial wires longitudinélly into tke exo.,
repid fior of ire eviracellular medium is initicted. Due to the inr
stability of the potentizls of the platinum electrodes, sometimes it
is necessary &t this point to reedjusi the bzlance between the in-
temal and extemszl potential el ectrodes using tiie D.C. offset of
the electrometer preamplifier. Usually a resting poitentizl of -6'5:1‘\.’
and an action potentizsl 61‘ 9) mV can be recorded. Then the instra-
ments are set to the clamp mode. Starting from a holding potenti
of -60 oV & prenulse is given, followed by the test pulse. Fig. I
shows the time course of me:drene po.tentia.l (tor) and current {boi-
toin) obtained at different voltages. The prepulse (-207mV) is fol-
lowed by the test pulses, (62, 70, 80 mV) whick have a duration of
several milliseconds. Te seec the typicel membrane current associzated
with & rectangular depolarization,. i.e., & transient initiel inwerd
current (necative) followed by an outward current (positive) whick
reeches a quasi steedy state level (Hodgiin and Pl ey, 1952). Also
tested are hyperpolarizing prepulses of =40 and =60 mV to checl: the
leekage current, wkich usually is very small.

After the control experiments have beexr done, the circulating

L.
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Fig. I. , : .
Membrane potential (top) and current density (bottom)
Voltage clamp experiment in natural sea water.
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medium is then chanced to a solution of matural ses weter and 2.1
glutareldehyde. Both the inwerd and outward currents decrease grad-
ually as shown in Fig., 1Tz which is taken 10 minutes afterwards.
".'-.'as}:j::{; the avan with normzl see wter does not incresse the currers,
thus the effect is irreversible. The glutaral dehyde concemtration
is the: increased to 0.25% and the resulis efter 10 additionzl min-
utes are shown in Fig, IT7b. The curreants are now much szzller. Te
see also that the ouiwzmd currents rise about 207 slower then oty
control, wirlle almost no changce is seen on the kinetics of the in-
werd currents. A1 thic mameni the resting and action poteﬁtial Te-
nzin only esbout &¥. of the original vzlues. |
Current-voltage relatianshin can be ovtained if we plot t'::e‘pea'-:
value of tie inwa:d current (Ip) and the quasi steady state value of
the outward currest (Ig) versus mecbrene potentizl. Prom the data
obtzined with enother axon we plot in Fig. III the current-voltege
relationship during control (line) afd also 20 minutes after 0.25%
€lutarel dehyde has been avplied (broken). Agein we see the decrease
of tre currenis after glutaraldehyde treatment. The slopes of these
currents are also reduced, succesting an incremse in mendbrene re-

sistance.

Discussion

Ve have seen that the major effect of glutaraldehyde is to de-
crecse botlk inverd end outward cuwrrents, as well as to slow dowm the
turn-on process of the outwerd current. These effects might be re-
spon_sib]\.\e for the prolongation of the action poteniial especizlly in
the felling phase, as reported by Shrager et al. (1970). Inhibitia:

or deley of the "sodium inactivation" procesc night also be able to
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Fig. II. : .
a) Membrane current densities after 10 minutes
~ in sea water containing 0.1% glutaraldehyde.

b) Membrane current densities in sea water
containing 0.25% glutaraldehyde 10 minutes
later. S
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Fig. III. .

Current-voltage relation. Peek initial current (Ip) and steady
state current (Ig) are read from currents associated with step
changes in membrane potential (V). Continuous line is control,
broken line is after glutaraldehyde treatment (0.25%) for 10 minutes.



cause a prolongation. This would slow down the turn-off process of the-
inward current, which, héwever can not be seen with certainty from this
exﬁeriment alone. It should be mentioned, that during the glutar-
aldehydé experiment, the inward currents can still be increased by
giving larger hyperpolarizing prepulses, which can remﬁve the existing
inaétivation .

In general we may aSSume that glutaraldehyde is able to immobilize
a configurational change during excitétion by ecrosslinking normally
mobile charged groups in the membrane. The beréistence of the color,
the increase in membrane. resistance and the irreversibility of the
current inhibition Suggesi.that the effect of glutaraldehyde involves
formation ﬁffstable chemical bonds with saﬁe membrane constituents.
An ewareness of the effects of crosslinking egents (fixatives) on the
electrophysiological properties of excitable membranes may assist one

in the proper interpretﬁtion of morphological studies.
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