
Lawrence Berkeley National Laboratory
Recent Work

Title
OPTICAL PROPERTIES OF GIANT AXONS DURING DEPOLARIZATION

Permalink
https://escholarship.org/uc/item/7gz0w2cv

Author
Kaplan, Michael William.

Publication Date
1972-05-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/7gz0w2cv
https://escholarship.org
http://www.cdlib.org/


.. 

• 

; 

... J ...... j 

~.,; 

OPTICAL PROPERTIES OF GIANT AXONS 
DURING DEPOLARIZATION 

Michael William Kaplan 
(Ph. D. Thesis) 

May 1972 

AEC Contract No. W-7405-eng-48 

For Reference 

Not to be taken from this room 

LBL-944 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 

--.. 



LBL-944 

OPTICAL PROPERTIES OF GIANT AXONS DURING DEPOLARIZATION 

Michael William Kaplan 

(Ph.D. Thesis) 

May 1972 

AEC Contract No. W~7405-eng-48 



..... 

-iii-

OPTICAL PROPERTIES OF GIANT AXONS DURING DEPOLARIZATION 

Contents 

ABSTRACT -v-

I. INTRODUCTION 11 

II. NEUROPHYSIOLOGICAL AND NEUROANATOMICAL REVIEW 4 

A. Neuron Structure 4 

B. The Action Potential ~ Measurement anq Theories 14 

III. PHYSICAL STUDIES OF EXCITABLE. MEMBRANES 28 

A. Absorption Techniques 28 

B." Intrinsic Fluorescence 32 

C. Extrinsic Dye Fluorescence 34 

D. Light Scattering 40 

E. Optical Retardation and Birefringence 45 

1. Physical Definition 45 

2. Birefringence in Biological Materials 52 

3. Changes in Nerve Membrane Retardation 56 

4. Possible Causes for A~ during the Action 

Potential 

IV. MODlFICATIONSOF OPTICAl RETARDATION AND LIGHT 

SCATTERING CHANGES 

A. Choice of Materials 

B. Procurement and Care of Animals 

C. Dissection 

64 

68 

68 

70 

72 



-iv-

Contents (continued) 

D. Experimental Apparatus 

E. Experimental Procedure 

F. Solutions and Modifying Agents 

G. Results 

l. Trypsin 

2. Pronase 

3. Neuraminidase 

4. Hyaluronidase 

5. Deuterium Oxide 

6. Dithiothreitol 

7. Sucrose 

v. DISCUSSION AND INTERPRETATION 

ACKNOWLEDGEMENTS 

APPENDICES 

REFERENCES 

78 

88 

91 

93 

97 

105 

110 

115 

118 

125 

129 

134 

146 

147 

153 

. 

, 
.: 

pi 

". , 

.JI 



-v-

OPTICAL PROPERTIES OF GIANT AXONS DURING DEPOLARIZATION 

Michael William Kaplan 

Laboratory of Chemical Biodynamics 
Lawrence: Berkeley Laboratory 

University of California 
Berkeley, California 

May 1972 

ABSTRACT 

The sources of optical retardation changes and~light scattering 

changes occurring during the action potential depolarization of lob-

ster giant axons are investigated. Specific molecular moieties 

associated with the membrane system of the axon, of the surrounding 

Schwann cell sheath and of the adjacent intercellular regions are 

modified using trypsin, pronase, neuraminidase, hyaluronidase, dithio

threitol, deuterium oxide and sucrose. The effects of such modifi

cations upon the retardation change component and the light scattering 

change component of the total transmitted light intensity change are 

measured by comparing the optical responses before and after treatment 

wi th the modi fyi ng agents. 

The technique developed for separating the total transmitted 

light intensity change into a pure retardation change component and 

a pure forward direction scattering change component involves intro

ducing a quarter wave plate into the optical system. The additional 

retardation of the plate improves the signal to noise ratio of the 
61 

measurement by maximizing 6aR, where 6I R is the change in intensity 

due to a retardation change, and 6a is the change in retardation 

phase angle occurring during the action potential. Since the sign of 
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l1IR depends upon the orientation of the quarter wave plate, the re

tardation component may be separated from the total intensity change 

by measuri ng the i ntens i ty change tWi ce, with the ori entati on of the 

quarter wave plate rotated by n/2 between measurements. Subtracting 

the two results eliminates any intensity changes not due to M, 

yielding a pure retardation component. Adding the results yields 

the pure scattering component that is independent of AB. 

Trypsin, pronase, neuraminidase and hyaluronidase all reduce 

the magnitude of the retardation change without diminishing the 

action potential, probably by cleaving charged saccharides. Oithio

threitol has no effect. It can be concluded that glycoproteins and 

hyaluronic acid polymers at the surface of the axon are involved in 

molecular transitions that generate the optical responses, either by 

being passively realigned or by contributing to compression/expansion 

forces as the membrane electric field changes during action potential 

propagation. Proteins and glycolipidsmay also be involved. The 

effects upon the retardation change of 1 oweri ng the refracti ve index 

of the medium bathing the axon with deuterium oxide, and raising it 

with sucrose are unclear because of the morphological changes induced. 

Trypsin and pronase treatment often generate large light scat

tering change signals. Neuraminidase, hyaluronidase and dithiothreitol 

have much less effect upon scattering. The modifying effects of the 

proteases may be due to increases in the refractive index of the 

medium surrounding the axon as products of hydrolysis are released 

into solution, since similar large light scattering changes are pro

duced by increasing the refractive index with sucrose. 

.~' 
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The retardation change and light scattering change appear to 

have different sources since their time courses are often markedly 

different. Since large reductions in the retardation signal can be 

produced without affecting the action potential, a significant portion 

of the optical response does not appear to be indicating structural 

changes that are causally related to the membrane ionic permeability 

changes. 
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I. INTRODUCTION 

There are several obvious advantages to using visible energy 

photons as probes of the kinetics of nerve membrane structure. They 

are readily generated at a nearly constant intensity, they interact 

with biological materials in a non-destructive manner, and certain of 

these interactions may be detected and measured without first inducing 

morphological perturbations in the material (such as fixation, desic

cation, staining, etc.). The major disadvantage of their use is that 

changes in nerve membrane structure during action potential depolari-, 

zation produce extremely small changE~s in the photon interactions. 

However, by employing signal averaging computer techniques it is 

possible to detect these very small changes. Recently changes in 

axon optical retardati on and 1 i ght scattering as a consequence of 

membrane voltage changes upon excitation have been reported (Cohen, 

Keynes and Hille, 196B; Tasaki et ~., 196B}. These optical changes 

have been ci ted by some (Tasaki et~., 196B; Wei, 1969) as bei ng 

evidence for molecular conformation transitions that are responsible 

for the ionic permeabil i ty changes occurri ng duri ng the act; on poten

ti al . 

It is of interest, therefore, to identif,y th.e molecular species 

involved in the retardation and scattering changes. The research des

cribed in this thesis involves treating the lobster circumesophagal 
'"., 

'-~~ 

connective giant axon with various modifying agents that selectively 

alter.specific moieties of the membrane. The effects of such 
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modifications upon the optical properties are then monitored. Ini

tially this study was concerned with changes induced in the optical 

retardation response. However, it became apparent that very large 

changes in the forward direction scattering response were also being 

induced in some cases. Consequently both parameters have been in

cluded in the study . 

. In order to provide a framework for the discussion of the optical 

response results, a bri-ef neurophysiological and neuroanatomical review 

is included. The action potential is described, and several models in

volving molecular transitions as a basis for the transient depolarization 

of the axon are elucidated. The validity of these models can be neither 

proved nor disproved by the results of this study, but the validity of 

citing retardation and scattering responses as reflecting molecular 

changes which are causally related to the changing electrophysiological 

parameters of the action potential is brou~ht into question. The des

cription presented of the axon membrane system provides some justifi-

I cati on for the choi ce of modi fying agents used in the experiments.· 

A revi'ew of the optical techntques that have been employed in an 

attempt to provide a molecular explanation for the action potential is 

presented. None of these techniques has definitely implicated the 

source of the membrane ioni,c permeability changes. It is apparent from 

this review that some molecular transitions are occurring, either as a 

cause or effect of the changing membrane voltage. But what those tran~ 

sitions are is still somewhat confused, undoubtedly because the transi

tions ~re complex and probably involve more than one molecular species. 

The theory of optical retardation and its measurement is presented 

in detai1. The use of a quarter wave: ~1ate in orderto;'l11prove the 

~. 
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signal to noise ratio of the retardat;·on response measurement ar;Jd to 

make possible the separation of the retardation and scattering signals 

is explained. This separation of signals has not been reported in 

previous publications dealing with this topic. The forward direction 

scattering response is usually much less than the retardation response 

in unmodified axons. The fact that it can become much larger than the 

retardation response after modification means that the two signals 

must be isolated from one another if anything quantitative is to be 

said about the effects of the modifications. 

Data is presented showing the effects of treating the axon with 

trypsin, pronase, neuraminidase, hyaluronidase, deuterium oxide Ringer 

solution, and dithiothreitol. The effect of increasing the refractive 

index of the bathing medium with sucrose is also shown. The results 

are discussed with respect to the various mechanisms that can be postu

lated to explain the changes in the retardation and forward scattering 

responses. Consideration is also given to how the results might bear 

upon some of the membrane mode.l~ of the action potential that have 

been formulated. 
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II. NEUROPHYSIOLOGICAL AND NEUROANATOMICAL REVIEW 

A. Neuron Structure 

A study of the molecular dynami,cs of excitable neural tissue must 

take into account the information about nerve membranes that has been 

accumulated and inferred from electrophysiological and neuroanatomical 

investigations. A brief account of some of the facts and theories 

that have developed from these studies is given here to establish the 

backgr~und for the optical 'studies undertaken and to help justify the 

interpretations of the results obtained. 

The structure of neurons, whi,le var.yi,ng widely i.n anatomical 

detail within a given organism and/or between different species, may 

be genera lly descri bed as havi,ng three basi c functional units; the 

soma or peri ka ryon, the axon, and the, synapti c endings. The soma, or 

cell body, in many respects resembles th,e cell bodies of less specia

lizedcells. It contains the nucleus and most of the metabolic 

apparatus of the cell. The uni.que function of the neuron, that of 

transmitting information from one part of the organism to another, is 

made possible by the unique nature of the processes that extend from 

the soma. These a re of two types, the dendri, tes and the axon.. Den

drites are relatively short processes found on all neuronal cell bodies 

except those of some speci,alized bipolar cells of the sensory system. 

They serve as receptor sites for i ncomi.ng i nformati on. A typi ca 1 

dendrite has thousands of synaptic connecttons with other neurons. 

Each attachment provides a site where chemically medi.ating substances 

may be released from the synapse to cause e.ither an excitatory or 

(., , 
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inhibitory local response in the dendri.tic membrane'. A complex sum

mation of all such synaptic responses occurs in the dendrites, and in 

the cell body membranes. If the net response is sufficiently exci ta

tory, an action potential is initiated in the axonal process. A 

single axon extends from each nerve cell body, for distances of up to 

a meter or more in some motor sy~tem nerves. It serves as a self 

amplifying cable for long distance intracellular communication. The 

action potential, to be described in detail below, travels the length 

of the axon until it reaches the synapti c structure at the terminal 

end of the process. At the synapses a transduction of the informati on 

from the form of an action potential to the form of the re.lease of 

chemical transmitter substances takes place. If the target tissue 

for the transmitter substances is another nerve, the process described 

above is repeated. If the target tissue is a muscle, as is the case 

for motor sys tern nerves, a contracti on may be i.nduced. 

Biophysicists like to describe the axon as a long cyli.nder of 

plasma membrane wi th electro ly te so 1 ut i Qns of di. ffering ion; c compos i -

tion on the inside and outside. For purposes of visualizing and 

elucidating the electrophysiologi,cal phenomena ass-ociated wi.th the 

axon, such a simple model is often suffi,cient. However, a more 

realistic anatomical concept is required for the interpretation of 

many types of physical measurements upon the axon. 

To begin with, th.e i,nterior of the axon is not fi.lled with simple 

electrolyte, but with a complex protoplasmic gel calle.d the axoplasm. 

The axoplasm is not homogeneous. It contains an extensive network of 

aXially oriented proteinaceous neurot~bules and neurofilaments that 

are probably involved in the transport of various materials along the 
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axon. It also contains mitochondria which seem to be concentrated 

near the limiting plasma membrane in larger nerve fibers, compatible 

with their probable role as sites of'production of ATP for use in the 

endoergic electrochemical processes of that membrane. No ribosomes 

have been seen in isolated axons, although there is evidence to suggest 

that some protein synthesis may occur, especially if the axon is being 

stimulated. The bulk of the axoplasm is apparently not directly in

volved in action potential propagation, since most of it may be 

squeezed out of a squid giant axon and replaced with electrolyte 

(such as KF) without detrimental effect (Baker, Hodgkin and Shaw, 

1961) . 

Surrounding the axoplasm i,s the plasma membrane, the major per

meabi 1 i ty barri er between the ins ide and the outs i:de of th,e axon. 

Little is known about the u1trastructure of this membrane. Its 

electron microscope image appears to be stmilar to those of plasma 

membranes of other cell types, havi ng the typical lIun i t membra,ne.1I 

structure of two electron dense layer~ separated by' a less. de,nse region 

following staining. The fascination with this membrane, of course, is 

its dynamic n'ature during action potenttal conducti,on. Rapid ch,anges 

occur in its permeability for various i,onic species, indicating that 

some changes in the organization of th,e molecular structure Of the 

membrane must be taking place. What tn.at organization is and what 

changes are occurring is still a matter of speculation, and also a 

major concern of this study. 

A wide variety of models have been proposed for the plasma mem

brane over the past forty years. These, are detafled in review articles 

by Korn (1966), Stoeckeni us' and Engelman (1969), and Hendl er (1971). 

,,r. 
i 
i 
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However, most of the physical data now available tend to support a 

modified version of the familiar lipid bilayer model initially pro

posed by Gorter and Grendel (1925) and modified by Daniell i and 

Davson (1935). As originally conceived, the plasma membrane (of ery

throcytes in this case) consists of a core of phospholipids oriented 

with the hydrocarbon chains rigidly apposed in the interior and with 

the polar IIhead" group at the surface. From thermodynamic arguments 

such a configuration would be favored, since th~ hydrophilic polar 

groups would be exposed to the aqueous phase, and the hydrophobic 

hydrocarbon chains would form a water-free phase. Proteins were 

visualized as being attached as globules on the surface. Robertson 

(1964) proposed modifications to th,e model consisting of limiting the 

lipid interior to a bimolecular leafJet structure. and of showing th,e 

surface proteins in an extended ~-pleat conformation. The nearly 

universal appearance of the double "railroad track" trace i,n electron 

micrographs of biological membranes (parttcularly those stained with 

KMn04) has given rise to the dogma of a "unit membrane ll
• All membranes 

are assumed to be modifications of thrs basic structure. 

Current evidence from EP~ spin label studies (McConnell, 1970; 

Tourtellotte, Branton and Keith, 1970), NMR spectroscopy (Davis and 

Dnesi, 1971), infrared spectroscopy (Byrne and Chapman, 1964), differen

tial scanning calorimetry (Steim et tl~, 1969; Overath, Sch.airer and 

Stoffel, 1970), and freeze-fracture'.scanning electron microscopy 

(Branton, 1969) has led to a general consensus (Green, 1971) that 

plasma membranes are predominantly lamellar lipid bilayers with highly 

fluid hydrocarbon cores. Globular proteins are imbedded in the lipid 

(intrinSic) and attached to the surface (extrinsic) as shown in Fig. 1. 
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The Plasma Membrane (from McConnell, 1970). 

FIG. 1 

These studies were done, for the moit part, on tissues and cells other 

than nerve. Axonal plasma membranes are unique in that they have 

ganglioside lipids and they are excitable. However, it is probably 

safe to assume that the model of a predominantly lipid bilayer 

structure may also be applied to nerve membranes. 

Immediately surrounding the plasma membrane is the extracellular 

space separating it from the Schwann cell layer. In the squid giant 

axon this reg; on is from 150 ~ to 300 A across. As in th.e case of the 

axoplasm this space probably has a complex organization, and cannot be 

characterized as a simple electrolytic fluid. Lehninger (1968) has 

discussed the structure and the possible function of this intercellular 

zone in some detail (Fig. 2). It includes the IIcell coat ll of the 

plasma membrane, a layer ofglycolipids and glycoproteins rich in 

sialic acid residues. Glycolipfds resemble the phospholipids (the 

major class of plasma membrane lipids), in that they have two hydro

phobic hydrocarbon side chains and a hydrophi,lic polar side chain. 

." , 



INTERCELLULAR SPACE 

CYTOPLASM 

THE GREATER MEMBRANE 

A model of the pla";IIlU IIIcrnbnulc and cell ('oat. 

(from Lehninger, 1968) 

FIG. 2 

The polar group contains saccharide subunit chains of varying lengths. 

One subclass of glycolipids, the gangliosides, are specific for neuronal 

plasma membranes (Le., they are not found in gltal or Schwann cell 

membranes). They are characterized by a polar head group haying long 

branching oligosaccharide chains which contain one or more sialic acid 

resid~es. It is important to note, that at biological pH values, these 

sialic acid residues (N-acetyl or N-glycolyl derivatives of neuraminic 

acid) are negatively charged. Lehninger describes the glycolipidsas 

being structurally integrated into the plasma membrane, their hydro

carbon side chains a part of the hydrophobic lipid matrix. The long 

polar side chains, however, extend through the structural proteins of 

the plasma membrane proper, ~nd into the intercellular space where they 

presumably would have a relativel,y high degree of mobility. Also signi

ficant is the fact that sialic acid residues can bind both univalent 

and polyyal~nt' cations, which undQubtedly bears on the importance of 

the gangliosides in maintaining the electrical excitability of neuronal 

membranes. A similar role may be postulated for the glycoproteins 
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found in the "cell coaC. These are proteins having either long or 

short oligosaccharide side chains terminating in sialic acid residues. 

Such side chains are covalently linked to the amide group of aspara

gine or the hydroxyl groups of serine and threonine. Thus they also 

contribute to the charge of the plasma membrane's interface with the 

surrounding medium. Note that the membrane pictured in Lehninger's 

description is highly asymmetric. Th,e outer boundary has a much 

higher density of fixed negative charge sites than does the inner 

surface. This is in agre~ment with, the experimental eVidence cited 

by Tasaki (1968~) whi ch sugges ts that anions are excl uded from the 

plasma membrane, indicating the fixed negative charge clensity asso

ciated with the exposed surface. i,s much higher than the. charge density 

of the bulk electrolyte of the surrounding intercellulqr space. A 

direct measurement of the charge density at the surface of hydrodynamic 

shear of squid and lobster giant axons has been made by Segal (1968) 

using electrophoretic techniques. He found a negative charge density 

of -1.9 x 1O-8coul/cm2 for squi,d and .,.4~2 x 10-,8 coul/cnl for lobster. 

It should be noted that this measurement wasmacleon complete axons; 

the plasma membrane was still surrounded by the Schwann cell sheath. 

Also, the surface of hydrodynamic shear cannot be assigned to any of 

the anatomical/physiological surfaces in any meaningful way. Never

theless, since fixed charge sites on membraneinterface~ seem the most 

logical source of the measured negati.ve charge, the concept of an 

asymmetric plasma membrane as described by Lehni.ng~r and Tasak.i would 

seem to be supported. 

The aqueous phase of the intercellular space also contains organic 

molecules that are charged at physiological pH value.s. Be$ides the 

! 
J i 
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various charged amino acids, this region contains an extensive matrix 

of hyaluronic acid. ThiS acid i$ a linear polysaccharide in which 

alternating monosaccharide sUbunits have a negative charge (at pH 7.0). 

It is therefore most stable in a rigid, extended conformation. The 

polymer length can be quite long, a typical chain havtng a molecular 

weight in the millions. Considering the relatively large volume 

occupied by. such molecules, it is probably more accurate to think of 

the aqueous phase surrounding the plasma membrane as a gel rather than 

as a simple electrolyte. Cations found in this phase, such as Na+ and 

Ca ++, are no doubt parti ally ;mmobil i zed by the network of negative 

charge. It is also likely that fluxes of these cations into and out of 

the extracellular space during an action potential will change the 

charge cornplexing of the hyaluronate residues, and therefore affect 

the conformation of the polymer as the stabili.ty of its complex charge 

geometry changes. 

With only a few exceptions, axonal processes are surrounded by 

satellite cells called gli,al cells i,n th.e central nervous. s,ystem, and 

Schwann cells in the peripher,y. Electron micrographs. show that the 

Schwann or glial cell literall,y wraps itself around the axon to produce 

a multi 1 ayered sheath that defi,nes the outer boundary of the. inter

cellular space adjacent to the. plasma membrane. Neurons may be classi

fied into categories defi,ned by the extent to which these satellite 

cells have enveloped the axon. The class of unmyelinated fibers 

typically have from three to six double layers of tightly wound 

satellite cell membranes at the interi.or of the sheath with a sur .. 

rounding layer of Schwann or glial cell bodies. 
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In the case of some invertebrates there are several such somatic 

layers and the region may be up to 0.5 lJni thick. This sheath is a 

diffusion barrier for large molecules. Channels between the satellite 

cells do penetr'ate, however, so that small molecules and tons &re not 

appreciably hindered. U~myelinated vertebrate axonal fibers are in'" 

variably quite small. However, in the invertebrates unmyelinated 

axons may reach phenomenal diameters, up to 1.7 mm in the sea worm 

Myxicola infundibulum. The utilitarian giant axons of the squid and 

lobster also belong to this class .. In myeli,nated fibers the spiral 

wrapping of the satellite cells is much more extensive. Dozens of 

ti ghtly wound membrane layers may be deposi ted. Th.e ~heath so formed 

acts as an excellent electrical insulator. It is impermeable to the 

surrounding electrolyte except at the gaps left between adjacent 

satellite cells, called the nodes of Ranvier. In peripheral nerve, 

these gaps are up to 2 mm apart. Acti.on potential currents i,n such 

fibers are therefore required to jump from node to node, rather than 

continuously flow along the axon as in unfllYe1inated fibers. As a 

result, the velocity of the action potential conduction i.s increased, 

since the resistive Gable losses &re effectively reduced. The li,pid 

composition of the glial and Schwann cell membranes (and consequently 

myelin) differs from that of neural membranes. The sate.llite cells 

have no ganglio~ides. They do h.ave significant amounts of cerebro'" 

sides, however .. These are neutrally charged glycolipids having mono .. 

saccharides or shbrt oligosaccharides as their polar side chain. 

Finean (1957) found that fIlYeli,n lipids are mainly composed of choles-. "' 
tero1, phospholipid and cerebroside in-an approximate ratio of2:2:1. 

The physiological role played by these satellite cells, other than 

• ! 
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that of a passive electrical insulator, is not well defined. It is 

likely that they synthesize enzymes and membrane components that are 

utilized by the axon. Local source~ of such macromolecules would 

seem to be highly beneficial to the axon membrane since i:t can be a 

great distance from the neuronal per;k.ary-on and its prote.in s,ynthesizing 

ribosomes. Glial and Schwann cells probably do not participate in 

action potential propagation or in the tonic IIpumpingll processes 

following excitation. 

In general, peripheral nervous sy~tem axons. are organized into 

bundl es of fi bers. These bundl es are bound together by th.ree types of 

connecti ve ti ssues. Surroundi ng the Schwann ce 11 1 ayer of each axon 

is a layer of collagenous connective tis.sue called the endoneurium. 

This material is oriented axially ~long the axon and serves as the glue 

holding adjacent fibers, together. qroups ofaxons are surrounded by 

the second connective ti.ssue type, the peri,neurium~ a sheath which. 

serves to hold the axons together in a small bundle. Fina1~y, the 

third tissue, the epineurium, is a sheath that envelops the small 

bund1 es and ho 1 d~ th.em together to form a 1 arge bundl e, the nerve. 

It is apparent from this brief anatomical description that great 

care must be taken when physical measurements of neuronal fUnction 

are interpreted in molecular terms. The practice of attributing 

dynamic properties to the axonal plasma membrane alone is probably 

inadequate. Obviously there are many macromolecular species not 

associated directly with the plas,ma membrane whose conformations 

mt ght read; 1y be affected b,y the very 1 arge changes in the e 1 ectri c 

field and the ionicflu~es of the regions on either sid~ of 

the membrane as the action potenti a 1 is propagated. 
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B. Action Potential 

In its normal (or resting) state, the axon plasma membrane serves 

as a permeability barrier separating two media of differing ionic 

composition. Typically, the interior of an axon is an aqueous electro

lytic gel having approximately the following ionic concentrations: 

(Na+) = 60 mM, (K+) = 400 mM, (C1-) = 40-100 mM, and other anions such 

as is6thionate and aspartate in concentrations yielding an e1ectro

neutral balance. The exterior saline solution concentrations are 

approximately: (Na+) = 460 mM, (K+) = 10 mM, (C/+) = 50 mM, (Mg++) = 

10 mM, and (C1-) = 540 mM. Because the resting membrane is much more 

permeable to K+ ions than to Na+ ions, it acts primarily as a potassium 

electrode. The result is that the interior of the axon has a negative 

electric potential when referenced to the external solution. The 

~
+ . 

Nernst equation predicts a'value of VK = R~ ~ .xt for,this potential 
, . 1 nt 

difference, but the actual value is slightly smaller due to N/ leakage. 

Based upon an average thickness of 80 l for the plasma membrane, the 

normal axonal resting potential of approximately 80 mV results in an 

average electric field of the order of 105 V/cm. The existence of 

such a large electric field within the membrane means that molecules 

or portions of molecules having electric dipole moments should tend to 

be strongly aligned, if free to rotate. Compression forces on membrane

bound charges would be considerable. 

Infonmation is transmitted along the axon as a pulse in the form 

of a moving region of locally depolarized membrane. These pulses may . , 

be reproducibly generated by passing a brief outwardly directed current 

of sufficient strength through the membrane. The self-propagating 

,.,y .. 
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local depolarization will then tr~vel along the nerve. A microelectrode 

carefully placed in the interior of the axon will initially record the 

resting potential of about -80 mV (Fig. 3). When a pulse passes by the 

electrode, the measured potential rapidly increases, passes through 

30 +40 

20 o 

10 -40 

--'2 ------
FIG. 3 

zero, and "overshoots" to a maxi.mum positive potential near +40 mV. 

Once the maximum is reached, the potenti,al falls rapidly back to its 



---16-

resting value near-80 mY. Several plausible theories to account for 

t~1s action potential have been postulated. These are discussed 

briefly below in order to gi.ve a basis for the interpretation of the 

optical data. 

Perhaps the mos t wi de ly accepted of t~e th.eortes of nervous i,mpu 1 se 

conduction is that formulated by A. L. Hodgkin and A. F. Huxley, with 

the assistance of K. C. Cole and B. Katz. Thei,r model ;s based upon 

the "sodium hypothesis" which states that the action potential over

shoot is due to an influx of Na+ ions during the initial phase of the 

action potential. They visualize the membrane as a matrix of circuit 

elements as shown in Fig. 4. It is postulated that reducing the membrane 

voltage gradient during st'imulation causes an initial outward flux of K+ 

HODGKIN-HUXLEY EQUIVALENT. CIRCUIT OUTSIDE 

c V 

INSIDE 

FIG.4 

alonglts concentration gradient, since the electrochemical equilibrium 

has been disrupted. Concurrently, the lowered membrane potential ,causes 

an increase in the Na+ permeability of the membrane, so Na+ ions begin 

.: 

.. 
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to move inward. When the stimulating depolarization is of sufficient 

strength (greater than the threshold potential) the conductivity for 

Na+ becomes large enough that the inward Na+ flux is greater than the 
+ outward Na flux, and a positive feedback situation results ~ wherein 

. + • the Na flux further decreases the membrane potential, the decreased 

potential further increases the Na+ permeability and so on. An explo

sive increase in the inward sodtum flux ensues until the overshoot 

potential is reached. Two factors limit the amplitude of the overshoot. 

however, so it never quite reaches the equivalent sodium Nernst 

potential of +55 mV. One of the limiting factors is that the Na+ 

permeability increase is only transi.ent? lasting about 1 rosec. The 

second factor is that shortl~ before the sodium flux reaches its peak, 

the membrane rapidly becomes more permeable to Kt. This results in an 

increase in the outward K+ flux, and eventually th.e reestabli.shment of 

the resting potential. The self.,..re.gene.rati,on of the action potential 

is explained by the fact th.at the nerve acts as a lossy cable, so that 

a depolarization potential of a local region is conducted e1ectrotoni

cally to adjacent regions of the membrane. 

Experimenta 1 support is. gi.ven to thi,s scheme by the. work, th.at 

Hodgkin and Huxley did on the gi.ant axon of the. squi.d using the "voltage 

clamp" technique. They found that upon placing axial current and vol

tage electrodes into the interi,or of the axon, it is possible to fix 

the voltage across the membrane using a network of feedback amplifiers, 

and then measure the resu1Ung transmembrane currents. The result is 

depicted i.n Fig. 5. An initial transient inward current, followed by 

a steady-state outward current is detected. The transtent inward 

current has been identified as the sodium current, since i.ts magnitude 



-18-

'·60 
mV v 

0 

2 
t ITOTAL 

OUT 

ma I 
0 cm2 

I 

'r 
2 

;·msec o 5 10 

VOLTAGE CLAMP 

FIG. 5 

'+ is dependent upon the external Na concentration, and it is abolished 

when choline ions are substi.tuted for sodium externally. Experiments 

using radioactive tracers have s.hown that th,e steady ... state outward 

current is due to a K+flux through the, membrane i,n a 10w~r.esistance 

state. The dynamics of voltage clampe.d Squid axon membrane.s was ex

pressed by Hodgkin and Huxler in the following equation; 

0) 

-j 
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I = membrane current 

C = membrane capaci ty per unit area 

V = membrane voltage 

EK = potassium Nernst potential 

ENa = sodium Nernst potential 

EL = leakage potential 

maximum + 
gK = K conductance 

gNa = maximum Nq+ conductance 

gL = maximum leakage conductance 

n,m,h = empirical parameters, each of which is the solution 

of a differential equation of the following sort, 

where an' am' ah' Sn' Sm' and Sh are state parameters 

that depend on~y on V for a given temperature and 

Ca++ concentration. 

dn ( dt = an l-n) - Sn n 

The value of the Hodgkin-Huxley equation is i.n its phenomenal 

validity for predicting a wi,de vari,ety of electri,cal parameters of the 

axon under a wide range of condi.ti:ons.HQwever, it is essentially a 

curve fitting equation, so it says little about th.e underlying molecular 

mechani sms that determi ne the d,ynami.c changes. that occur. About the 
+ only thing that can be said is that the K current varies as the fourth 

power of a voltage dependent parameter, and the Na+ current varies as 

the product of a third order and first order voltage dependent para

meter. This may have some implication as to the number of molecules 

or molecular complexes i.nvolved i.n the gating processes for these two 

i on fluxes. 
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As mentioned previously, Baker, Hodgkin and Shaw (1961) found 

that the axoplasm of the squid giant axon can be squeezed out and 

replaced with ionic solutions of varying composition. Tasaki (1967) 

used this internal perfusion technique in a series of experiments 

that bring many of the tenants of the Hodgkin-Huxley equivalent cir

cuit theory into questions. For example, he found that lowering the 

concentration of some internal electrolytes (KC1, KBr and NaCl) to a 

level of 50-100 mM compared to physiological levels of 400-600 mM 

does not change the membrane resting potential, and tends to enhance 

the survival times of the axons. He also found that as the external 

K+ concentration is increased, the membrane potential depolarization 

is abrupt under many conditions, instead of logarithmic. In neither 

of these experiments does the membrane behave as predicted by the 

Nernst equati on and the Hodgki n-Huxl ey theory. Another seri Ous ob

jection to the sodium hypothesi,S of the Hodgkin-Huxley theory was 

raised when Tasaki found that apparently normal action potentials 

can be generated with only a divalent cation external solution (CaC1 2) 

and a sodium phosphate internai solution. 

To explain these results with the perfused axon, as well as to 

answer some of the physico-chemical objections that can be rai.sed 

with the equivalent circuit model, Tasaki has proposed an alternate 

theory for axon exci, tation. In his mode,1 the nerve membrane is seen 

as an asymmetric, non-homogeneous protein and phospholi.pid matrix 

having a high density of negative charge on its external surface. 

Thi s charge layer makes th.e membrane a IIcati on.,..exchanger ll
, wi th anions 

bei,ng effectively screened from the membrane by electrostati,c forces. 

Excitation is visualized as a cooperative transition of the macromolecular 

I 

i , 
.' 

~ ! 
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complex from a stable IIresting ll state to a stable excited state. In 

the resting state anionic sites in the membrane are primarily occupied 

by divalent cations such as Ca++. Initiation of the transition to 

the excited state is brought about by an outward flowing stimulating 

current of monovalent cations, normally K+, which replace the divalent 

cations on the anionic sites. When a critical monovalent/divalent 

ratio is reached, the cooperative transition to the excited state 

occurs. In this state the membrane water content increases and the 

density of charged sites participating in cation exchange is increased. 

As a consequence the membrane conductance for all cations increases 

drastically and the potential change observed during the action poten

tial ensues due to the interdiffusion of cations. Adjacent membrane 

patches will be similarly excited by outward flowing counter-currents 

to the net inward current during the excited state. Termination of 

the excited state occurs as a result of the inward diffusion of diva-

lent cations and their recombination with the anionic membrane sites, 

returning the membrane to its low conductance resting state. The 

Tasaki model is perhaps more ple,asing than Hodgkin and Huxley~s 

equivalent circuit model from a physJcal point of view, since it 

provides a description of events on a molecular level. The optical 

changes in the membrane, which will be described in detail later, are 

cited by Tasaki as evi.dence for the concept of the molecular confor

mation change described in his model. 

Other phys i ca 1 models of th,e nerye membrane i nyoh; ng con for

mational changes during the action potential have been proposed~ but 

evidence and arguments for th,em are less complete than Tasaki 's model. 

Several authors suggest dipole reorientations as a possible mechanism 



-22-

for the membrane permeability change. Tobias (1964) proposed a model 

similar to Tasaki's, and tabulated a wide variety of experimental 

facts in its support. It is hypothesized that outward flowing 

cationic currents drive potassium from the axoplasm into the membrane 

where it displaces calcium from the polar carboxyl and/or phosphate 

groups of phosphatidylserine. This leads to an increase in the hy

dration of the membrane and a consequent disruption of the structural 

components of the membrane, . especi ally the phospho 1 i pi ds and protei ns. 

This deformation is responsible for.a decreased resistance and allows 

the increase in cationic fluxes associated with the action potential 

to occur. It is suggested that the deformation is likely to be due in 

large part to the deformation of dipoles. 

Goldman (1964) has proposed a model in which the molecular transi-

tions are described in detail. + + Membrane conductance for Na and K 

ions is controlled by the conformation of specific phosphate groups of 

those phospholipids not immobi,Hzed by being bound to proteins. These 

phosphate groups act as cation exchange sites or gates, thei..r ton di.s~ 

crimination being determined by di.fferenttal binding preferences 

depending upon their configuration and by the hydration shell size of 

the cations. The configuration, in turn, is dependent upon the electric 

field across the membrane, since the phosphate exchange sites are free 

to rotate as dipoles (Fig. 6). The resting potential across the mem

brane tends to keep the positive ends of the dipole tucked into the 

membrane surface in a mode that gives preference to the binding of Ca+t 

at the anionic sites. Depolarization allows the dipole to swing free, 

into a conformation in which Ca++ is dis,placed by Na+ and eventually by 

K+. This model is probably too simple to account for much of the data 
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Skeleton diagram of some possible contigurationsof a flexible dipole. If 
the supporting chains are fL~ed in position, the upper row represents some sl.ructurc5 
in the presence of a downward electric ficld and the lo\',er one, some structures with 
the field directed upward, The chains pre thrce-dimensional and the diagram is sche
matic only. (from Goldman,· 1964) 
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.concerning membrane conductances that has been taken since the model was 

formulated. A major insufficiency is its reliance upon a single kind 
I 

'or"channel" for both Na+ and K+currents. 

A more contemporary dipole model has been proposed by Wobschall 

(1968). He visualizes the axon me.mbrane as a matrix of regi.ons of bi

layer (presumably. lipids) having mobile dipoles at both the interior 

and exterior surfaces. These dipole layers act as ferroelectrics, i.e. 

cooperative changes of the dipole conformations in each layer have a 

hysteresis with respect to the applied electric field. Associated with 

+ these confonnational changes are changes in ionic-permeability for Na 

and K+. The specificity for a given cation i~ a property of a given 

bi 1 a,yer regi on or domai n, so tha t different regi ons of the membrane 

will conduct different cations. Usi.ng such. a scheme, along with a 

judicious selection of other parameters such as membrane capacitance, 

Wobschall is abl e to cal culate changes in N/ and Kt conductances as a 



function of voltage that closely resemble those found experimentally 

in both action potential propagation and in voltage clamp situations. 

Wei (1969) cites evidence of negative fixed surface charges, bire

fringence changes, and infrared emission for axons as a basis for his 

proposed excitable membrane model. Arguments. are presented that a 

membrane having dipole layers with the negative ends. pointed toward 

the aqueous phase on both its i,nteri or and exterior surface wou1 d be,

have analogously to a P-N-P transistor, in that the cations of the axo

p1 asm and the bathing me.di,um travers'ing th,e membrane wou1 d be confronted 

with a potential energy barrier, and anions would tend to be trapped in 

the membrane interior. Inward Na+ current is initiated by the appli

cation of a negative potential gradient of sufficient strength to turn 

around enough of the dipoles in the outer layer to lower th.e potential 

barrier at that surface, thus allowing the Na+ ions to flow along their 

electrochemical potential gradient. Rough ca1cu1ati.ons are given to 

show tha t a depo 1 a ri zi ng vo ltage of th.e order of 100 my (a t,ypi ca 1 

stimulating voltage) would provide enough perturbati,on energy to rotate 

a sufficient subpopulation of the dipoles to generate an "all-or-none" 

response. Removing the stimulus allows the dipoles to relax back to 

their ground state, thereby inactivating the Na+ current. A description 
+ ++ of the K fluxes is not given, nor is the role of Ca treated. 

Objections to Wei's model are raised by Hamel and Zimmerman (1970). 

They state that Wei neglects the largest potential barrier for Na+ ions 

traversing the membrane, that of the partition energy i,nyo1ved in 

going from an aqueous to a lipid phase. They claim that the excitable 

properties of axonal membranes, including negative steady-state 

resistance ofaxons, having equi,mo1ar concentrations of potassi.um salts 
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inside and outside, can be explained by a membrane consisting of a 

polar and a non-polar regi,on in wh,ich changes in membrane voltage 

cause cooperative conftguration changes in the dipoles of the polar 

region. With the partition energy of the phase change includeo in 

the model, an electro-diffusion scheme for excitation analogous to 

Wobschall's was formulated in detail. Calculations based on the 

assumptions of the model compare quite favorably with experimentally 

determined results for steady-state ion flow across membranes. 

Another scheme involving molecular conformation changes as a 

basis for changes in membrane permeability has been proposed by Kavanau 

(1963) - the pillar-pore model. Kavanau postulates that many membrane 

functions may be explained on th~ ba~is of a transition of the interior 

lipid core of the membrane from a lamellar bilayer "closed" phase to an 

"open" or permeable phase in which the lipids aggregate into columnar 

micelles. In particular, an axon in its resting state is metastably 

closed. Di val ent cations act to mai ntain the bil ayer confi gurati on, 

but upon stimulation a localized region of the membrane transforms to 

the open state, sodium ions flow into the spaces left between the lipid, 

and calcium is displaced in adjacent membrane regions. This di.splace

ment then eventually destabilizes ,the rest of the membrane and i.t com

pletes a transi,tion to the open phase th,roughout the axon i,n a regenera

tive fashion. The membrane is returned to its closed state by the 

transfer of hydrated protons from the unexci ted to the excite.d regi ons. 

Evidence cited for the pillar~pore model is mainly from electron micro

graph pictures in which hexagonally packed circular regions are found 

under certain conditions. However, the patterns appear mostly in per

turbed structures, such as saponin-treated or sonicated membranes. 
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Since the nature of the molecular species fonning the pattern is un ... 

known, the Kavanau model must remain highly speculative. In any event, 

its utility in explaining many of the details of neurophysiological 

phenomena would appear to be rather limited. 

Weiss (1969) suggests a model similar to Tasaki IS, but formulated 

upon evidence from Heald (1962) that nerve membranes contain lipo

proteins (phosphatidy1serine-peptides) that can act as exchange sites 

for monowa1ent and divalent cations. It is proposed that the peptide 

portion is coiled in a helical IIspringli. In the resting state, Ga+f-is 

bound to an outer site and K+ to an inner site. Stimulating currents 

displace the bound Ca++, which allows the IIspringll to expand to a Na+ 

selective conformation. Recontraction is caused by the .reassociation 

of Ga++ that has been carried back into the membrane along w.ith the. 

Na+ currents. An interesting picture of the function of various ex

citing and inhibiting agents is presented. Local anaesthetics inhibit 

the membrane by solvating and swelling the hydrocarbon phase and con

tractingthe lipoprotein site~ in the potassium conformati,on. Cat +, 

Mg++ and local anaesthetics stabilize the membrane by cross-linking the 

contracted helices. 

A complex, multi ... reacti.on model based on membrane bound acetyl

choline (AcGh) acting as, an ini.ti,ator has been proposed by Nachmansohn 

(1971, 1968). According to thi.s theory~ upon stimulation, AcCh is 

released intracellular1y from its binding sites in the excitable mem

brane. This causes specific AcCh""sensitrve proteins to undergo a 

conformational change which pos5ibly releases bound calcium. The re

leased calcium may then cause further conformational changes i.n membrane 

phospholipids, which is the source of ther.'permeability changes seen during 
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the action potential. The membrane is restored to the resting state as 

acetyl cho 1 i nes terase hydrolyzes AcCh and allows the receptor protei n to 

return to the Ca++ binding conformation. For kinetic reasons it is 

assumed that the bound AcCh, receptor protein, and acetylcholinesterase 

are linked together in a complex. Supporting the model is evidence that 

acetylcholinesterase is localized in exci.table membranes, and that 

acetyl chol i nesterase i nhibi tors. block excitati on in several types of 

nerve fibers. In addition, there is the heuristic argument that it is 

likely that the axonal membrane should not differ $i"gnificantly from the 

adjacent membranes of the synapse, where acetylcholine i:s known to be of 

crucial functional importance. Nachmansohn~s position that AcCh remains 

in the membrane in both regions has yet to be proved conclusively, and 

is the bas i s of much of the cri ti,ci,sm of th.e model that has come from 

other neurophysiologists. Also, the AcCh receptor protein has not been 

isolated from axon membranes (th.ough it has been crystallized from 

electroplaque membranes of ElectrophOrus). Schmidt (1971) points out 

that diffusion of products is the rate-limiting process in multi.,.step 

chemical reactions and he ratses the objection that diffusion rates are 

too slow to account for the very rapi,d axonal permeabtl i ty changes and. 

action potential propagation rates in a multi-reaction scheme. 

The brief survey of neurophysiology and excitable membrane 

mode 1 s gi ven here is by no means comp 1 ete. I t does show, however, tha t 

there is a wide variety of possible mecnanism$ involving molecular con

formational changes as a basis for excitable membrane permeability 

changes and action potential conduction. Optical i'nvestigations of axon 

function can provide some basis. for determini,ng whi.ch of these models or 

class of models is the most accurate. 
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III. PHYSICAL STUDIES OF EXCITABLE MEMBRANES 

Various physical technique~ have been employed in attempts to 

detect functionally related conformational changes in axonal membranes. 

These have included studi.es of changes in absorption, intrinsi.c fluores

cence, extrinsic dye fluorescence light scattering, and optical retar

dation (birefringence). Even though there is now a. considerable bod,y 

of this type of data, the roles of various molecular components i.n the 

control of membrane electrophysiological paramete'rs remain unclear. 

A. Absorption Techniques 

Ungar, Ascheim, Psychoyos and Romano (1956) measured the side 

group ionization ratio (SGIR).of nerves, defined as the ratio of the 

optical density at pH = 12 to the optical density at pH = 7, as a 

function of wavelength (between 230 nmand 31Q nm) for stimUlated and 

unstimUlated tissues. It is postulated that this technique detects 

ion:ization of tyrosine and cysteine. Frog and rat sciati.c nerves? and 

dog and cat cortexes were rapidly frozen, homogenized, soaked tn H20 

at 37.5° and centrifuged. Measurements were then made on the super

natant. It was found that significant changes appear i.n the SGIR 

spectra if the nerve tis$ueis first stimulated (60 Hz, 40 V} for 

periods longer than 5 sec. The effect is reversible for st1mulation 

periods of less than 30 min, having a recove.ry peri:od of approximately 

1 min. It is speculated that stimulation causes protein conformation 

changes whi ch expose tyrosine and cysteine, rendertng them more readily 

ionizable at alkaline pH. Such modifications. cannot conclusively be 

. . 
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attributed to conductance change related transitions, however, since 

the measurements are made neither on intact tissues~ nor at the time 

of stimulation. Metabolically related processes that are known to 

occur subsequent to action potential conduction seem to have time 

constants that would more readily account for the data. 

A much more direct method of detecting ultraviolet absorption 

changes was described by Kayushin, ~yudkovskaya and Shmelev (1960) and 

Shmelev and Kayushin (1961). Th.e giant axon of the cuttlefish Sepia 

esculenta is exposed to flashes of monochromatic ultraviolet light 

while at rest and while in a ~tate of action potential depolarization. 

Differences in absorption between the two states are measured by 

mUltiply-exposing photographic film to the transmitted radiation 

during a series of action potentials, and then photometrically 

measuring differences in the negative density. Wavelengths of 265 nm 

and 280 nm are selected since. they fall in the regtons of nuclei.c acid 

and protein absorption spectra respectively. A decrease in absorption 

averaging 5-6% is detected for 265 nm radiation as the axon is excited. 

Most of this change occurs in a region with.in 20 }lli1 of the axon boun.,. 

dary. No changes are seen durtng th,e 11 afterspi ke ll peri od for this 

wavelength. An opposite effect is detected for 280 nm radiation. 

Absorption increases averaging 5~6% are seen during the action poten

tial, and decreases averaging 6 .... 10% are seen during the lI afterspi,ke" 

at this wavelength. The morphological locali,zation of the effect for 

280 nm is not distinct, but in some. cases the boundary regi,on again 

predominates. The effect at 265 nm i~ interpreted as meani.ng' that 

changes in the adenosine triphosph.ate CATP) system of the membrane 

result from excitation. The effect at 280 nm is explained as an 
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accumulation of free chromophores (aromatic amino acid$) re$ulting 

from a decomposition of axoplasm protein~ during th.e action potential. 

Makarov and Krasovitskaya, (1970.) made improvements in th,e tech

niques u~ed by Kayushin et~. whichyi,eld much petter temporal and 

spati al resol uti on of the absorption change phenomenon. Vltravi,ol et 

flux changes are detected b,y comparing the outputs of two photomulti-

p 1 i ers, one exposed to the traver~ ing beam and one e.xposed to a 

reference beam, as the action potential passes the, illumi.nated area. 

Pulsing the light source (lOo. llsec) allows measurement of the absorp

tion change during the prespike period, the ascending limb of the 

action potential, the descending limb, and the post~spike period. 

Spatial resolution is accomplished by usi,ng a 10. Jlm diameter beam. 

For a wavelength of 280. nm, single nerve fibers from the walking leg 

of the crab Carcinus mo 1 n~~ show a 20.~21 % abs,orpti, on increase in the 

20.0. llsec period before the action potential depolarization, a 45 .. 50.% 

increase during the ris.ing phase of th,e spike, a 28-30.% increase duri,ng 

the descendi ng phase, ~ 26-28% increase imme.di.ately after the depol ari-, 

zation,and an 8.,.10.% i,ncreas.e 3o.mse,c later. Complete return to the 

initial level occurs within 45 m~ec. For 260. nm radiation, a decrease 
. 

in absorption is seen. The effect i~ most pronounced during th.e des-

cending phase of the spike. A reductton in absorption is also found 

for 245,nm radiation, and as in theca~e of 260. nm radiation, the de

creasei~ greatest at the start of th.e descending limb of the action 

potential. Increases in absorption at 280. nm are interpreted as 

indicating cooperative helix-random coil transitions in the proteins 

in or near the axon membrane. The reductions in absorption at 245 nm 

.1 
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are thought to mean that disulfide bonds are being formed during the 

acUon potential that stabilize the random coil conformation and 

thereby "mas k" the ionized side groups of cysteine. The decreases 

for 260 nm are interpreted as changes in the adenyl conformation, 

similar to the interpretation given by Kayushin et 21. for the cuttle

fish axon. For all three wavelengths. the absorption changes have. 

time courses corresponding closely to the potential change of the 

action potential, and thus implicate conformational changes in pro

teins and adenyl groups as playi,ng a role in the associ,ated permea ... 

bi 1 i ty changes. 

Recent investigat10nSQf ab~orption changes in th~ i,nfrared by 

Sherebr;n (1972) have sh.own that alterations also occur i,n the con

figuration of nerve tissue phospholipids during excitation. Sciatic 

nerves from the frog Rana pipiens are stimulated for periods of 

38 msec (8 pulses), followed by a resting period of 38 msec. A dif

ference spectrum for th.e two ti,me intervals, is tak.en poi nt by poi.nt 

for the energy region rangi.ng from 3,350 cm- l to 713 cm-·l . The re,. 

sulting plot of the average Of several passes is a complex oscillation 

indi cati ng i.ncreases and decreases in the i nfrare.d absorpti on. By 

comparing the results to purifi.ed lipid absorption spettra some of 

the conformation changes h,aye been tdentifi.ed. Difference.s are. seen 

in the vi brationa 1 modes of th.e. C.,.H symmetri c bend of N,-,CH3 grQups and 

the C-H asymmetric bend of C.,.CH3 and N-CH3' indicaUng electric field 

induced deformations of leci,thin and related pho~ph9lipids. Also in

volved are alterations of the carbonyl band, the C ... .o stretch,ing band, 

and the P-O-C band. It th,us seems likely that the dipole moments 
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associated with lecithin and/or similar molecules are undergoing 

rotational deformation during membrane depolarization. 

B. Intrinsit Fluorescence 

A limited amount of work ~a~ been done using the natural fluores

cence of tryptophan and tyrosine in order to detect protein confor

mation changes in nerve as a result of stimulation. Ungar and Romano 

(1962) found that intact peripheral nerve and nerve extracts are 

fluorescent, having an emission spectrum maximum a"t about 345 nm for 

an activation spectrum which peaks at 280 nm. Stimulating nerves 

(from frog, rat, guinea pig and crab) for periods of 2 hours at a 

rate of 180 pulses/sec (10 volts, 1 msec) causes a decrease in the 

magnitude of the fluorescence spectrum of the protein extract subse-

quently made from the nerve. 'Var.yi ng the s timu1 ati on time and fre-, 

quency shows that the magnitude of this decrease i,s related to the 

total number of pulses received by tne nerve. The, shape of the 

spectrum remains substanti,all,y: the same. Livtng nerve fibers were 

teste,d in much the same way as the extracts. Stimul ati,ng at a rate 

of between 30 pulses/sec and 240 pulses/sec for a period of 100 minutes 

produces revers i,b 1 e fl uQre,$cence decreases of up to 35%. Recovery 

to the resting level takes about 100 rninutes~ The results are inter

preted as meaning that reversible changes occur in the secondar,y and 

tertiary structures of nerve proteins as the result of s,ti,mulation. 

Dialysis of the nerve extract shows that the fluorescence :decrease is 

probably not attributable to the release of free try-ptoph,an into 

sol ution. The util i,ty of the method is limited, however, by the fact 

;. 
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that 105 impulses are required to get a reasonable change in fluores-

cence intensity. 

In a related measurement, Chernitsku, Lin and Konev (19691 have 

studied the temperature dependence (5 .... .37°C) of the wave.length of 

maximum protein fluorescence (336~34l nm) in intact frog sciatic 

nerves (Rana temporaria). Sharp, reversible changes occur in the 

value of this parameter in the temperature ranges of 6-l0 Q C and 13-18°C., 

indicating that protein conformational changes happen in a cooperative 

fashion. Simultaneous measurements of the action potential conduction 

velocity as a function of temperature shows that it closely follows· 

the shape of the fluorescence maximum curve, except that the transition 

at 16°C is not apparent. Also, hi,gh exte.rnal potassium concentrati.ons 

cause the disappearance of the cooperative effect. This is inter

preted as meaning that there is a direct correlation between the 

function of the nerve and the conformational state of its membrane 

protei ns. The f1 uorescence band $hi,ft can be e.xp 1 a i ned as the resu 1t 

of tryptophan residues being transposed into either a more polar or 

1esl rigid environment. 

Fluorescence changes attributable to the metabolic processes of 

the sodi um pump have been dete.cted by Ri. tchi e and Landowne (1970). 

Stimu1 ating desheath,ed rabbit Vagus nerve for 5 se,conds at a rate of 

30 pulses/sec produces a 1% reducti:on in the fluorescence at 450 nm 

for exciti ng radi ation wi:th a 360 nm wave.1 e;ngth. The effect begins 

100 msec after the start of the stimulation and relaxes slo~l~ back 

to the resting fluorescence level after cessation of the stimulus 

with a time constant of about 1 minute. Blocking the sodium pump 
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with metabolic inhibitors also eliminates the fluorescence change. 

Reduced levels of NADH resulting from the requirements to resynthe

size the ATP utilized by the sodium pump are thought to account for 

the effect. Similar metabolically related fluorescence changes of 

NADH are seen in the electric organ of Electrophorus by Aubert, 

Chance, and Keynes (1964). 

C. Extrinsic Dye Fluorescence 

In contrast to the limited literature on intrinsic fluorescence, 

a great deal of work has been done using the fluorescent properties 

of various dyes as probes for the determination of membrane structure, 

both static and dynamic,,· The discussion here will be limited to their 

use as probes for excitable membrane conformational change. The 

util i ty of .dyes as membrane probes is genera ll.y based upon the depen-:

denceof their fluorescent emission spectra upon the polarity of the 

chromophore.environment. Transitions between hydrophilic and hydro

phobic phases can produce drastic changes in both the magnitudes and 

peak positions of the spectra. 

The initial reports of fluorescence changes of dye treated nerves 

during action potenti.als came from Tasaki "s laboratory (Watanabe, Tasaki 

and Carnay, 1968; Tasaki, W.atanabe~ Sand1i.n and Carney, 1968; Tasaki, 

Carnay and Sandlin, 1969). Nerve trunk.s from lobster walk.ing leg 

(Homarus ameri canus ),spi der crab legs (L i bi ni a emarginata)" and squid 

fin (Loligo pea1i;) were soaked in sea water soluti,on containing 8-

ani1inonaphtha1ene-1-sulfonic acid (ANS) and acridine orange (AO) for 

10 to 20 minutes. Quasi-monochromatic ultraviolet light (365·.nm wave

length for ANS nerves, 465 nm wavelength fo~ AO nerves) excited the 

." 



-35-

dyes. The fluorescent emission (greater than 430 nm for ANS nerves, 

greater than 507 nm for AO nerves) was detected by a photomultiplier 

aligned perpendicular to the incident exciting light beam. Upon 

stimulation of the nerves, the intensity of fluorescence of both dyes 

increases very slightly, of the order of 5 x 10-5 to 3.5 x 10-4 of 

the static fluorescence. This very small change can only be detected 

by signal averaging a large number of pulses on a computer of average 

transients. The increase has. a time. course that closely approximates 

that of the action potential, but since compound nerve trunks were 

used, no precise correlation was possible in the earliest experiments. 

It should be noted that the location of dyes in such preparations is 

still not definitely established. However, from X-ray data, ANS is 

thought to be in the interior of the membrane. Also~ it is well 

established that ANS ;s fluorescent only when i.t is bound in a hydro

phobic environment, which may be associated with either lipids or 

proteins. In a refinement of the technique, AO was perfused i,nto 

the interior of a squid giant axon. Again an increase i.n fluores.,. 

cence, of about 2 x 10-4 ti,me,s the resti ng i ntens1'ty, is detected 

during an action potential. However, under some condtti'on~, s.uch as 

having 10 nM tetraeth.ylamrnonium ion (TEA) or cesium fluoride in the 

perfusing solution, the electri,cal and optical respons,es have dif.,. 

ferent time courses, especially during the descending phase of the 

action potential. Instead ofre.1axing bac~, to the resti,n~ intensity, 

a prolonged, almost rectangular optical signal is seen under these 

conditions. 

Since the early experiments wi.th, ANS and AQ,' many other dyes have 

been used, both i.nternally and externally, including rhodamine B, 
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Pyronin B, acridine yellow, auramine 0, fluorescein isocyanate, L.S.D .• 

rose bengal, 2-toluidinylnaphtha1ene sulfonate (TNS) and others 

(Tasaki, Carnay and Watanabe, 1970; Carnay, Tasaki and Watanabe, 1970; 

Tasaki ,Barry and Carnay, 1970). It was found that squid giant axons 

internally perfused with ANS show a fluorescence decrease upon stimu

lation, compared to the increase seen when the dye is applied exter-

na lly. , Pyroni n B, Pyroni nY, Rhodami ne Band TNS all show i ntens i ty 

decreases after external application. However, Pyronin B shows an 

increase response when applied internally. Interpreting these data 

is very difficult. No di,rect correlation between th,e charge of the 

dye or its bi ndi ng mechanism and th,e sign of its fl uorescence change 

can be made. The hydrophilic or hydroph,obic nature of the dye seems 

to be more cri ti ca 1. The di fferi:ng signs of the response for a 

molecule like ANS is explained by postulating that internal ~erfusion 

a 11 ows the dye to reach the hydroph,obi c regi,ons of the p 1 a~ma membrane 

where an increased hydration associated with the action potential 

causes an intensity decline, whereas dye applied externally does not 

reach the inner membrane layer. 

The voltage clamp technique applied to i,ntracellularl,y dyed axons 

shows that the extrinsic fluorescence changes are probably dependent 

upon the vol tage across the membrane rather th,an upon any particular 

ionic current or combinations of currents (Conti and Tasaki, 1970). 

Rhodamine B fluore~cence i,ncreases, during hyperpolari zation and de

creases during depolarization. The magnitude of the response appears 

to be directly dependent upon the amplitude of the clamping voltage, 

but th,e ascent or de~ce,nt of the signal is gradual, having a relatively 

.• i 
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slow time constant of about 1.5 msec. Pyronin B fluorescence has a 

more complicated kinetics. Upon hyperpolarization there is a tran

sient increase in intensity, followed by a slow exponential decrease 

having a time constant of about lQ msec. Depolarizing pulses produce 

a similar response having the opposite sign. The amplitudes of both 

the transient and slow responses are found to vary approximately 

linearly with the clamping voltage magnitude. Th.e response of ANS 

has a much faster time constant than the other two dyes. A hyper ... 

polarizing pulse produces a rapid increase in fluorescence that is 

maintained at a constant level for the duration of the clamping pulse. 

Again the magnitude of the response increases as the voltage increases. 

A depolarizing pulse produces a more complex response. The fluores

cence initially decreases with a magnitude some 50% greater than for 

an equivalent hyperpolarizing pulse and with, a time constant near 

1 msec, but then it gradually i.ncrease.s. again to a level below the 

resting state intensity. Interpretation of these results on a mole

cular level is greatly hindered by the lack of information available 

about the ki.nds of factors. th.at influence the quantum yields of 

Pyronin Band Rhodamin B. The long time constants involved in the 

responses of these two dyes makes it lik~ly that some electro-diffusion 

dependent process is occutring in response to the clamping electric 

field. The ANS response is more. interesting since the reSiponse 

appears to report molecular events more directly. Also, much more is 

known about the fluorescenCe of ANS GS a function of its ph.ysico.,. 

chemical environment. It appears th,at in this experime,nt, ANS is 

bound to the hydrophobi c i.nteri or of the plasma membrane, w.hen th.e 

nerve is in its resting state. Duri.ng th,e depolarizing pu1se~ the 
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increased conductance of the membrane causes an increase in the hydra

tion, and thus polarity, of the membrane. Consequently, the quantum 

yield decreases. The gradual increase of the signal during depolari

zation may indicate a loss of hydration as the transient membrane 

conductance (to sodium in the Hodgkin-Huxley scheme) turns off. The 

fluorescence increase during hyperpolarizing pulses may be explained 

in terms of driving polar molecules Cw~ter and ions) from the membrane, 

or i nterms of caus i ng an i ncrea$e in the tbi ckness of the hydrophobi c 

layer,or in terms of exposing h.ydrophobic regions of macromolecules 

in the membrane as the result of a voltage induced conformation change. 

Measurements of changes in fluorescence polarizatton and spectral 

output are perhaps less ambiguous in their interpretation than the 

intensity change measurements. The degree of polarization, Pr, of 

the fluorescent emission in re~ponse to activating radiation polarized 

parallel to the long axis in a rest1ng nerve is defined as 

I .~ - I " 
= r r 

I • r + Ir " 

where I • = ; ntens i ty of fl uorf~scent emiss i on ''Ii th e 1 ectri. c fi e 1 d vector r 

parallel to the long axis of the nerve, and lr" = intensity polarized 

perpendicular to the long axts. The equivalent parameters for the 

nerve in its excited (active) state are Pl' and I .. . a' a' ~ . Pa is deter-

mi ned from P r and from S' and $", wh.ere 

I • - I • a 'r 
I • r 

$' = and $" = 
I II -' I ,. 
ar 

I II 

r 

whi ch are the parameters actually measured duri ng the experiment. For 

5' and $11<.<1, the following equation holds: 

(2) 

_ i 

-I 
j 
I 

. ' 
1 
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~P is a parameter that reflects changes in the mobility of the dye 

molecules and thus the viscosity of the environment of the fluorescing 

chromophore. For randomly oriented, rigidly fixed dipoles, the value 

of Pr would be 0.5. Tasaki, Carnay and Watanabe (1969, 1970) found 

that covalently binding fluorescein has a Pr approaching this value 

when applied externally to crab nerve trunks. For Pyronin B, which 

stains via non-covalent bonds, Pr was only 0.16. Upon stimulation, 

the degree of polarization for Pyronin B defi,nitely decreases, indi

cating a more rapid rotational diffusion ti,me for the dye molecules. 

The results for fluorescein are less clear, although some indications 

of a polarization decrease are found. Tasaki, Watanabe and Hallett 

(1971) found that the hydrophobic probe 2-.p ... tol uidi ny1 naphtha 1 ene-6 ... 

sulfonate (TNS) has a Pr = 0.22 .:t 0.06 when appli,ed to th,e interior of 

squid axons. This value is primarily representative of the state of 

the dye in the axoplasm. Calculations of the same parameter for those 

chromophores parti ci pating in the changes i,n P r seen during the acti on 

potential yield a number near 1.0. This indicates a high degree of 

rigid odentation for the dye molecules in the plasma membrane, with 

the dipoles aligned parallel to the nerve axis. Decreases in fluores

cence intensity during excitation are detected only for the emission 

polarized parallel to the nerve axis. Changes in the spectral emission 

during depolarization when compared to the emission at rest were also 

detected. The dye molecules undergoi,ng quantum yield changes emit in 

a much narrower band than those in the axoplasm, whi,ch also indicates 

that the membrane bound chromophores experience changes in the hydro

phobicity of their structured environment. 
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Other excitable tissues exhibit changes fro vital stain fluorescence 

during depolarization. Carnay and Barry (1969) found that Pyronin B 

stained semitendenous muscle of frog (Rana pipiens) shows a transient 

fluorescence decrease followed by a longer intensity increase coinci

dent with the action potential of the fiber. Contraction artifacts 

are thought to have been eli.mi.nated by stretching the fibers until 

contraction dependent light scattering changes disappear. The electro

plaque membranes of Electrophorus electricus exhibit a fluorescence 

increase during action potentials after staining with ANS. Patrick, 

Valeur, Monnerie and Changeux (1971) found that the time course of 

this change slightly lags the membrane potential change by using normal 

action potentials and current clamp techniques. They demonstrated that 

the response is not ?ue to tncreased binding of the dye or to potential 

dependent concentration change of ANS near the membNne. Its magnitude 

is linearly dependent on th.e membrane voltage under current clamp con

di ti ons. Sodi urn current inacttvation by tetrodotoxi n treatment does 

not alter this dependence. The delay in the optical response indicates 

that the fluorescent probe 1s reporting a conformation ch,ange that re

sults from a change in the electric Held rather than a change that 

causes the membrane potential to vary. 

p, "Light Scattering 

The observati.on of light scattering simply involves detecting 

radiati·on re-emitted in a particular direction by e.lectronic osc11-

1 ators ina mode of forced, non-resonance vi brati on i,nduced by the 

i.nci'dent light beam. In general, the. more random the ori,entation of 

the osci11 ators, such as tn a gas, th.e more pronounced the scatteri,ng 

. ; 
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effect. In a structured array, such as in a liquid crystal or a mem

brane, neighboring oscillators tend to radiate in such a way that 

destructive interference occurs and light scattering i~ greatly re", 

duced (Stacey, 1956). Vari ations in Hght scattered at any parti cul ar 

angle may be caused by fluctuations of oscillator concentration or 

density within volume elements whose dimensions are small compare.d 

to the wavelength of the i.ncident light, or from small ch,anges in the 

distribution of the dielectric constant (index of refraction) of the 

medium, or by changes in the ordering or alignment direction of 

oriented dipoles. 

The fi rs t successful meaSureme.nt of an excitation rel ated opti cal 

change innerve was the change in opacity detected b.y Hill and Keynes 

(1949). They discovered that a rapid train of about 250 stimulating 

pulses causes a slow, temporary increase in the 00 (forward di.rection) 

scattering of crab peripheral nerve for a total period of about 25 

seconds, followed by a long term decrease that returns to the resting 

value in about 8 minutes. These long term changes are probably indi

c~ting some metabolically associated change in the nerve. Hill (1950) 

postulated that the opacity changes can be attributed to changes i.n 

the volume of the fiber. This is based upon measurements of opacity 

changes induced in cuttlefish giant axons by swelling and shrinking 

them i.n hypertonic and hypotoni,c solutions. EXCitation? i.t WaS sur

mised, causes a loss of h,ydraUon associated with the outward flow of 

K+ ions and thus shrinks the axoplasm. Swelling results as the water 

is restored to the fiber. TOQias (1952) gave an alternate explanation 

of this effect. He found that the s i. gn of thi s long term opaci ty 

change can be predetermi.ned by how much tension i.s applied to the 
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nerve. A taut nerve produces increases in light scattering upon sti,mu-

lation; a lax nerve produces decreases. Therefore, the mechanism 

underlying the effect, it was proposed, is a reorientation of bound 

particles in the fiber. Needless to say, these early studies did 

little to elucidate the rapid processes associated with a single action 

potent; a 1. However, si nce some accumul ati ve effe.ctwas seen, the tech

nique was revived when more sensitive measurements were made possible 

by signal averaging computers. 

Detection of light sc~ttering tr~nsients tempor~lly associated 

with single action potentials were first reported by Coh.en qnd Keynes 

(1968), Cohen, Keynes and Hill e (19.68)? Keynes 0970 L ~nd Cohen and 

Keynes (1971). They monitored light scattered from crab leg nerve 

bundles at 90° (65°-115°) and at 35° (20°-50°) from the direction of 

the incident white light be.am. Using a computer of average transients, 

increases in the scattering at 90° lasting of the order of 1DO msec 

are found upon stimulation of the nerve. Th;~ duration roughly corres

ponds to the duration of the compound action potential of such multi

fibered nerve bundles. Careful re$olution of the scattering increase 

in a squid giant axon ~hows that th.e scattering response starts 0.25 

msec after the onset of the action potenttal, and th.at its peak is also 

delayed with respect to the action potential peak. The duratton is 

also somewhat longer. The magnitude of the increase is of the order 

of 2-9 x 10-5 of the resti,ng scattered light inte.nsity for a single 

stimulating pulse. The transient increase is followed by a long term 

decrease in scatteri ng at 90°. Thi,s decrease has a sma 11 ermagnitude 

than the increase, but its long duration implicates it as the source 

i#'! 
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of the integrated long term effect seen by Hill (1950). (A decrease 

in scattering at 90° uSllally means that.O° scattering"will i.n

crease.) The optical effect is eliminated when the action potential 

is blocked by high external K+ i.n the bathing medium, subst1tuti.6n 

of cho 1 i ne for Na +, or by treating the nerve with tetrodotoxi n, thereby 

eliminating electrode artifacts as a source of the change. No wave

length dependence is found for AI/Is where Is is the scattered light 

intensity, since both vary as >.-.2 ion the vi.sible region. The rCitio of 

A1S/Is is also independent of wh.ether the incident beam is' polarized 

parallel or perpendicular to the nerve axis. The persistent or long 

term decrease is markedly effected by changes in either th,e osmolarity 

or the refractive index of the external bathing medium. Slightly 

hypotonic medium transforms the response from a decrease in intenstty 

to an increase. Raising the refractive index of the medium above that 

of artificial sea water (nASW = 1.339) with de.xtran produces a similar 

result (Fig. 7). The fast res.ponse is apparently not altered by these 

modifications. Limited measurements at 35° show responses of the same 

nature as those at 90° except that th.e. sign is reversed for the. 10w 

scattering angle changes. 

Tasaki, Watanabe, Sandl in and Carnay (1968) confi rmed the results 

of Cohen et~. Using 550 nm monochromatic light, the,y found scattering 

increases at 90° having a value of AIS/l$ = 0.8 - 7.6 x 10~5 in nerve 

trunks from lobster, crab, and squid. There is no wavelength dependence 

for ~Is/Is i.n these nerves ei,ther. 

Voltage clamp data indicate that there is some membrane current 

depend~nce of the light scattering from Squid giant axons (Cohen and 

Ke,ynes, 1969; Landowne and Cohen, 1970). Under voltage 'c1 amp condHi ons, 
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t light inc:rease 
_IUD'I' 

I c . .,otentiol . --.J'---
tOOmsec: 

Light sauered at 90 de:gree:s by a crab-leg nerve stimu
lated 15 mm from the illuminated region. The: vertical arrow 
'represents an increase of 2 X 1O-6/impulse: a. in artificial sea 
water with refractive inde:x of 1.339; b. dextran added to give a 
rcl'ractive index of 1.353; c. the: compound action potential 
rcc:orded 10 mm beyond the: ilIuminate:d regio~. Te:mpcratur~. 18° 
C. (From Cohc:n c:t a1..1968.) 

FIG. 7 

low-angle sCqttering(JOol dtffers qualitattvel,y from scattering at 90°. 

Both AIslO° and AIs9QO have voltage and current dependent components. 
10° The current dependent component of AI$· has a time course approxi-

mating the integrated current. This component i~ of long duration, and 

does not return to the resting level for more than 100 msec. Increasing 

the index of refraction of the bathing medium reverses the sign of 
10° ¢Is • The current dependent portion of the scattering change at 90° 

reaches a rr.aximum after the maximum of current h.as occurred, ascending 

with a time constant of 2-5 msec. The current related contribution to 
. 90° "Is is less persistent than the change at low angle.s, decreasing 

with a time constant of 50 .. 100 msec. Increasing the index of refraction 

h.as no effect upon the AIs 90~ current component. 

Simi 1 ar scattering respon~e.s of about the same magni tude have been 

detected in the e 1 ectri. c organ of the s ka te Ra i a eri nacea (Cohen and . 
----,.,. 

. . ' 
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Landowne, 1970) and in frog muscle (Carnay and Barry, 1969). A more 

complex tri-phasic response was measured in the electric organ of 

Electrophorus e 1 ectri cus (Cohen, Hi 11 e and K,eynes, 1969). 

E. Optical Retardation and Birefringence 

1. Physical Definition , 

Matter is defined to be birefrtngent if it is optically anisotropic 

in such a way that the index of refracti on depends upon the ori,entation 

of the plane of pol~rizat10n of the traversing radiation. In general, 

linearly polarized light incident on ~uch material will have its state 

of polarization preserved only if the plane of oscillation of the 

electric field vector i,s ori,ented in either of two mutually perpen

dicular directions, called the princi,pal axes. Each of these two 

directions is characteri,zed by a separate index of refraction, n, and 

dielectric constant, K = n2. This means that the velocity of light in 

the medium will depend upon i,ts polarization. Therefore" two mutually 

perpendicular polarized beams, which are "li,gned along the principal 

axes, and which are tnitially in phase upon entering the materi,al, 

wi 11 emerge out of ph.a~.e. Stnce 1 i ght pol artzed in any arbi trary 

direction may be thought of as the vector sum of components along the 

two principal axes of the, bi,refringent object, its state of polariza

tion as it emerges may be calculated by a strai:ghtforward consideration 

of the phase difference that has been produced, and what the resultant 

of recombining the emerging components wi.ll be. Consi:der the case 

depicted in Fi,g. 8. Let x and y denote, the two mutually perpendicular 

principal axes of the material. E is the electric fi.eld vector 
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FIG. 8 

oscJl1ating in a plane at an angle ~ fr~m the x axis, and propagating 
-+ 

in the z di recti on or:thogona 1 to' x and y.. Ex:: ExX is the component 
~ ~ ~ -+ 

of E alo:g t~e x !XiS, Ey = EyY is the component of E along the y axis, 

so that E = Ex + Ey and E = (Ex 2 + Ey 2}1/2. Th.e time dependent magni

tudes of E, Ex and Ey may initially be represented as E = A cos ¥ ' 
Ex = Ax cos2~ , and Ey = Ay cos 2rt , where A = maximum amplitude of 

E, Ax = A cos ~,. Ay = A sin ~, t = time, and T = period Of the wave 

or {frequency)-l. 

This means, by definition, th.at Ex and Ey are initially in phase 

as they enter the birefringent material. In the material the x compo-

nent travels at a velocity "x = c/nx and the y component travels at a 
o 

velocity Vy = clny ' where c is the speed of light in vacuum. I f the 
n d 

material has a thickness d, the x component requires a time ~ to 

traverse the distance, and similarly the y component requires a time 
n d +. Thus th,e emerging components may be represented as 

--2-' -.rid 2 nd 
Ex = Ax cos T (t.,. ~ ), and E,y = Ay cos T (t - +) or 

(3) 

( -
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where A is the wavelength in vacuum. From these expressions it is 

seen that the phase difference produced between the two components 

is given by 

e = 2~d (n - n ) (4) 
A x y 

e is called the phase angle of retardation. The optical retardation, 

R, is defined as R = d (nx - ny). The birefringence of the material 

is simply the difference between the indices of refraction, (nx - ny). 

It is readily shown that recombination of the two phase-shifted 

components yields an elliptically polarized beam. Defining 
t nxd 

~ = 2~ (f - --A-- ), the expression for the components is simplified to 

E Ex _ 
Ax - cOs ~ and ~ = cos (~ + e) = cos ~ ·cos e - sin ~ sin e 

y 

since 2~d n = 2~d n - e. Therefore, the following holds: 
A y A X 

E Ex t - 7f:: cos e = cos ~ cos e - sin ~ sin e - cos ~ cos e = - sin ~ s i. n e 
y x 

and thus, eliminating the time dependence of ~, 

E Ex 2 
sin2 ~ sin2 e = (1 - cos 2 ( ~ - - cos e) = 

y Ax 
E 2 

sin2 e = [1 - (~. ) ] 
Ax • 

Expansion then gives 

E 2 E 2 
cos2 ~ Ex 

cos e = sin2 e -( .::1. ) + ( 2. ) e - 2 
Ay Ax Ay Ax 

Collecting tenns and reducing finally yields 

2 
Ev Ex . 2 
~ - cos e = Sln e, 

y Ax 

~) sin2 a 

E 2 
sin2 e . ( 2. ) 

Ax 

(5) 
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which is the equation for an ellipse. The emerging beam is therefore 

elliptically polarized, in general, since a projection of the end of 
-+ 

the electric field vector E onto the x-y plane descri.bes an elliptical 

locus. Of special interest is the case where 9 = (2 k + 1) ~/2, k = 0, 

1, 2 . In such a case, the ellipse equation reduces to 

E 2 E 2-
(]f) +({) = 1 

y x 

If Ax = Ay' as is the case if ~ = ~/4, 

E 2 + E 2 = A 2 
y x x' 

which is the equation describing circularly polarized light. Birefrin

gent plates cut to the required d to give a 9 = ~/2 (or an odd multiple 

thereof) are called quarter wave plates since R = ~-= ~ for that case. 

The relative values of nx and ny determine the direction of 
+ 

rotation of E. If 0<9<~ , the vector rotates clockwise when viewed by 

an observer toward whom the wave is: travelli.ng. For ",~<9<O , the 

opposite rotation is seen. 

Some birefringent materials have a unique axis. for Which the index 

of refraction is independent of the plane of polarization of radiation 

propagating along the axis. Such materials are said to be uniaxial, 

and the unique direction is called the optic axis. 

Observations of optical retardation can be made by measuring the 

1 i gh tin tens i ty transmitted through a sys tern, depi cted i.n Fi g. 9. 

Randomly polarized monochromatic light (10) is generated by some source, 

polarized by a polarizer (P), passed through the birefringent material 

of thickness d, passed through an analyzer (A) which is generally 

another polarizer with its polarizing axis rotated ~/2 from that of 

; 

,. 
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FIG.9 

A I PM 

the first polarizer, and measured (I) by a suitable photodetector (PM). 

Fresnel (1821) derived a general equation relating 1 to 10 as a fu~ction 

of the relative orientations of the various components in the system 

and of the total retardation. Simplified expressions of the Fresnel 

equation may be derived for specific relative alignments of the compo

nents. Szivessy (1928) has treated the case shown in fig. 10, which is 

often used experimentally. 

n, 
A 

FIG. 10 
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P is the polarizer axis, A the analyzer axis, nx and ny the two prin

cipal axes of the retarding material, y the angle between P and nx' 

and ~ the angle between A and nx' For this geometry 

I = 10k [cos2 (y-~) - sin 2y sin 2~sin2 a/2J (6) 

Here k is a transmission coefficient representing scattering, absorption 

and reflection losses which are independent of the alignment of the 

components. When the polarizer and analyzer are crossed such that 

(y-~)= ! n/2, the equation reduces to I = 10k (sin2 2y)(sin2 a/2). 

Finally, I is a maximum when 2y = n/2, and for such an alignment, 

I = I k (sin2 1TR ) 
o· A' 

(7) 

A change in a due to either a change in d or in (nx - ny) causes a 

change in I. Assuming that k is independent of a, for a given initial a: 

~I = 10k (sin a/2}(cos a/2) ~a = 10k sin a ~a (8) 

The value of ~a may be calculated from the experimentally determined 

parameters I, ~I and 9 as follows: 

~1 

I 
= 

10k (sin s/2}(cos 9/2) ~a 

10k (sin2 a/2) 

For 9/2«1, cot (e/2) ~ 2/a, so that 

_ a .. ~r 

M - 2" (1") 

= (cot 9/2) M 

(9)' 

Equation (8) shows that the sign of ~I depends upon whether M is 

increasing or decreasing, and upon the sign of e. A plot of I as a 

function of e is given in Fig. 11. This shows that for 9>0, a decrease 

in retardation of ~e causes a decrease in I, whereas for -a, the same 

change causes an intensity increase of the same magnitude. It is also 
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clear from the graph that the magnitude of !! will approach zero when 

e is close to zero or + w, and it will have its largest magnitude for 

e = :t. tt/2 or R = :t. A/4. Therefore, if a small Ae is to be detected 

in a birefringent object having a static retardation much less than 

e = w/2, the AI signal may be greatly enhanced by adding a retardation 

plate to the system, such as a quarter wave plate, and adjusting its 

orientation such that the total static retardation is n/2 and the slope 

Of!! is maximized. 
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2. Birefringence in Biological Materials 

Two types of birefringence may be exhibited by biological 

materials. Intrinsic or crystalline birefringence occurs in sub

stances having homogeneous ordered arrays of molecules which are 

anisotropic in the polarizabilities of their chemical bonds. For 

example, the C-H bonds of hydrocarbons have a greater polarizability 

(the electrons are more readily distorted by the electric field) along 

the direction of the bond than for the perpendicular direction. For 

other bonds the opposite may be true, as in the case of C~H bonds in 

acetylene. The dependence of the velocity of propagati,on upon the 

polarizability of a gi,ven orientati,on may be qerive.d from Maxwell IS 

equations. The electric di,splacement is given by 0' = E:J' + P" 
, ~ 

where E:o is the dielectric permittivity in vacuum, E is the electric 
~ ~ 

field, and P the polarization vector. Any comp~ne.nt of D may be ex-

pressed as 

X' p. = K.E: E. ;:; ( 1 + .,...,l )£ E. 
1, '1, 0' 1 . £0 0 1 

(10) 

where Ki is the dielectric constant along axis i and Xi,' i$ the corres
'p. 

d · ' 1 pon lng r . 
1 

Consider a linearly polartzed electromagnetic wave pro-

pagating in the z di,rection through a birefrtngent material having 

its principal axes in the x and y directions. The components of the 

electromagnetic field along the axes are described by Maxwell I~ 

equati,ons: 

aHz aDz oHz aO 
= = z Q -,.- = = (11 a) 

az az at at 

aHx ~ Jl q = -. , 

at az 
(llb) 

. , 
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~= llo 
at 

(11 c) 

= ~ = at (11 d) 

(11 e) 

Eliminating Hx and Hy yields two travelling wave equations, one for the 

wave component oriented along the x axis, and one for the component in 

the y direction. 

a2E a2E 

7 = KyE:ollo ? (12a) 

a2E 2E 
x = 

a X 

az2 KXE: o J.io -:-:-2 
at 

(12b) 

(12c) 

(12d) 

The ve1oci,ties vx and Vy for these travelling waves will be different 

if Kxis not equal to Ky ' which is the condition that previously has 

been shown to be suffi,cient to generate a phas.e difference qnd th,uS 

the phenomenon of birefringence. 

The other type of birefringence seen in biological materials is 

called form or textural birefringence. It occurs when particles or 

layers of a substance having one dielectric constant are arrayed in a 
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substance having a different dielectric constant. Two simple geometries 

of this sort have been analyzed by Weiner {19l2}, a system of aligned 

rodlets and a series of stacked layers (Fig. 12). 

Weiner Bodies 
.' 

12 

, ' 

Both of these systems are uniaxial; the opti.c axes are parallel to the 

rod axis and nonnal to the plane of the, dtscs. In the ca~e of the 

stacked layers, the birefringence i~ given by: 

n 2 
x (13a) 

where nx is the net refractive index along the optic axis., ny is the 

net refractive index perpendicular to the opti,c axis, n1 and n2 are the 

refractive indices of the layers, and Vl and V2 are the volume fractions 

of each dielectric. For the case of the rod1ets 

n 2 .. 
x n 2 = y 

V1Vi (n/- n22}2 

(V1 + 1) n2
2 + V2 n1

2 (13b) 

. . 

t: 
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where nl is the refractive index of the rods and n2 is the refractive 

index of the surrounding medium. 

In general, intrinsic and form birefringence occur simultaneously 

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

be determined by varying the refractive index of the surrounding 

medium (with sucrose or Dextran) until it matches that of the particles 

causing the form birefringence. The residual birefringence when the 

indices are equal (the total birefringence reaches an extremum) is the 

pure intrinsic component. 

Schmitt and Bear (1937, 1939) analyzed the birefringence of various 

regions of both myelinated and non-myelinated fibers. They found that 

the axially aligned proteins of the axoplasm of invertebrate giant 

axons (from squi.d and lobster) generate a positive uni,axial birefrin

ge~ce with respect to the axis of the fiber. In other words na>nr in 

the interior, where na 1S the refracti.ve index i,n the direction of the 

nerve cylinder axis and nr is the refractive index in the radial 

direction. On the other h,and, the region of the sheath and plasma 

membrane at the ci rcumference of the axon behave,s 1 ike an annu 1 a r 

regi,on of radially oriented uniaxtal crystal having a negative birefrin

gence with respect to the nerve axis (nr>na), but positive with respect 

to its own radial optic axis.. This radial term is attributed to the 

radially oriented lipids in the membrane system. Because of- the much 

larger relative volume of axoplasm, the largest contribution to the 

net static retardation comes from the interior. For fresh squid axons 

the form birefringence has a mi,nimum when the refracUve index of the 

external medium is adjusted to 1.55 - 1.60. The residual intrinsic 

birefringence is found to be about (na-nr ' = + 2 x 10.,.5. In a normal 
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sea water or Ringer solution bathing medium (n = 1.339) the total 

birefringence is calculated to be (na-nr ) = + 1.6 x 10-4. 

3 .. Changes inNerve Membrane Retardation 

Because optical retardation is a consequence of an ordered arrange

ment of the macromolecules of the nerve, changes in that ordering as 

the cause or result of excitation should cause changes in the retar

dation. To detect thischange,the nerve is placed between the 

polarizer and analyzer (crossed polarizer) with the nerve axis oriented 

n/4 from the direction of the plane of polarization, as previously des

cribed in Fig. 9. The light intensity coming through the system is 

then monitored while the nerve is stimulated. Changes in R concur~ent 

with the action potential may then be interpreted as indicative of 

depolarization related molecular conformation and geometry changes. 

It should be kept in mind that the intensity change may result from 

either a change in birefringence, (na .. nr ), or from a change tn the. 

pathlength d. 

The retardation change. resulting from a stngle sttmulu$ is very 

small. As a consequence, the initial measurements made by Schmi,tt 

and Schmitt (1940) failed to detect changes even though calibration 

of thei r equi pment showed it to be sensi tiye to f1 uctuati:ons in inten

sity of the order of 0.00025%. 

The first successful detection of excitation related retardation 

changes was reported by Cohen, Keynes and Hi 11 e (1968) ~ Keynes (1970), 

and Cohen, Hille and Keynes, (1970). The major tmprovement tn sensiti

vity of their equipment over that of Schmitt and Schmitt was the use 

of a signal averaging computer which integrates the optical responses 
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of a large number of stimulations into one signal. Crab walking leg 

nerves and squid giant axons were used. When placed at a 45 0 angle 

with respect to the polarizer and analyzer axes, stimulation of the 

nerves causes a small transient decrease in the retardation followed 

by a longer term increase. Defining the light intensity measured by 

the detector as IR for a resting nerve and ~IR as the magnitude of 

the intensity change due to the retardation decrease during a single 

action potential, then ~IR/IR is about 4.5 x 10-4 for crab nerve 

trunks and 8.1 x 10-6 for squid giant axons. No change in intensity 

is seen if the nerve is ~l'gned either parallel or perpendtcular to 

the plane of polarization, ind'cattng that light scattering, optical 

rotation and absorption changes are minor compared to the retardation 

for these types of nerves.. The ~I R response may be el imi.nated by 

using a compensator (retardation p1atelaligned so that the net stati.c 

a = 0, or it may be reversed by overcompensating untn the total static 

a has the same magnitude but opposite sign. The intensity change is 

due to a change in R, and not to a change. in th.e 1 inear dichroi.sm of 

the nerve, because 6I R/M varies as sil')\ e as predicted from the Fresnel 

equation. The reversal of the effect with overcompensation also elimi

nates electrical noise pickup as a source for the measured ~IR' 

Additionally, the effect is eliminated when the action potential is 

blocked by depolarizing concentrations of K+ (100 mM) in the external 

medium, by replacing Na+ in the bathing solution with choline, or by 

adding 10-6 gm/m1 of tetrodotoxin. No significant wavelength dependence 

over the range from 350 nm to 675 nm is apparent (E~tine, 1969). 

Two methods may be used to sh.ow that th.e retardation occurs ina 

regi on very near the surface of the axon and not in the axop 1asm. Th.e 
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axoplasm of squid giant axons may be squeezed out and replaced with K F 

solution. After more than 95% of the axoplasm has been replaced in 

such a manner, the 6IR response remains at least as large as for normal 

axons. In the second method, measuring .1IR as a function of radial 

distance from the axis of the nerve by scanning across the nerve with 

a 75 lJm wide slit of light shows that the signal is largest at the 

edges and fall s to zero through th.e di ameter of the nerve (Fi g. 13). 

This is in accordance wi,th what is expected if 6R is ori.ginati.ng from 

a thin annular layer of uniaxial retarding materi.al near the surface 

of the axon having a radial optic axis. 
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Using either a microelectrode or an axial electrode if the axon 

is large enough, the time course of the action potential voltage may 

be compared with the time course of the retardation change for the 

same region of membrane (Fig. 14). 

1 msec 

Simultllnrou!'\ r"('orllill!!>< of th!' rf'tllrdllti.'ll eh'lIll!" nhi<.'k lin!') ami 
aCtion pot£'ntial (thilL litH,) in ~ "fluid 1!innt ,IXOlt P",fu,.."i with 11 potll",,.illm 
fluoride solution. Tl'll1p"!'lltUrt' 1-t' C: tin\\' CI'IL..;t,llll f,'r ')plielll f"<.'t)ru 

was 2-& p,SCC: llUmu.'I' of S\"('t'rs jl\""rtlgl'd W,lS :!11;JO, 

(from Cohen, Hi 11 e and Keynes, 1970) 

FIG. 14 

The two signals are very nearly coincident. However, at low tempera

tures «14°C) the optical response consistently lags the voltage change 

by a few tenths of a mill i second, parti cul arly during the descendi n9 

phase of the signals. This indicates that the retardation change is 

printipa11y a membrane potential dependent phenomenon. 

Tasaki, Watanabe, Sandlin and Carnay (1968) found that the action 

potenti a 1 and retardation change for crab nerve bundl es are unaffected 

by substituting a bathing medium consisting of 300 mM NaCl and 100 mt1 
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CaC1 2 for the usual sea water solution, but substitution of hydrazinium 

chloride for NaCl prolongs both. Replacement of fifty percent of the 

water in the bathing medium with D20 (deuterium oxide), which pre-

. sumably would affect the hydrophobic bonding energies of the "iipid

lipid and lipid-protein interactions, causes no appreci~ble modifi

cation of the retardation change in Tasaki ' $ exper{ments. 

That the retardation response is almost exclusively a function of 

membrane potential difference is convincingly shown by measuring the 

retardation change while voltage clamping the axon with hyperpolarizing 

and depolarizing potentials. The measurements of Coheli, Hille, Keynes, 

Landowne and Rojas (1971) demonstrate that th.ere is very little current 

dependence, if any, for the magnitudes of the observed intensity changes. 

In fresh squid giant axons a square hyperpolarizing pulse of short 

duration produces a square retardation increase; a square depolarizing 

pulse produces a nearly square retardation decrease (Fig. 15). The 

deviation from a square response in the depolarizing pulse experiments 

is nearly eliminated if the seri,e~ resi,stance of the Schwann ce.lls is 

compensated for in the voltage cl ampi ng feedback network,. However, 

some very small deviation, which i,s pO$sibly current-dependent, stUl 

remains after compensation. The. amplitude of the retardation change 

varies as the square of the applied voltage in both directions, but it 

is symmetrical around an i,nternal potential of +70 mV (in fresh axons) 

rather than zero. 

Upon close examination of the optical signal for long duration 

(greater than 50 rosec) hyperpolarizing pulses in fresh squid axons, 

two components are resolved. The first is a rapid increase having a 

time constant of 20-40 psec (at 13°C).· This rapid ascent phase is 

... 1 
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.. 
(from Cohen, et. a1 •• 1971) 

FIG. 15 

]somv 

followed by a slow decrease toward the baseline, termed II rebound II , 

having a time constant of 20 msec (at 13°C). 

The character of the retardation change may be irreversibly trans

fonned by a wide variety of methods from its typi.cal fresh. axon "state lit 

response to a second type of ~i.gnal termed the "state 2" response. 

State 2 is generated if too many large depolarizing clamp pulses are 

applied to the nerve, if the temperature of the axon ;s raised above 

25°C for any length of time, if tetrodotoxin or saxitoxin are introduced 

into the external bathi.'ng med;:um, i,f the leve.l Of Ca++ is raised too 
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high, or if terbium (Tb3+) or lanthanum (La3+) are added to the 

medium. In the transformed state the fast rising phase slows down 

and increases in size, a new slow component having a time constant 

of about 2 msec is added to the fast phase, and the rebound effect 

disappears (Fig. 16). On the average this means a net tncrease of 

2 to 4 times in the IR/IR ratio when measured at times greater than 

20 msec from the application of the pulse. In additi,on, the symmetry 

point for the voltage dependence curve shifts from +70 my to +200 mY 

in state 2. 

~. 17 • x ,o-' 

- ~~ • STATE 1 

. a '8-9X10-' 

~ 

'1,2 X 10-' 

1 -t·6x10-' . 
"-. .... STATE 2 

(from Cohen, et. al., 1971) 

FIG. 16 

Voltage dependent optical retardation change~ have alsQ been seen 

in the excitable membranes Of frog muscle fibers (Carna¥ and Barry, 

1969), of e 1 ectrophoru~ e 1 ectri c organ (CQhen, Hi,ll e and Keynes, 1969), 

and of frog phbtoreceptor rod outer segment membranes (Jagger and 

Liebman, 1970). The latter is thought to be attributable to changes 

1n membrane lipid fluidity as a consequence of rhodopsin bleaching. 

'. 
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Optical studies of artificial lipid bilayer membranes have been 

undertaken in an attempt to model the retardation change effect. 

Berestovsky, Frank, Liberman and Lunevsky (1970) extracted the lipids 

from bull brain and formed a bilayer membrane from them on a 2 mm 

diameter aperature separating two aqueous solutions. Polarized light 

was passed through the membrane such that the incident beam was 45° 

from normal to the membrane plane, and the plane of polarization was 

45° from the incidence plane. The additional retardation of a ,,/36 

plate was added to the system to improve. the signal to noise. rati.o. 

Under these conditions, the unmodified membrane shows no changes in 

retardation (sensitive to a level of 3% of the change seen in giant 

axons) when 100 mV potential pulses "re applied across the membrane, 

but 200 mV pulses produce concurrent decre"ses in the ph"se angle e 

of about 0.111. Si nce thJs effe.ct is much sma 11 er than the ch"nge in 

axon retardation seen during an even smaller potential change, it 

seems unlikely that the response of axonal membranes can be attri· 

buted solely to electrtc f1eld~dependent modif;cattons Of the" lipid 

moiety. Lipid membranes of this type can be modified so that they 

will cond~ct ionic currents under appropriate conditions. For example, 

membranes treated with dipnenylbareny1 mercury (DPBM) and dibarenyl 

mercury (DBM) become conducti.ve to 1"" iQn~. These dumbe11 shaped 

molecules apparently bind the ions and carry them across the membrane. 

DPBM seems to be neutrally charged in its unbound state, but it becomes 

singly negatively charged when it binds r-. The ionic current through 

DPBM~treated membranes is a linear function of the voltage being 

applied in the range of 0-300 my. As the voltage across such membranes 

is steadily increased, the optical retardation decreases gradually. 
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However, the magnitude of the change corresponds precisely with that 

of the unmodified membranes. DBM-treated membranes are much more 

interesting. DBM normally has a single negative charge which becomes 

doubly negative when r- is bound. This means that as DBM'I= complexes 

move across the membrane and concentrate at one interface, the local 

electrostatic field increases until newly arriving complexes begin to 

be repelled. This causes DBM-treated membranes to exhibit a negative 

resistance for increasing voltages above a certain value. The retar

dation response for these membranes is qUite dramatic. As the membrane 

potential is raised, very little. is noticed in the optical response 

until the point is reached where th,e current starts to dimi,nish (nega

tive resistance). For voltages above that value the retardation de

crease becomes quite pronounced, having a magnitude many times greater 

than the corresponding value in unmodified 6r DPBM-treated membranes 

(Fig. In. It is approximately the same value (up to €I = 1.0 11
) as the 

retardation change seen in nerves. This is of special interest since 

axon plasma membranes also exh5.bi.t a type of negative resistance as 

they are depolarized. 

4. Possible Causes for, A,Q, duri,ns theAction potential, 

Changes in membrane thickness, crystalli'ne birefringence, form 

birefringence, or combinations of all three can all account for the 

retardation change seen during the action potential. 

Because of the capacitance of the plasma membrane, tontc charge 

layers will normally exist at the s.urfaces as a result of resting 

potential. The force appli,ed on the dielectric of the membrane by 

such charge layers may be calculated from 

. ' 

" , 
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Volt~ptic characteristics of membranes with dibarenylmercury, T/ = 2.2 msec. AbO\'e, 
voltage on the membrane; in the middle, current through the membrane; below, electrooptic 
eflect. a, tp and y are of the same sign; b, tp and i' are of the opposite sign. 

(from Berestovsky, et. al., 1970) 

FIG. 17 

F = (14) 

where F is the force/cm2, C is the membrane capacitance, V is the poten

tial difference, and d is the membrane dielectric thickness. Natural 

membranes probably have a compressi,bility between 5 X 10-9 8 x 10-8 

cm2/dyne. For such compressibi1ities a change of 50 mV in the voltage 

across a 20 ~ membrane havi ng a capaci. tance of 1 ~F/cm2 woul d cause a 

fractional thickness change of 5 x 10-3 -, 3 x 10-4 (Cohen et~., 1971). 

Light reflection measurements on artificial membranes (Berestovsky et ~., 

1970) indicate a dimensional change of this order, but compressibilities 

• 
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of natural membranes and protein-free artificial membranes may not be 

comparable. In any event, fractional changes in d of the order of 

10-4 are enough to account for the retardation change. It is also 

likely that changes in crystalline and form birefringence would result 

from a compression since the internal geometry of the membrane would 

a 1 so be altered (Rogers and Winsor, 1967). 

Crystalline birefringence may be modified by the changing electric 

field during the action potential as a r.esult of a reorientation or 

disorientation of aligned birefringent molecules having a net dipole 

moment. Retardati on associ ated i ntensi ty changes will be observed if 

a Kerr effect dipole realignment causes che net optic axis of the array 

to reorient with respect to the polarization axis. Relaxation times 

of proteins in aqueous solutions are too fast to account for the time 

constants of the various retardation changes seen during voltage clamp 

experiments (Cohen et !l., 1971), but such measurements are probably 

not directly applicable to the lipid bound proteins of natural mem-

branes. Reorientations associated with conformational changes of 

protein secondary structures may be slow enough to have su,itable re

laxation times. Increased flexibility of the hydrocarbon chains 

resulting from the electric field decrease during the action potential 

would cause a net reduction in the polarizability along the axis normal 

to the plane of the membrane, thereby reducing the birefringence by a 

simple disorientation process. 

Form birefringence changes might occur as the relative volumes 

of the different dielectrics are modified by membrane compression. 

Alternatively, changes in hydration of specific regions of the 

• 1 

.l 
i 
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membrane could reduce or increase the difference between the re-

fractive indices of the regions. The latter explanation seems un

likely to account for the fast optical changes since the retardation 

effect appears to be independent of ionic currents and concurrent 

water fluxed in both natural and artificial membranes. However~ 

the longer duration "overshoot" and residual light scattering 

changes could be explained by a hydration change. 



.' ...... 

-68-

IV. MODIFICATIONS OF OPTICAL RETARDATION AND 

LIGHT SCATTERING CHANGES 

In order to decide which of the mechanisms mentioned above are 

involved in the retardation and light scattering responses during 

axon depolarization, and subsequently to try to decide if the res

ponses are directly related to the molecular alterations determining 

the ionic conductance kinetics" an attempt has been made to identify 

which of the membrane macromolecules are particioating in the optical 

effects. The research reported in this thesis involves treati,ng 

lobs ter gi ant axons wi th vari ous agents that cause speci, fic modi fi -

cations in the structure of the macromolecules associated with the 

membrane, and then monitoring the effects that such modifications 

have upon the opti ca 1 re.sponses. The sources of the responses may 

thereby be indirectly identined: Conceptually this i~s i:\ very simple 

problem, but practically it has proven to be vastly mare complex than 

initially conceived. 

A. Choice of Materials 

.In preliminary experiments, walking leg nerve, bundles excised from 

crab (Cancer magister) and lobster CHomi:\rus ameri,canus) were bathed in 

proteolytic enzyme 'soluti,ons. The walki,ng leg nerve, cons.ists of a 

cemp lex array of thousands of axon fi,bers of di fferi ng di ameters, the 

interstitial electrolytic gel, and a surrounding membrane structure. 

The difficulty in interpreti,ng changes i,n the bi,refringence on a 
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molecular level in such a complicated system is obvious. For example, 

after immersion in a solution of l mg/m1 of trypsin/artificial sea 

water for periods of 10-40 minutes, a decrease in the change in re-

tardation is noticed in many leg nerve fibers. However, since it is 

impossible to distinguish individual nerve fiber action potential 

spikes in the recorded compound action potential, it is impossible 

to determine if the prote~ses cause a uniform alteration of the re

tardation change in all of the fibers or i.f they merely kill some 

fraction of the axons. For this reason it was decided that a single 

fiber preparation should be used. 

The giant axon of the squid mantle is the best choice as a 

materi. a 1 for study since i,t ma,y be vo ltage ... c 1 amped, it may be per

fused~ and the literature dea1tng with it i~ enormous. However, it 

is not readily available on the Pacific Coast. Since other attempts 

to mai ntai n imported squi. d from Woods Hole for more than a few days 

ended only in failure (Entine, 1969), and since this s.~pply is only 

seasonal at best, the use of the squid giant axon was ruled out. 

Some exploratory di,ssections were done on the giant axons of the 

sea worm Myxico1a infundibulum. Thi.s resident of the. Bay Of Fundy 

has the largest single fiber yet discovered, reaching diameters of 

up to 1.7 mm. Unfortunately, the fiber li.es very close to the bod,y 

wa 11 of the worm and is imbedded i. n dozens of tenaci ous ly adheri ng 

muscle fibers and blood vessels, making its excision an extremely 

tedious and trying task. After many unsuccessful. attempts to dissect 

this fiber, it was decided to use the much smaller, but readily avail

able, giant axon in the circumesophagal connectives of th.e lobster. 
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Two nerve commisures extend from the lobster cerebral ganglion, 

around either side of the esophagus, and then rejoin at the first 

subesophagal ganglion (Fig. 18). Their total length is about 5 cm in 

a 1-1/4 to 2 pound lobster. Three large axons, one of them up to 

120 ~m in diameter, are in each circumesophagal connective. These 

giant axons are readily dissected (after much practice) and lobsters 

a"re available year around from the local restaurant supplier. For 

these reasons (as well as the obvious di etary one) the lobs ter ci rcum

esophagal connective giant axon was chosen for use in this study. 
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Lobster.Centra1 Nervous System 

FIG. 18 

B. Procurement and Care of Animals 

Crabs (Cancer magister) are obtai.ned from a local fish shop when 

in season. Usually they have been out of the water for at least 24 
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hours, so a recovery period of at least a day in cold arti·ficial sea

water is allowed before the animals are used. Lobsters (Homarus 

americanus) are obtained from a local wholesaler. They have been 

air shipped from the Atlantic Coast and kept in sea water until pur

chased. No recovery period is necessary since the lob$ters appear 

active immediately upon placing them back in sea water. 

The animals are kept in a custom-built marine aquarium. four 

specimen tanks and a refrigeration tank hold a total volume of 300 

gallons. Artificial sea water (,'Instant Ocean", Aquari.um Systems Inc., 

Wickliffe, Ohio) is pumped by a metal-free, magnetically coupled pump 

into the four specimen tanks through an inlet manifold. Sea water 

drains from the tanks into an outlet manifold. From there it flows 

through a primary filter consi.sting of a 1/2"",inch layer Of urethane 

foam rubber, and passes over a bed of crushed sea shells whi.ch acts 

as a carbonate buffer to maintain th.e pH at a levellof 7.4 ... 8.0. 

The water then drains into the refrigeration tank where it is chilled 

by a coil of standard 3/8-inch copper refrigerator tubing that h.as 

been wrapped with fiberglass and coated with epoxy resin to protect 

it from corrosion. Water temperature is mai.ntained between 4Q C and 

10°C by thi s sys tern. From the refrigerati on tank th.e sea W'ater is 

siphoned through a secondary filter that traps any material larger 

than 25 J.lm and the cycl e is begun agai.n. A porti on of the water from 

the inlet manifold is sprayed directly back into th.e refrigeration 

tank at high pressure through a series of small apertures in a pipe. 

This creates streams of small bubbles that provi.de the necessary 

aeration and gas exchange. All pipes are either polyvi.nyl chloride or 

tygon tubing, so the. sea water is never exposed to metal 1 i c surfaces. 
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C. Dissection 

Walking leg nerves from crab and lobster are isolated by cutting 

off the leg as close to the body as possible, circumcising the exo

skeleton and tendons at the second joint from the toe, and then simply 

grasp; ng the toe and pull i ng the nerve trunks out of the 1 eg shell 

cylinder. Surgical nylon thread is then used to tie off the ends of 

the portion of the nerve to be used. Finally, the nerve is. removed 

from the toe section of the leg and placed in cold artificial sea 

water or Ri nger sol uti on for a recovery period of greater th~m 10 

minutes. 

The dissection of the lobster circumesoph,agal commisure giant axon 

involves removing the nerve trunk and then isolating the giant fiber 

from smaller axons that surround and adhere to it. The lobster is 

first tied to a plexiglass dissection platform, shown in Figure 19. 

The animal is restrained at each large claw and at the abdomen (tail) 

with the head pos i ti oned as low as poss ib 1 e so that fl ui d wi 11 be re

tained in the head cavity, since the nerve must be kept wet at all 

times. An incision is made at the midline of the cephalothorax cara

pace extending from the thorax-abdomen joint to a point about 2 cm 

behind the eyes (Figure 20A). Connecting muscle and tendon tissues 

are cut and the top of the carapace is removed (Figure 20B) to expose 

the cephalo-thoracic cavity. The heart, gonads and obstructing dorsal 

muscles are isolated and carefully removed. The intestine is severed 

as far posterior as possible. The esophagal connections of the green 

gland (liver) are cut and the gland ;s carefully removed (Figure 20C). 

At this point the nearly empty thoracic cavity is irrigated and filled 

! 
! 
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F' 19 Dissection equipment. 19ure . XBB 724-1807 
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A. Initial incision B. Removing carapace 

C. Removing viscera D. Removing esophagus 

E. Isolating nerve trunk F. Exposing subesophagal ganglion 

XBB 724-1805 

Figure 20. Dissection procedure. 
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with cold Ringer solution to remove bits of damaged tissues and to 

provide a more transparent immersion medium for the rest of the dis-

section. Taking care not to cut the nerve trunk, the muscle and mem-

brane connecting the esophagus to the carapace is cut until the eso

phagal sac is floating freely. The sac is then cut through at a point 

dorsal to the nerve trunks, thereby exposing them to view (Figure 200). 

Muscle fibers, nerves, and membranes that hold the commisures to the 

side of the esophagus are carefully severed until the connectives float 

freely in the Ringer solution (Figure 20E). The posterior portions of 

the commisures are exposed to view by cutting through and removing 

the first three apodemes of the endophragmal skeleton which cover the 

region of the first subesophagal ganglion (Figure 20F). After a final 

isolation of the connectives from the surrounding tissues (Figure 21A)~ 

the ends are tied off with nylon surgical thread (Figure 21B) and they 

are removed from the animal and placed in cold Ringer solution for a 

recovery period of at least 15 minutes. 

Because the giant axon i~ so sensitive to being stretched, even 

to the extent that raising it th..rough an air-water interface usually 

renders it inexcitable, the final dissection is done in the experiment 

chamber (Figure 22A). One end of the nerve trunk is mounted across 

two stimulating platinum wi' re.s (O.025-i,nch di,ameter) and the other end 

across two recording platinum Wires . The mi,ddle section is tmmersed 

in Ringer solution, positioned beneath. two s.tainless steel rods (24 

gauge hypodermic needles) to keep it flC\t. There is enough clearance 

between the rods and the bottom of the chamber so that the nerve is 

not compressed. The first step in the isolation of the giant axon is 

to ascertain its location in the nerve bundle. Using a dissecting 
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A. Isolated nerve trunk B. Tieing nerve ends 

c. Mounted nerve trunk D. Removing sheath 

E. Isolated giant axon F. Giant axon 

XBB 724-1806 

Figure 21. Dissection procedure. 



microscope at a ,magnification of 20 diameters and iHuminating from 

the side, the giant axons appear as dark, transparent streaks near 

the surface of the nerve (Fi gure 21C). The two small er gi ants (75 -

100 pm in diameter) are grouped together. The largest axon (100 -

120 pm) is nearby. Once the location of the giant fibers is known, 

two small incisions about 4 mm apart are made 'in the sheath surrounding 
, 

the nerve at a position opposite the giant axons. Using fine, angled 

fridectomy scissors, the sheath is then slit between th.e two initial 

incision points .. While grasping the edges of the cut sheath with 

sharpened forceps, a dull glass needle is inserted bene,ath the sheath 

and the underlying axon fibers are teased away from the membrane until 

, they no longer adhere to it. Two circumcising cuts are then made in 

the sheath at each end of the slit, and the i'solated section 1's re

moved (Figure 210). A sharp glass needle is then used to separate and 

tease away all of the small er fi bers from the 95. ~.rlt . axon to be used. 

They are grasped with sharpened forceps and cut away until only the 

, giant axon is left (Figure 21E). The dissection procedure does not 

remove the tightly adhering shea'th that surrounds the giant fiber. 

The axon is invariably damaged when its removal is attempted. There

fore, under higher magnification the axon perimeter appears to have two 

di stinct 1 ayers correspondi ng to the 1 imi ts of the sheath boundary. 

(Figure 21F) .. The largest giant axon generally has a much heavier 

sheath (7-10 pm) than the two smaller giant fibers (1 .. 2 pm). For this 

reason the opt; ca 1 responses of the sma 11 er fi bers are often more pro

nounced than the larger fiber, presumably because less non~specific 

light scattering i$ occurring. However, fQr structural strength 

reasons the 1 arger fi ber is preferred. Once the gi ant axon has been 
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isolated, tHe disse'ction/experiment chamber is closed using a special 
. ," 

microscope slide cover and petroleum jelly as a sealant. The Ringer 

solution level ;s then lowered using a hypodermic needle outlet and 

syringe until the electrodes are above the electrolyte and no longer 

short-circuited by the low resistance fluid path. The meniscus forms 

as depicted in Figure 22B. Lowering the upper cover slip into the 

solution prevents distortions due to a lens being formed by the curved 

surface of an electrolyte bead. It also eliminates fluctuations in 

the light intensity due to vibrations of such a surface. Finally, 

the chamber is mounted on the stage of a polarizing microscope, the 

stimulating and recording electrodes are connected to the monitoring 

equipment, and the nerve is teste.d for viability. 

D. Experimental Apparatus 

The experimental apparatus ;s SChematically illustrated in 

Figure 23. It has three basi.c functions: monitoring the action poten

tial, measuring the light intensity changes caused by the axon depolari

zation, and signal averaging the results of these measurements in order 

to resolve the very small responses. 

A Grass model 544 stimulator is used as the master clock for the 

system. It provides a trigger pulse that starts the measurement cy~le, 

and, after a predetermined delay, it generates an excitation pulse to 

the stimulating platinum wire electrodes via a Grass SIU5 stimulus 

isolation unit. The more central electrode is the cathode to prevent 

anodal blockini effects. Leg nerves are stimulated at a rate of 1 sec-1 

using a 0.2 msec pulse having an amplitude of 10-80 V. Giant axons are 

usually stimulated at a rate of 8 sec- l , with a range of 3-10 sec-l . 
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A. Nerve trunk mounted in dissection/experiment chamber 

STIMULATING 
ELECTRODES 

B. Chamber cross-section 

LIGHT 

Figure 22 

GIANT 
AXON 

RECORDING 
ELECTRODES 

XBB 724-1808 
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A voltage of 3.2 - 5.0 V for 0.2 msec usually suffices to stimulate 

giant axons. The action potentials of both the leg nerve and giant 

axons are measured as a biphasic voltage difference between the two 

platinum wire recording electrodes. The signal is amplified by a 

Tektronix Type E a.c. coupled high gain differential amplifier set at 

0.2 - 1.0 mV/cm. This preamp is powered by a Type 127 power supply 

which also provides a signal output. The signal is monitored on a 

Tektronix Type RM35A oscilloscope with a Type M four channel plug-in 

unit. An effort was made to record the membrane potential of the 

giant axons directly using internal ele~trodes. However, the lobster 

giant axon sheath is very hard to penetrate with mi,croelectrodes. 

Occasionally successful measurements were made using 3 molar KCl filled 

glass micropipettes drawn to a tip diameter of less than 1 \-1m and 

mounted on a micromanipulator. The high i:mpedances of these. electrodes 

(5-20 Mn) made necessary the use of an impedance reducing preamplifier 

(Transidyne General model MpA2} with negative capacitance feedback in 

order to reduce distortions of the signal. For the most part, however, 

the glass tips would break before the sheath could be puncture~. 

Etched tungsten and statnless steel electrodes, both home-made and 

purchased (Transidyne GeneralL proved even l~ss reliable than the 

glass micropipettes. Their extremely high impedances (above 50 Mn) 

and their penchant for bending rather than penetrating the axon made 

thei ruse impracti ca 1. In addition, the requi rement for repeatabil ity 

of the stimulating currents and action potential means that the axon 

should be in a sealed chamber having a high humidity so that the hy-

dration of the membranes near the stimulating ele.ctrodes is maintained. 
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For all practical purposes this preciudes the use of microelectrodes. 

For these reasons the platinum wire electrode method is used to 

monitor the action potential. Although this technique does not 

measure the transmembrane potential, it is sufficient to measure 

the viability of the axon and changes in the action potential size, 

shape, refractory period and conduction velocity. 

The optical apparatus consists of the following. Light is 

generated by a 200 Watt, 24 V quartz-iodine coil filament lamp 

(General Electric Quartzline, model EJL) that is powered by a current 

regulated D.C. power supply (Invar Electronics, model TP30), or 

occasionally by a pair of 12 V automobile batteries connected in 

series. The glass reflector surrounding the bulb envelope has been 

cut away using a diamond saw in order that an image of the fi l'ament 

can be produced. The lamp is positioned at the center of curvature 

of a spherical mirror. Light from the filament and its reflected 

image is first collimated and then focused upo~ a vartab1e slit after 

passing through an infrared absorbing glass filter. In early experi

ments, the beam was next passed through a fi, lter haVi,ng a 5 cm path

length of dilute CuS04 solution to absorb even more infrared. This 

filter improves the efficienc.y of the po1arizers considerab1y~ since 

they are dichroic primarily for visible wavelengths. However,this 

improvement is far outweighed by the sUbstantial intensity attenuation 

in the visible portion of the spectrum. The differentiated Fresnel 

equation (Eqn. 8) shows that the retardation signal t:,J/t::.e is directly 

proportional to 10 so any unnece$sary attenuation is to be avoided. 

For this reason white light is used instead of monochromatic light. 

. , 
! 
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Since much better signal to noise ratios are attained without the 

CuS04 filter, it was omitted in later experiments. After recolli

mation, the light is reflected from a 45° first surface mirror, and 

passed throughafilm polarizer (Zeiss, #47-36-00) mounted below a 

microscope condensor. The plane of polarization is set at a 45° angle 

with respect to the axes of the microscope stage. The light is con

densed using an inverted Zeiss lOx Ultrafluor strain-free quartz 

objective lens. It is brought to a focus at the plane of the midline 

of the axon mounted on the microscope stage in the dissection/experi

ment chamber. Before it impinges on the axon, the light passes through 

a quarter wave plate mounted below the chamber in a manne.r that allows 

it to be easily rotated. Light emerging from the nerve is collected 

by a second strain-free quartz lOx objective lens having a numerical 

aperature of 0.20 and passed through an analyzer (a second film 

polarizer with its axis rotated ./2 from that of the first polarizer). 

A numerical aperature of 0.20 means that light in a 12° cone from the 

axis of the microscope is collected by the objective lens. The inten

sity of the beam coming through the analyzer is measured using a PIN-8 

photodiode having a circular photocathode area of approximately 1 cm2. 

At high light intensities the photo,diode is preferable to aphotomulti

plier because of the greater quantum efficiency of i,t~ photocathode 

(approximately 75% compared to about 10% for th.e photomultipli,er in 

the visible range). Al~o the power supply requirements are much less 

demanding, since a 15 V mercury cell battery provides an adequate bias 

potential that is extremely stable. Regulation of the high voltages 

needed to drive the photomultiplier is much more difficult. For these 

reasons, the photodiode was chosen as the detector. Current through 
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the diode is mea,sured as the voltage across a 1 Mn load resistor. 

Preamplification of the voltage and impedance reduction is accom

plished using a Zel 133 F.E.T. input operational amplifier having 

input and feedback resistors of values to yield a gain of xlOO. 

The d.c. output of this preamplifier may be monitored on the RM35A 

oscilloscope using one of the four channels of the type M preamp. 

The small fluctuations in the signal due to the optical retardation 

and light scattering changes (as well as the amplifier noise) are 

monitored by including another amplifier in the system. A Tektronix 

lA7A switched to an a.c. coupled input mode and powered by a Tektronix 

Type 127 power supply is used for this purpose. Settings of 10-20 

~V/cm give a signal of approximately ~O.2 V at the output of the 

Type 127 amplifier when the Type lA7A bandpass filters are set at a 

low frequency cutoff of either 10 Hz or 100 Hz, and a high freq,uency 

cutoff of 1 kHz. This signal may ~ls.o be display-ed on the RM35A os

cilloscope. The amplifier noise and shot noise of the light source 

dominate the signal when a giant axon is used. Small deflections 

concurrent with the acti.oh potential may be observed for a single 

stimulation when using the multi~fibered leg nerve, however. 

In order to resolve the very small component of the signal due 

to changes in the optical properties of the axon, signal averaging 

techniques must be employed. The amplifier noise and shot noise are 

randomly distributed, whereas the op,tical response occurs at the 

same time with respect to the trigg . .er pulse (as long as the conduction 

velocity of the action potential remains constant during a given series 

of stimulations) and in the same direction for each time the nerve is 

stimulated. Therefore, th,e aVerage,d optical signal increases linearly 
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with the number of times, n, that the axon is excited, while the noise 
. 1/2 . 
lncreases as n . This means, for example, that if a doubling 

of the signal to noise ratio is required, the number of stimulations 

must be quadrupled. 

Three different signal averaging systems have been used. In 

early experiments using leg nerves, a TMC r~nemotron model 400 com

puter of average transients (C.A.T.) was used without modification. 

The compound acti on potenti a 1 of th"e 1 eg nerve has a dura ti on of about 

20 msec, so the internally generated sweep time of 62.5 msec for 400 

digitized data points (156 ~sec/point) was adequate to resolve the 

details of the shape of the averaged signal. The much faster response 

of the giant axon, lasting of the order of 1 msec, cannot be resolved 

using the digitization rates available on the C.A.T. An attempt was 

made to increase the sweep speed by driving the C.A.T. address advance 

at a faster rate than available internally with pulses generated by 

an audio oscillator. Rates of 50 ~sec/p01nt were made pos~ible with 

this technique. However, since the analog to digital conversion of 

the data consists of a voltage to frequency conversion having a 

maximum output rate of 500 kKz for a saturating input, the resolution 

and/or gain of the system i,s extremely poor when the external address 

advance is being clocked at its, maximum rate. Bypassing the internal 

voltage to frequency modulators and usi,ng an external voltage to fre

quency converter haying a maximum output of 1 MHz (Vi,dar, model 260 R) 

did not improve the resolution enough to make its use feasible. 

In order to achieve a faster digitization rate while maintaining 

signal resolution, a Biomation Model 61Q transient recorder (T.R.) was 

incorporated into the system. The T.R. has a capability of digitizing 
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and storing 128 words (addresses) of 6 bit data at a rate of up to 

100 nanosec/point. For the experiments with giant axons a digiti

zation rate of either 20 ~sec/point or 50 ~sec/point is normally used. 

This gives a sweep time, t s ' of 2.56 msec or 6.40 msec respectively. 

The recording cycle is initiated by the trigger pulse being generated 

by the stimulator. Digitization and storage are begun after a con

tinuously variable delay period from the time of the trigger pulse. 

This variable delay allows the opti,cal response to be centered in the 

middle of the sweep. Stored oata may be output from the T.R. either 

as a smoothed analog signal or digitally as six parallel bits from 

each word. An interface was bun t whi ch externally address advances 

the T.R. and C.A.T. simultaneously at a rate of 1 kHz during the 

readout cycle so that the analog output of the T.R. may be trans

ferred into the memory of the C.A.T. using the C.A.T. ts own analog 

to digital converter. In this way the T.R. is used as a very fast 

analog to digital converter and the C.A.T. does the algebraic aoditions 

of the signal averaging process. This system has many points where 

conversion errors may be introduced, since it involves an analog to 

digital to analog to digital conversion sequence. 

The fi na 1 vers ion of the signal averagi ng sys tell) is the one de.

picted ,in Figure 23. The initial storage and digitization is done by 

the T.R. in the same manner as before. In this system the signal 

averaging is done by a Nuclear Data 180 M memory unit operating in the 

multi-channel scaler (M.C.S.) mode. This unit is much more versatile 

than the Mnemotron. It has four separate quadrants of memory that may 

be used separately. Data in one quadrant may be transferred to any 

other quadrant and, when used in conjunction with a Nuclear Data 180R 

.. ; 
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readout unit, the second half of the memory (quadrants 3 and 4) may be 

either added to or subtracted from the first half of memory (quadrants 

1 and 2), all with internal circuitry. The interface built for this 

system (Appendix, Fig. A) utilizes the digital output of the T.R. 

directly, thereby eliminating th.e chance of conversion errOrs at 

severa 1 poi nts. Once a signal i. s stored and di gi ti zed by the T. R. , 

it sends a signal to the interface to begin address advancing the 

T.R. output and the M.e.S. simultaneously. While at each of the 128 

addresses, six bits are tran~ferred in parallel from the T.R, to an 

interface buffer. A clock circuit then begins that produces a pulse, 

subtracts one from the buffer, produces another pulse, etc. until the 

buffer is empty. The analog signal is therefore converted to a number 

of pulses between 0 and 63 for each of the 128 di,giti zed points. 

After appropriate amplification and sh,aping, the pulses are output 

from the interface into the M.e.S. Where. th.ey are added to the number 

already in the memory for that particular address. 

The number of passes accumulated by the signal averager for a 

given experiment is determined by a control logic circuit (Appendix, 

Fig. B) in conjunction with a preset counter. Pushing the "start" 

pushbutton on the control unit sets a flip-flop that turns on a voltage 

going to the modulator input of the stimulator. When this voltage is 

on, the stimulator produces trigger and stimulating pulses at a rate 

set by its clock. At the end of each sweep, the interface puts out 

an address reset pulse that is amplified and used to advance the preset 

counter by one count. When the count reaches the value set on the 

dials of the preset counter, a relay in the counter goes from -18 V to 

o V. This voltage change produces a "finish" pulse across capacitor-

, 
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resistor-diode network which resets the flip-flop and turns off the 

stimulator" .. A normal experiment requires approximately 3,000 -

5,000 sweeps to produce a signal to noise ratio of more than five 

to one. 

The averaged signal is displayed on a Tektronix 503 oscilloscope 

and is recorded photographically using a Du Mont oscilloscope camera 

with a Polaroid film back. It is also punched out on paper tape in a 

binary coded decimal format for future reference and processing. 

An audio monitor of the amplifi.ed action potential signal was 

assembled so that it need not be monitored visually. This is impor

tant since the demise of the axon is often quite abrupt? and i.t is 

imperative that the signal averaging process be stopped as soon as 

possible after the axon becomes inexcit~ble. 

The experimental apparatus associated with the microscope is all 

housed ins i de a fi ne copper me.sh Faraday cage whi ch serves as an 

electrostatic shield. A great deal of the 60 Hz noi,se generated by 

the equi pment is prevented from reachi,ng the hi gh impedance antennae 

formed by the photodiode and action potential electrode leads. 

E. Experimental Procedure 

The experimental procedure. for the gi,ant axon is as follows: The 

di ssecti on/experiment chamber containi,ng the ci rcumesophaga 1 connecti ve 

and isolated giant axon is mounted on the stage of the microscope, and 

the axon is carefully aligned at a 45° angle with respect to the 

polarizer axis. After focusing the objective lens, the condenser is 

adjusted so that the slit is imaged on the axon. The slit width is 
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adjusted until it is slightly wider than the axon, and the ~lit length 

is set at 500 )lm. The quarter wave plate is then rotiite.d until a 

maximum is reached in the light tntensit.y comi,ng through the analyzer. 

Before the light intensi.ty response is measured, the action potential 

is recorded using the T.R .... M.C.S. system to ascertai,n that the delays 

are set so that the axon depoliirizatton will have the proper phase 

with respect to the signal averager sweep period. Since the action 

potential reaches the point where the light passes through the axon 

before it r~aches the recording electrodes, the optical response 

appears at a point in the sweep approximately midway between the 

stimulus artifact signal and the action potential. Once the action 

potential has been recorded, the, M.C.S. memory is switched to another 

quadrant and the stimulator-trigger is started. Data is accumulated, 

and when the preset count is reached, the stimulator turns off, and 

the quarter wave plate is rotate.d by IT/2. Th,e computer i,s swi,tched 

to another quadrant of th,e memory, and the experi,ment i~ repeated. 

Since the static birefringence of the region causing 6IR is ex

tremely small compared to the retardation of the quarter wave plate, 

a change in light intensity due solely to a change in retardation , 

s.hould be exactly revers.ed b,y rotati,ng the quarter wave plate by IT/2 

(see Fig. 11 and Eqn. 8). However, aSYlTll1etries in the response for 

the two alignments indicate that light scattering changes, which are 

in the same direction for both orientations of the quarter wave plate, 

must be taken into consideration. Prom the Fresnel equation, 

(7) 

The differentiated form of Eqn. (7) dertved previously neglects the 
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possibility that k may be changing as a function of the membrane 

potentia 1 and/or i oni c currents. A corrected form of Eq,n. (8) 

would be: 

or in abbreviated form (15 ) 

(16 ) 

where AIS is the magnitude of the forward direction light scattering 

intensity change and AIR is th,e magnitude of the retardation intensity 

change, the sign of which depends upon the sign of e. Assuming that 

for the first orientation of the quarter wave plate AIS and ~IR are 

in opposite directions, the net change for the first experiment is: 

= 

The net signal averaged when the quarter wave plate is rotated by ~/2 

from the first position is 

Using the internal circuitry of the computer~ the two experiments are 

subtracted to give the pure retardation change component. 

Similarly, the two are added to give the pure light scattering change 

component. 

(18 ) 
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To test the effects that hydrolytic enzymes and other modifying 

agents have upon ~IR and ~IS (and therefore ~e and ~k), a control 

experiment is done as just described. The dissection/experiment 

chamber is then perfused with a 2 ml aliquot of Ringer solution con

taining the modifying agent. This volume provides an exchange of at 

least five times the solution volume in'the chamber. After an appro

priate interval which depends upon the agent being used, the chamber 

is flushed with normal Ringer solution and the experiment is repeated. 

If any detectable change in the action potential height or in the gross 

morphology of the axon is produced by the modifying treatment, the 

nerve is discarded. Changes in the conduction velocity and refractory 

peri,od are often noticed, but since M (and probably ~k) are almost 

exclusively a function of the membrane potential change~ such, nerves 

are not rejected. 

F. Solutions and Modifying Agents 
. , 

In early experiments using wa'lking leg nerves, filtered artificial 

sea water was used as the bathing medium. It has an ionic composition 

as follows: 

Na+ = 443.5 mM (10,200 ppm) 

K+ = 9.S mM (370 ppm) 

Ca++ = 9.2 mM (370 ppm) 

Mg++ = 49.4 mM (1,200 ppm) 

C,- = 518.3 mM (18,400 ppm) 

S04- = 26.0 mM (2,500 ppm) 

HC03 = 2.3 mM (140 ppm) 
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plus trace elements. It has a specific gravity of 1.025 at 15°C. 

This solution is also that used in th.e marine aquarium. 

The Ringer solution used in later experiments on the walking leg 

nerves and in all experiments on the giant axons is made according to 

the formulation given by Dalton (1958). Its composition per li,ter is; 

Na+ = 465 mM 

K+ = 10 mM 

Cq+t = 25 mM 

Mg++ = 8 mM 

Cl = 533 mM 

= 
S04 = 4 mM 

All solutions were buffered in the range pH 7.2 - 7.5 (usually 

7.40) using a few drops of HEPES buffer (N-2-hydrox,yethylpiperazine-

N '-2-ethanesulfonic aci.d) adjusted to pH- 7.40 with NaOH. All modifying 

agents \'/ere used as purchased Wi thout further puri ncati on. Enz,ymes 

were stored in a freezer in a dessicating jar. 

Trypsin was purchased from Calbiochem: grade A~ crystalline, 

salt-free bovine pancrease, 104 BAEE units/mg, specific activity:: 

6 units/mg, lot 63244. 

Neuraminidase was purchased from Sigma Chemical Co.: purified, 

Type y, Clostridium pe.rfringens, 0.08 units/mg using NAN-lactose as 

substrate, 0.012 units/mg us ing bovi.ne submaxi 11 ary mucin as substrate 

(one unit liberates 1.0 J.Imo1e N-acety1 neuraminic acid per mi.nute at 

pH 5.0 at 37°C using the substrate' indicated), lot 69B.,.8022-1; 

Hyaluronidase was purchased from Sigma Chemi.ca1 Co.: Type III, 

ovine testes, 680 NF units/mg solid, lot 31C-0500. 
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Pronase was purchased from Calbiochem: B grade, Streptomyces 

griseus, 45000 PUK units/gm, lot 801929. 

Dithiothreitol (DTT), also called Cleland1s reagent, was pur

chased from Calbiochem: A grade, M.P. = 41.5 - 42.5°C, SH >99%, 

SS <0.42%, lot 110147. 

Deuterium oxide (D20) was purchased from International Chemical 

and Nuclear Corp: 99.8% deuterium, 0.001 mc/ml tritium activity, 

lot 19670B. 

Sucrose was purchased from Mallinckrodt Chemical Works: reagent 

grade, lot VEC. 

G. Results 

Upon stimulation of a lobster walking leg nerve, intensity changes 

are large enough to be seen on a single sweep (signal to noise ratio 

just slightly over 1.0). A typical result for this multi-fibered 

preparation is shown in Figure 24A. The upper trace is the biphasi

cally recorded action potential showing that there are at least three 

classes of fibers involved, each class having a different diameter and 

conduction velocity. The sweep time, t s ' is 25.6 msec. The lower 

,trace is the averaged intensity change for 1,000 sweeps. The record 

was made without the use of a quarter wave plate~ since the large 

number of fibers involved create enough natural static retardation to 

give a large signal to noise ratio, as well as provide' ~'a large 

amount of membrane to be depolarized on each sweep. An upward de

flection actually represents a decrease in light intensity and retar

dation. The optical response may be resolved accordtng to the classes 
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A. Walking leg nerve n = 1,000 B. Giant axon n = 5,000 
ts = 25.6. msec ts = 6.40 msec 

C. Refractory period n = 4,000 D. Trypsin treatment n = 4,000 
ts = 6.40 msec 

t ref = 1.8 msec 

Figure 24 

ts = 6.40 msec 
t = 15 min 
c = 0.5 mg/rnl 
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of fibers also, since a definite shoulder may be clearly seen on the 

ascending part of the trace . A pronounced "undershoot" of the curve, 

representing a long duration retardation increase, is also apparent. 

It should be taken into consideration that without the use of a retar-

dation plate, the signal may not be wholly attributable to pure 

retardation changes. Howeve r , Cohen, Keynes and Hille (1968) found 

that scattering effects are only of the order of 10% of the retardation 

change for such preparations. As mentioned previously, the use of 

the walking leg was ruled out for use in quantitative experiments by 

the inability to ascertain if the electrical and optical responses are 

generated by the same membrane. 

The much smaller intens i ty changes associated with the depolari-

zation of a single giant axon means that much lower signal to noise 

ratios result. If an upper li.mit of twenty minutes is set as a 

practical time for a series of sweeps to be averaged into a single 

trace, an upper limit of something under n = 10,000 sweeps is set as 

a consequence, since the maximum stimulation rate for long term nerve 

survival (greater than 1/2 hour) is about 8 sec- l With the equipment 

used, signal to noise ratios for n ~ 10,000 vary widely, depending on 

the nerve, but generally are of the order of 5:1 . 

A typical result for an unmodified axon is shown in Figure· 24B. 

The upper trace is the biphasically recorded action potential , measured 

at a sweep time ts = 6. 40 msec. The lower traces show the intensity 

change measured wi th the quarter wave plate in reversed orientations 

as described previously . The decay time of the response for this 

particular axon is much l onger t~an t he Deriod of the action potent ia l . 

Long term components of this sort are most often seen in fibers having 
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very thin sheaths «5 ~m); thicker sheathed fibers (7-10 ~m) usually 

demonstrate a biphasic undershoot response. This may mean that fast 

recovery of the signal is dependent upon a separate, sheath-related 

component of the retardation change in lobster giant axons. The 

symmetry of the lower traces of Figure 248 is quite good, except at 

the very start of the trace, indicating that the scattering component 

of the intensity change is very small for this fiber. The initial 

asymmetric response is possibly attributable to stimulus current 

pickup in the recording system, or to true light scattering intensity 

changes related to the electrotonic currents in the region of the mem

brane associated with stimulation. The symmetrical traces exhibited 

by this fiber are common but not necessarily typical. In some giant 

axons the scattering component of unmodified nerves may be quite 

noticeable (as much as 50% of the retardation component), in contrast 

to what Cohen et~. (1968} report for squid. No dependence of this 

component upon any obvious morphological characteristic of the nerve 

could be ~ade. It is possible that differences in tension on the 

nerve may be the controlling factor, as suggested b~ Tobias (1952) for 

the long term scattering component. The tension regulation was only 

approximate in all experiments done. All nerves were mounted in the 

dissection chamber and stretched to approximately their in vivo 

lengths, but no further control was deemed practical. 

Experiments were done to see if the relaxation time of molecular 

changes causing the retardation response can be correlated with the 

refractory period of the nerve (the minimum time between two stimulating 

pulses that will still produce two action potentials). An example is 

shown in Figure 24C. The upper trace shows the two action potentials 
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produced by stimulating pulses 1.8 msec apart. The second stimulating 

artifact is superimposed upon the trace of the first action potential . 

The sweep time is ts = 6.40 msec. The lower trace shows that the re

tardation relaxation is independent of the refractory period. It also 

indicates that the peak magnitude of the response is dependent directly 

upon the membrane potential, since the second peak reaches only the 

same level as the first, and is not the additive sum of a second 

response with the remaining portion of the first peak . 

1. Trypsin 

Trypsin hydrolytically cleaves peptide bonds on the carboxyl side 

of the basic amino acids arginine and lYsine. When applied to cell 

surfaces it attacks both proteins and glycoproteins. It is therefore 

to be expected that proteins on the external membrane surface will be 

disrupted, and that some of the charge associated with the sialic 

acid residues of glycoproteins will be removed as a result of trypsin 

treatment. 

The effect of external trypsin application upon nerve fibers was 

first detailed by Tobias (1958, 1960). The morphological features of 

the surface of lobster giant axons become granular and deformed. The 

resistance to microelectrode penetration becomes much less. The 

nerves used for this thesis are found to become much more susceptible 

to tension related damage after trypsi.n treatment. If left in the 

enzyme solution too long, the sheath becomes fibrous and granulated. 

eventually breaking and allowing the axon to stretch apart and become 

very thin. Occasionally a distention of the plasma membrane is noticed 
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at the points where the sheath separates, indicating that the axoplasm 

is under some pressure. Tobias found that gentle trypsin digestion 

does not produce drastic effects upon the action potential or resting 

potential of either lobster or squid giant axons. Prom his histolo

gical studies, Tobias concluded that trypsin penetrates the plasma 

membrane, but this seems unlikely since internal perfusion of squid 

giant axons with proteases, including trypsin, abolishes the action 

potential within minutes (Rojas and Luxuro, 1963; Rojas, 1964). The 

fact that the ratio of chlori.de to potassium permeabilities of cray

fish giant axons decreases after external trypsin treatment (Strickholm 

and Clark, 1971) suggests that the proteases do reach the outside sur

face of the plasma membrane, however. 

An initial series of experiments to explore the effects of trypsin 

upon the optical retardation response was carried out using only one 

orientation of the quarter wave plate. The results are tabulated in 

Table 1. Axons are immersed in a 0. 5 mg/ml solution of trypsin in 

Ringer solution for periods of 10 to 20 minutes. The intensity change, 

61, is measured in arbitrary units as the maximum height of the averaged 

signal before and after trypsin treatment. Each nerve serves as its 

own control. Because some of the nerves do not survive the full number 

of stimulations used for the control in the post-trypsin experiments, 

a specific change 6I/n is calculated in order that comparisons ofaxons 

before and after treatment can be made.. In thi s seri es of experiments, 

nine nerves had increases in the magnitude of 61, one wtth a ~ign 

reversal, and one had a decrease. A typical result is shown in Figure 

240. The upper trace is the averaged response for n = 4,000 sweeps at 

a sweep time of ts = 6.40 msec. After soaking for 15 min in 0.5 mg/ml 
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TABLE 1 

TRYPSIN TREATr-!ENT (Part One): Calbiochem, Grade A, crystalline, salt fre~, 

104 BAEE units/mg., specific activity = 6 units/mg., dissolved in 

Dalton's lobster Ringer solution. 

r--CONTROL , r-POST ENZYME---, 
NERVE n AI: br./n n ~r b.r/n t c (bI/n)~g~~ 

xl04 %104 min. mg/ml ~I7n)cont 

1 5,000 2.8 5.6 4,870 3.5 7.2 10 0.5 1.3 

2 5,000 2.3 4.6 1,600 2.1 13.1 20 0.5 2.8 

3 4,000 5.0 12.5 4,000 6.0 15.0 15 0.5 1.2 

4 2,000 6.8 34.0 2,000 8.4 42.0 15 0.5 1.2 

5 4,000 1.7 4.2 4,000 5.9 14.8 15 0.5 3.5 

6 6,000 2.7 4.5 4,664 -10.0 -21.5 15 0.5 -4.8 

7 6.000 J.5 5.8 416 1.8 43.3 15 0.5 7.5 

8 4,000 2.8 7.0 4,000 2.6 6.5 15 0.5 0.9 

9 4,000 3.5 8.8 4,000 5.5 13.8 15 0.5 1.6 

10 4,000 1.9 4.8 2,000 1.6 8.0 10 0.5 1.7 

n c number ot sweeps averaged 

61 .. intensity change, in arbitrary units 

t - trypsin treatment period 
.., 

-. o - trypein concentration 
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trypsin/Ringer solution, the lower trace was taken, again averaging 

4,000 sweeps. The increase in the signal is a dramatic 3.5 fold. 

Initially it was incorrectly assumed that the increases seen are due 

to increases in the magnitude of the retardation decrease. It was 

not considered likely that the signal increase could be due to changes 

in scattering, since it was reported to be such a small fraction of 

the retardation response by Cohen et~. A second series of experiments 

using the technique of measuring the response with two orientations of 

the quarter wave plate and then subtracting to obtain the pure retar

dation term, and adding to obtain the pure scattering proved that this 

assumption was unfounded. 

The data from the second series of trypsin experiments lead to an 

opposite conclusion about the modification of retardation change, and 

show that the initially very small scattering change can become quite 

large under certain conditions. In this series axons were subjected 

to a milder trypsin digestion of 0.20 - 0.25 mg/m1 concentrations for 

10 - 15 minutes. The results are listed in Table 2. 6IR and 6IS are 

the i ntens i ty changes due to retarda ticn changes and sca tteri ng changes 

respectively. The specific values, 6I R/n and ~IS/n, for the control 

and post-trypsin cases are compared as ratios in the last two columns. 

For eight of the ten nerves there was a substantial decrease in the 

retardation change. In one case no change was seen and in one case a 

significant increase was seen. The effect on the scattering response 

is much less predictable. In all cases the scattering· signal for the 

control situotion was substantially smaller than the retardation 

signal. After trypsin treatment, this was often not the case; in 

four of the ten nerves the magnitude of 6I S became larger than 6I
R 

I . , 
, i 

- ! 

.. 



TABLE 2 

TRYPS!1:. TREATMENT (Part Two): Calbiochem, Grade A, crystalline, salt free, 104 BABE units/mg., specific 

ac~ivity - 6 units/mg., dissolved in Dalton's lobster Ringer solution. ," 
I. . • , 

CONTROL POST '?RYPSDI--, 
(6IRln)~g~t (~Is/n)~g~t NERVE n 6IR ~IS n ~IR ~Is t c 

min mg/ml (IlIR/n)cont (.1IS/n)cont 
C 

f ' ..... . 
1 6,000 4.4 0.4 6,000 3.2 -3.6 10 0.25 0.73 -9.0 c 
2 8,000 3.0 1.0 8,000 2.5 0.8 15 0.20 0.83 0.8 

~ 

3 6,000 4.0 0.3 6,000 2.2 1.0 15 0.20 0.55 3.3 

4 6,000 2.4 6,000 
I 

1.7 1.2 0.8 15 0.20 0.50 0.5 --<=> ..... 
6,000 0.6 

I c, ~ 5 5.5 6,000 3.4 -1.4 15 0.20 0.62 -2.3 

6 
~ t 

4,000 5.8 2.0 4,160 8.4 6.4 15 0.20 1.3 3.1 

7 8,000 2.9 1.4 8,000 1.8 4.0 12 0.20 0.62 2.9 

8 8,000 3.6 -1.6 8,000 2.2 -13.5 12 0.20 0.61 8.3 

9 6,000 3.0 -1.8 5,768 3.0 3.4 12 0.20 1.0 -2.0 

10 6,000 4.0 0.5 6,000 2.0 1.5 15 0.20 0.50 3.0 

n - nU!llber of sweeps averaged; LHR - retardation component of intensity change; illS - scattering component 

of intensity change; t - trypsin treatment period; c - trypsin concentration. 
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after enzymatic modification. In three nerves the sign of 6I S reversed. 

In only two of the cases did the magnitude diminish from the control 

value. As previously mentioned, this large variation in the effect 

of trypsin upon the scattering response may be associated with the 

lack of control over the tension being applied to the nerve. Figure 25 

shows an experiment for which the light scattering change increased 

dramatically, and the retardation change decreased. The column on 

the left is the control experiment; the column on the right are signals 

averaged after the axon bathed in 0.25 mg/ml trypsin Ringer solution 

for 10 minutes (pH = 7.40). Figures 25A and 25B are records of the 

action potential. The sweep time is ts = 2.56 msec. The control 

intensity change for the two orientations of the qu~rter wave plate 

are shown in Figures 25C and .25E. rn all cases a downward deflection 

means a light intensity increase. Their difference, 6I R, is displayed 

in Figure 25G (at a gain of 1/2); their sum, 61 S' is shown in Figures 

251 (gain of 1/2) and 25J (gain of 1/5). Pigures 250 and 25F are the 

post-trypsin measurements (gain of 1/2). A large biphasi.c scattering 

change has been introduced. The intensity initiallr increases, then 

decreases and then slowly returns to the baseline. Figure 25H is the 

post-trypsin 6I R (gain of 1/2), Which may be compared with Figure 25G, 

and Figure 25K is the post-trypsin 6IS (gain of 1/5), which may be 

compared with Figure 25J. 

A second type of change is demonstrated by record~ shown in 

Figure 26. Again, the traces on the left are the controls; those on 

the right were taken after 15 minutes ' in 0.20 mg/ml trypsin solution 

(pH = 7.32). The sweep time is 2.56 msec. Figures 26G, H, I and J 

are all displayed at a gain of 1/2 that of Figures 26C, 0, E and H. 

i 
. : 
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C 

E F 

G H 
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J K 

n = 3,000 
t = 2.56 msec s 
t = 10 min 

c = 0.25 mg/m1 
pH = 7.40 

Figure 25. Trypsin modification. 

Post Trypsin 

XBB 724-1934 
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n = 2,000 
t = 2.56 msec s 
t = 15 min 

c = 0.20 mg/ml 
pH = 7.32 

Post Trypsin 

XBB 724 -1933 

Figure 26. Trypsin modifications. 
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Figures 26A and 268 are the action potential records. Figure 26q is 

lII R, the difference between Figures 26C and 26E; Figure 261 is lII S' 

their sum. Pronounced changes are seen in the corresponding records 

after trypsin treatment. lII R, shown in Figure 25H" is broader as well 

as higher, and a sharp scattering peak (decrease), shown tn Figure 25J, 

has been produced (inverted response). 

2. Pronase 

Pronase is a non-specifi c endopeptidase. It hydrolyzes pepti de 

bonds of proteins and glycoproteins at all available exposed sites. 

The effects of external pronase application to nerve tissues is not 

well documented. Internal perfusion has the same effect as trypsi.n, 

the abolition of th.e action potenti,al within minutes (Rojas and Atwater, 

1967). These studies show that pronase produces the same morphological 

alternations as trypsin: granulation of the surface, weakening of the 

sheath, and eventual stretching apart if left in the enzyme solution 

for too long. As with trypsin, pronase may be expected to remove 

oligosaccharide associated charges from the membrane surface since 

the amino acids to which the~ are attached Will be cleaved. The net 

charge and dipole moment on any glycoprotein associated dipoles may 

therefore be reduced by protease treatment. 

The results of the pronase digestion experiments are tabulated 

in Table 3. The ratto of the retardation change after pronase treat

ment to the retardation change of the control experiment is less than 

1.0 for eight nerves, equal to 1.0 for three nerves and greater than 

1.0 for two nerves. However, if the exp.erimental error of about +10% 

is taken into consideration, it can be concluded that the retardation 



TABLE .2. 

PRONASE TREATMENT: Calb i'Ochem, Grade B, Streptomyces griseus, 45,000 PUK units!grr.., dissolved in 

Dalton's lobster Ringer solution. 

CONTROL POST PRONASE t c (hIR/n)~g~t (6IS!n)~g~t 
NERVE n liIR ~IS n AIR AIs min mg/ml ~.6IR7n)cont {.6. Is7 n) cont 

1 8,000 4.0 1.4 8,000 3.5 2.6 20 1.0 0.88 1.9 

2 10,000 5.3 -3.2 10,000 4.9 -2.0 20 1.0 0.92 0.63 

3 10,000 7.0 -1.5 10,000 7.0 -4.8 15 0.20 1.0 3.2 
:. 

4 8,000 6.3 2.8 8,000 2.5 -1.9 15 0.20 0.40 -0.68 
I ....... 

5 10,000 5.0 2.0 10,000 3.8 8.0 15 0.25 0.76 4.0 0 
0'1 
I 

6 10,000 4.2 -2.0 10,000 2.8 3.7 15 0.25 0.66 -1.9 

7 10,000 5.8 -2.0 10,000 6.0 1.5 15 0.25 1.0 0.75 

8 6,000 2.0 2.0 6,000 4.2 -7.0 15 0.25 0.70 -3.5 

9 8,000 6.0 2.0 8,000 8.0 -22.7 15 0.25 1.3 -11.4 

10 10,040 4.3 -1.0 10,040 4.9 -3.0 15 0.25 1.1 3.0 

11 10,000 4.0 -0.6 10,000 4.0 3.8 20 0.20 1.0 -6.3 

12 6,000 4.2 -2.0 6,000 2.0 -2.0 20 0.20 0.48 1.0 

13 2,000 6.0 1.8 2,000 5.4 2.5 20 0.20 0.90 1.4 

. , 
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decreased for only five nerves, remained the same for seven nerves, 

and increased for one nerve. The one case for which an increase was 

definite is probably an artifact caused by the scattering response 

increasing between the times that the two measurements were taken for 

the different quarter wave plate orientations. The great majority 

of the experiments indicate a tendency for pronase treatment to cause 

a retardation decrease. As with trypsin, the pronase modification of 

the scattering response is quite variable. Again, this is possibly 

due to tension differences on the nerves. In nine of the experiments 

the magnitude of the scattering response increased significantly, in 

three of the experiments it diminished, and in one expertment it was 

unchanged. In five of the experiments the direction of the response 

reversed. 

A typi ca 1 pronase experi.ment is shown in Fi gure 27. Control 

records are on the left. Records on the right were made after 

treating the axon with a 0.25 mg/ml pronase/Ringer solution for 

15 minutes (pH = 7.48). The sweep time is ts = 2.56 msec. Figures 

27C and 270 are the intensity changes for one orientation of the 

quarter wave plate; Figures 27E and 27F are the responses for the re

versed orientation (all at a relative gain of 1). Figures 27G and 

27H are the pure retardation components (gain of 1/2). Figures 271 

and 27J are the scattering signals (gain of 1/2). The initially 

small change has become much more pronounced and has reversed directions. 

Note that the peak is much narrower for the modified scattering response. 

Also, it starts slightly after the retardation change starts, indi

cating that the mechanisms are probably separate. 

Figure 28 shows an experiment in which the scattering change 
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n = 3,000 
ts = 2.56 msec 
t = 15 min 

c = 0.25 mg/m1 

pH = 7.48 

Post Pronase 

XBB 724-1937 

Figure 27. Pronase modification. 
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n = 4,000 
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ts = 2.56 msec 
t = 15 min 

\ 
'/ 

c = 0.25 mg/ml 
pH = 7.42 

Post Pronase 

n = 3,000 

XBB 724-1935 

Figure 28. Pronase modification 
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dorn; nates the i ntens ity changes (ill l and il12) after pronase treatment. 

The axon was treated for 15 minutes in a 0.25 mg/ml pronase/Ringer 

solution (pH = 7.42). The sweep time is ts = 2.56 msec. The control 

traces on the left were made averaging 4,000 sweep~. Only 3,000 

sweeps were used for the post-pronase traces on the right, so com

parisons of the results should be ~caled accordingly. Figures 28E and 

28F are for the other orientation. (Figures 28C and 28E are at a 

relative gain of 1; Figures 280 and 28F are at a gain of 1/2). 

Figures 28G and 28H are the retardation responses (gain of 1/2). 

Since fewer sweeps were averaged for Figure 25H, the post-pronase 

response is actually larger than for the control. This occurred only 

for thi s axon and, as previ ous l,y diScussed, may be an arti fact of the 

scattering change not reaching an equilibrium value. Figures 281 and 

28J are the control scattering responses (at gains of 1/2 and 1/5 

respectively), and Figure 28K is the modified scattering signal (at a 

gain of 1/5). The scattering modification is again quite dramatic. 

The peak of the large scattering intensit,y increase (inverted in the 

trace) after pronase is slightly later than the retardation peak~ 

and the response is decidedly more biphasic than the retardation 

change . 

3. Neuraminidase 

Neuraminidase cleaves neuraminic acid and siali,c acid (N-acetyl 

neuraminic acid) residues from the oligosaccharide side chains Of 

glycoproteins and glycolipid~ b,y hydrolyzing terminal a-2,6 links 

between the residues and adjacent 2-acetamido-2-deoxy-0-galactose 

residues. Treating axons with neuraminidase causes no visually 
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observable changes in the gross morphology of the fiber. Survival 

times are not affected by this enzyme. No literature is available 

describing the electrophysiological consequences of neuraminidase 

treatment. In the experiments described here, no changes are seen 

in the shape or magnitude of the biph.asically recorded action poten

tial. A slight reduction in the conduction velocity is noticed, 

and a pronounced decrease in the refractory peri od us ua ll,y develops 

within a few minutes after immer~ion of the axon in th.e neuramini

dase solution (Figure 29). 

The modifying effects of neuraminidase upon the optical responses 

are listed in Table 4. Scattering changes were monitored for the 

last four nerves only, but in al l cases where it was measured~ the 

control scattering response was small and the modifications induced 

by neuraminidase treatment were negligible. The magnitude of the 

retardation response WaS mark~dly reduced in all of the experiments 

but one (for which there was no change). 

A typical neuraminidase experiment is shown in Figure 30 . The 

control experiments are on the left. Traces on the right were made 

after soaking the axon in a 0,20 mg/ml neuraminidase/Ringer solution 

for 30 minutes (pH = 7. 2). The sweep time is ts = 6.40 msec. Inten

sity changes for one ori.entati.on of th.e quarter wave plate are. shown 

in Figures 30e and 300, and for the other orientations in Figures 30E 

and 30F (all at a relative gai,n of 1). The retardati.on responses in 

Figures 30G and 30H (gain of 1/2) show the pronounced reduction in ~e 

caused by sialic acid residue cleavage. Figures 301 and 30J (gain of 

1/2) show that the scatter·ing response remains effectively unchanged. 
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TABLE 4 

NEURAl>1INIDASE TREATMENT: Sigma Chemical. Co., purified, Type V, Clostridium perfringens, 0.08 units/mg. 

for NAN-lactose substrate, 0.012 units/mg. for bovine submaxillary mucin substrate, dissolved in ro-
~ .. ,. 

Dalton's lobster Ringer Solution. 

CO:NTROL ,--- POST NEURAMmIDASE ---, (LT I )post (l:.I /n)Post 
t c ' ~n l 1:. cnz S enz 

" ...... 
1TERVE n D IR bIS n .DIR bIS min mg/rnl (.6IR/ n)cont (bIS/n)cont 

r ' 
"" 

1 4,000 11.0 6,000 2.9 30 0.20 0.17 
(.;.. 

' -' 

2 10,000 4.7 10,000 3.5 30 0.20 0.74 

4,000 4,000 2.6 
I 

3 5.0 30 0.20 0.52 --' 

w 

4 
I 

5,000 2.0 5,000 2.0 30 0.20 1.0 

5 2,000 10.5 2.0 2,000 6.7 2.2 30 0.20 0.63 1.1 c 

6 10,000 8.5 1.2 10,000 4.5 1.0 30 0.20 0.53 0.8 

7 8,000 5.2 1.2 8,000 3.3 0.6 &:J 0.20 O. 6l~ 0.5 

8 6,000 5.0 1.0 6,000 2.7 0.0 60 0.20 0.54 0.0 

n - number of s,.;eeps averaged; 6IR - retardation component of intensity change; 6. IS - scattering component 

of intensity ch~~ge; t - neuraIn.inidase treatment period; c - neuraminidase concentration. 
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A.P. 

A 
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n = 1,000 

ts = 6.40 msec 
t = 30 min 

c = 0.20 mg/m1 
pH = 7.2 

Post Neuraminidase 

XBB 724-1936 

Figure 30. Neuraminidase modification. 



, 
. ' 

4. Hyaluronidase 

-115-

Hyaluronidase hydrolyzes the polymeric bonding of the hyalbiuronic 

disaccharide subunits of long-chain hyaluronic acid polymers. As with 

neuraminidase, no appreciable morphological changes are induced in 

lobster giant axons when thi,s enzyme is applied. No literature de

tailing electrophysiological effects of hyaluronida,se treatme.nt is 

available. In this study the action potential appears to be unchanged. 

A slight reduction in the conduction velocity is the only modification 

of electrical parameters nottced. 

The data taken for hyaluron i.da,se treate.d axons are tabulated in 

Table 5. Taking the experi~ental error into consideration, a reduction 

in the retardation response was seen for ten fibers~ while for five 

axons the signal was not affected . In none of the expertments did 

hyaluronidase treatment produce a significant increase in the retar-. 

dati.on response. 

Modifications of the forward direction li.gh.t scattering changes are 

much less pronounced after hyaluronidase treatment than ·with protease 

treatment. In most cases the scattering response was smaller than the 

retardation response. In six experiments the magnitude of the response 

increased, but never more than by a factor of two. In seven cases 

there was a magnitude de.crease, and in two cases the response was un

changed. In four of the experiments there was a sign reversal of the 

scattering response. 

Figure 31 shows an example Of a hyaluronidase treatment experi

ment. The control traces are on the left. Traces on the right were 

averaged after treating the nerve for 60 minutes with a 2.0 mg/ml 



TABLE L 
HYALURONIDASE TREATI~"'T: Sigma Chemical Co., Type III, ovine testes, 680 NF units/mg. 

CONl'ROL r--POST HYALURONIDASE---, t c (MR)~g~t (111 )past S enz 
NERVE n bIR L\IS n .6~ .6 IS min me/ml (AIR)cant (.6 Is ) cant 

1 10,000 4.8 3.0 10,000 2.8 5.0 30 1.0 0.57 1.6 

2 10,000 4.2 0.6 10,000 3.0 0.4 60 2.0 0.71 0.67 

3 8,000 4.2 0.8 8,000 4.6 1.6 60 2.0 1.1 2.0 

4 8,000 5.7 2.4 8,000 6.0 0.8 60 2.0 1.1 0.3 

5 8,000 3.6 0.5 8,000 3.6 -0.6 90 2.0 1.0 -1.2 

6 8,000 5.8 1.6 8,000 3.4 0.0 60 2.0 0.59 0.0 
I 

60 
....... 

7 6,000 3.7 -0.8 6,000 1.0 0.0 2.0 0.27 0.0 ....... 
0"1 
I 

8 8,000 5.6 0.0 8,000 5.0 0.0 60 2.0 0.89 1.0 

9 8,000 4.0 -1.2 8,000 2.0 -1.2 60 2.0 0.50 1.0 

10 10,000 4.0 1.0 10,000 2.8 -1.2 60 2.0 0.70 -1.2 

11 10,000 5.9 -3.5 10,000 3.4 3.1 60 2.0 0.58 -0.88 

12 10,000 3.6 1.6 10,000 2.8 2.8 60 2.0 0.78 1.7 

13 10,000 4.8 -4.0 10,000 2.5 0.0 60 2.0 0.52 0.0 

14 10,000 3.7 -3.0 10,000 3.7 2.4 60 2.0 1.0 -0.80 

15 8 , 000 4.8 -7.0 8,000 4.6 -9·0 60 2.0 0.95 1.3 



Control 

-117-

A.P. 

A B 

C D 

E F 

G H 

I J 
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pH = 7.3 
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XBB 724-1938 

Figure 31. Hyaluronidase modification. 
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hyaluronidase/Ringer solution. The sweep time is ts = 2.56 msec. 

Figures 31C and 310 are the intensity changes for the first quarter 

wave plate alignment; Figures 31E and 31F are for the second align

ment (relative gain of 1). The retardation response is shown in 

Figures 31G and 31H (gain of 1/2) . This is one of the nerves for 

which hyaluronidase produced a significant reduction in the height 

of the signal. The scattering responses in Figures 311 and 31J (gain 

of 1/2) demonstrate that the modification of the scattering response 

is minor compared to the alteration of the retardation response. 

5. Deuterium Oxide 

Many physical properties of deuterium oxide (2H20 or 020) differ 

from the corresponding properties for water. Of particular relevance 

to this investigation are the refractive index, viscosity, and ionic 

mobilities. At 20°C the refractive index of 020 (n
p20 

= 1.2382) is 

considerably lower than the refractive index of H20 (nH 0= 1.3330), 
2 

(Ras togi et ~., 1971). The vi scos ity of 020 is 1.25 times the vi,s-

cosity of H20 at 20°C (Spyropoulos and Ezzy, 1959). This higher 

viscosity reduces the ionic mobilities of cations. For example, at 

18° + . 4 2 2 -1 . ° d t 1 C the mobility of K lS 6. cm ~ ln H2 ' compare 0 on y 

54.2 cm2 ~-l in 020 (Rastogi et ~., 1971). In addition, the ice-like 

lattice formed by 020 around non-polar portions"of molecules is much 

more structured and extensive than the lattice formed by H20. Thus 

the entropy increase due to aggregation of the non-polar portions of 

molecules and resulting disruptions of the lattice is greater in 020 

than in H20. In other words, the hydrophobic bond energi.es are higher 

in 020. 
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Any of several effects might be expected when axons are immersed 

in a Ringer solution made with D20 instead of H20. The action poten

tial should be affected by the change in viscosity, since ionic 

mobility reductions produce effective decreases in the conductivities 

of the membrane and external medium. Frictional forces, hydrogen bond 

forces, and hydrophobic bond forces involved in any membrane structural 

transition might also be affected. The lower refractive index should 

affect the form birefringence contribution to the retardation response 

as well as produce changes in any Rayleigh scattering response (see 

Chapter V). 

Previous quantitative observations of the effects of 020 upon 

nerves are rather limited. Garby and Nordqvist (1955) found that the 

conduction velocity of myelinated sciatic nerve from the frog Rana 

temporaria decreases 20% upon immersion in a 99.9% D20 Ringer solution. 

The velocity reduction occurs very rapidly, reaching a slower equili

brium value within five minutes. The effect was found to be reversible, 

the original conduction velocity being reached within five minutes of 

returning the nerve to a nonnal H20 Ringer solution . The velocity 

change was attributed to the lowered ionic mobilities and to modifi

cations of unspecified chemi,cal reactions. related to the action 

potential. No reduction in the height or shape of the action potential 

was observed, even after immersion in 020 for a period of 2.5 hours. 

Subsequent measurements by Spyropoulos and Ezzy (1959) confirmed the 

conduction velocity decrease upon immersion in 99.9% D20 Ringer 

solution for sciatic nerves from the toad Bufo marinus and for giant 

axons from the squid Loligo pealii. However, they noticed a 10% 
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reduction in the height of the action potential and an increase in 

the duration of its ascending and descending phases. The threshold 

potential for excitation also increases. Again the effects occur 

within minutes of immersion in 020' and they are reversible. The 

authors state that the conduction velocity decrease can be attri

buted to the increased threshold potential, and they speculate that 

D20 is perturbing some excitation mechanism which requires a proton 

transfer. 

The only report of the effect of 020 upon action potential 

related optical responses is that of Tasaki et al. (1968) in which ---

no modification of the retardation response of a crab walking leg 

nerve was observed when it was placed in a 50% 020 Ringer solution. 

Ringer solutions having several different percentages of 020 

were prepared for use in this ~tudy . The composition was varied by 

simply mixing appropriate volumes of pure H20 Ringer solution and 

pure (99.9%) 020 Ringer solution. The hydrogen ion activity of the 

solutions was adjusted using a few drops of standard HEPESjNaOH buffer 

according to the formulation of Glascoe and Long (1960). They found 

that the pH meter reading for fractional solutions of 020 with H20 is 

a linear function of the fraction of 020. Using Glascoe and Long's 

correction factor, the activity is given by: 

pO = pH meter reading + 0.40 (fraction 020). 

In all experiments for this study, pO was adjusted to 7.40. 

The most dramatic consequence of u~ing high 020 (9reater than 25%) 

concentration Ringer solution as the bathing medium for lobster giant 

axons is that they shrink to a smaller diameter. The degree of 

y . 
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shrinkage is greatest for the highest 020 concentrations. A 100% 020 

Ringer solution may cause the nerve to constrict to only 60% of its 

normal diameter. An irregularly wrinkled surface is produced as a 

result. The process is very rapid, requiring less than one minute 

to reach the new equilibrium diameter. The most reasonable explana

tion is that dialysis of the water in the axoplasm occurs as a conse

quence of a difference between the membrane permeabilities of 020 and 

H20. Rastogi et~. (1971) found that the hydrodynamic and thermo

osmotic permeabilities of pure °20 and KC1 solutions of 020 through 

copper ferrocyanide impregnated pyrex sinter membranes are only 60% 

as much as the permeabilities in the equivalent H20 solutions. It 

may be assumed that the permeabilities through biological membranes 

also differ, although not necessaril¥ by the same amount. The 

shrinkage of the axon may 41so account for much of the conduction 

velocity reduction observed when th.e lobster giant axons are bathed 

with 020 solutions, since the conducti.on velocit¥ is known to vary as 

the square root of the axon di ameter. It may not be necessary to 

invoke ionic mobility changes as the causitive mechanism, although 

the conduction velocity observations of this study were not done 

carefully enough to rule it out. 

The optical response modifications are tabulated in Table 6. 

At first 100% 020 Ringer solution was used, but the shrinkage of the 

axon was deemed too severe at that concentration. A 50% 020 solution 

was used for three axons, and although the constriction was less 

severe, it was still appreciable. A 25% 020 level causes only 

minor shrinkage, so the majority of the axons were tested using such 



TABLE 6 

DEUTERIUM OXIDE TREATMENT: International Chemical and Nuclear Corp., 99.810 deuterium, 0.001 mC/ml tritium 

activity. D20 D20 

% t ,-- CONTROL---, r- D20-----' ~IR ~IS 

NERVE n D20 min D. IR .6 IS .6~ ~IS .b. Icon t:. Icon 
R S 

1 10,000 100 20 3.0 -1.0 2.7 -10. 0.90 10. 

2a 1,000 50 25 7.0 0.7 1.2 -0.3 0.17 -0.43 

2b 1,000 50 45 11 11 1.2 -0.8 0.17 -1.1 

2c 1,000 ° 25 11 11 0.4 1.7 0.06 2.4 

3 1,400 50 30 4.4 0.0 1.8 -0.8 0.41 
I 

4a 6,000 50 15 2.5 0.8 2.0 -3.8 0.80 -4.8 ---' 
N 
N 
I 

4b 6,000 ° 15 II 11 2.5 -2.0 1.0 -2.5 

5 6,000 25 15 3.8 0.0 3.0 -1.5 0.79 

6a 6,000 25 30 2.1 -0.6 9.0 2.5 4.3 -4.2 

6b 6,000 25 60 11 11 10.0 2.0 4.8 -3.3 

6c 6,000 0 35 II " 10.8 0.6 5.1 -1.0 

7 8,000 25 30 2.4 2.0 8.2 -6.0 3.4 -3.0 

8 6,000 25 20 2.2 -0.4 1.9 1.4 0.86 -3.5 

9 6,000 25 30 1.4 0.4 1.0 0.4 0.72 1.0 

10 5,000 25 30 2.0 -1.2 3.0 -1.2 1.5 1.0 
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a solution. The effects of 020 Ringer solution immersion showed no 

consistency. No change in ~IR was observed for the one axon bathed 

in 100% 020 Ringer solution. The three axons bathed in 50% O2° 
Ringer solution all showed significant decreases in ~IR' but of the 

six axons soaked in 25% O2° Ringer solution, three showed increases 

in the retardation response and three showed decreases. This incon-

sistency probably can be attri.buted to the variability i,n the degree 

to which the various fibers shrank and in the amount of surface 

wrinkling that the shrinking caused. The forward direction scattering 

response was similarly variable in nature, probably for the same 

reason. 

In several experiments the axon was reimmersed in H20 Ringer 

solution to test the reversibi.lity of the D20 effect. Morphological 

recovery was rapid. The axons expanded to approximately thei.r initial 

diameters within minutes. The conduction velocities alsQ increased 

as the axon expanded, but never seemed to reach the inittal values . 

This may indicate some irreversi"ble modification of th.e membrane, or 

it may mean that not all of the O2° has been removed so th.at the 

medium near the plasma membrane is still more viscous than when 

bathed in H20 Ringer sQlution and the ionic mobilities are still some

what lower than normal. On the other hand, a significant part of the 

optical response modifications appears to be irreversible. Returning 

axons to H20 Ringer solution did not vitiate the alterations that 

had been produced by the DaD soluti,ons, even when the morphology of 

the axon had been completely res tored to i ts initial appearance. 

An example of a 020 immersion experiment is shown in Figure 32. 

The column of traces on the left are from the control experiment. 
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The traces on the right were obtained after soaking the axon in a 25% 

02ry Ringer solution for a period of 20 minutes. The sweep time for 

all traces is 2.56 msec. The conduction velocity reduction is apparent 

from the action potential traces in Figures 32A and 328, since the 

distance between the stimulus artifact and the peak of th.e action 

current is longer for the 020 solution. The total intensity changes 

for the first orientation of the quarter wave plate are shown in 

Figures 32C and 320, and for the second orientation in Figures 32E 

and 32F (all at a relative gain of 1) . The pure retardation change 

components are shown in Figures 32G and 32H (gatn of 1/2). For this 

axon the 61R response was reduced by about 15%. The scattering 

responses of Figures 321 and 32J show an increase for the magnitude 

of 6IS for this fiber (gafn of 1/2). The time course difference 

between the scattering response and the retardation response is 

quite noti ceab 1 e for thi saxon, as seen by comparing Fi.gure 32H 

with Figure 32J. 

6. Pithiothreitol 

Oithiothreitol (OTT), or Cleland's reagent, is the threo isomer 

of 2,3-dihydroxy-l,4-dithiobutane. This compound reduces disulfide 

bonds as follows: 

/S~ /5", 5 
C~ SH CH2 5 

C~OH tH2 
> 

CH6H 
, + R5H . 

CH2 '" / \HQH 
/ 

CHOH 
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The tertiary structure of proteins cross-linked with disulfide bonds 

can be expected to be modified by the OTT reaction. The dipole moments 

of such proteins, if any, could be modified by OTT if the reaction 

repositions the charges associated with the protein. 

Albuquerque et~. (1971) found that treating lobster giant 

axons with a 20 mM OTT solution for 10 minutes produces only negli

gible changes in the resting potential, and 10-15 mV reductions of 

the action potential height. Axon surface proteins are modified by 

such treatment, however. The toxic effects of the steroidal alkaloid 

batrachotoxin are significantly reduced if the axon is pre-treated 

with OTT, indicating that the binding sites for the toxtn have sulf

hydryl groups that are ~1te.red by reduction. OTT pre-treatment 

produces no effects upon the action of tetrodotoxin, suggesting that 

the bi ndi ng sites for the t\'{o toxi ns are di fferent. 

The results of OTT treatment upon the optical responses of lobster 

giant axons are presented in Table 7. A reduction Of the magnitude 

of the retardation change signal was seen for one axon, but for the 

rest of the fibers, OTT had no significant effect upon AIR' Changes 

were produced in the scatter\ng response, but in all of the experi

ments the response was small compqred to the changes produced by pro

teolytic enzymes. No morphological effects of OTT treatment were 

noticed. 

A typical DTT treatment experiment is shown in Figure 33. The 

control experiments are on the left. Traces on the ri.ght were made 

after treating the axon with a 20 mM OTT Ringer solution (pH = 7.40) 

for 30 minutes, and then washing with normal Ringer solution. The 
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TABLE 1. 

DITHIOTlffiEITOL TREATMENT: Calbiochem, A Grade, M.P. ~ 41.5 - 42.5 °C, SH> 9910, SS( 0.42%. 

DTT DTT 
l··-
......... 

c t r-CONTROL--, ,--- DTT---, 
6IR 4 I s 

NERVE n roM min L\IR .1 Is LlIR ..1 Is A I
CU11 4I~O!I R 

1 6,000 20 10 2.6 0.0 2.6 0.0 1.0 1.0 .......... 

2 5,000 20 20 2.0 1.6 1.2 1.4 0.6 0.87 c 

3 6,000 20 20 1.4 0.4 1.6 1.0 1.1 2.5 C 

4 4,000 20 30 2.0 -1.8 2.2 -3.6 1.1 2.0 

5 8,000 20 20 2.0 1.2 2.0 1.3 1.0 1.1 I 
--' 
N 
'-J 

6 8,000 20 30 2.1 -0.2 2.1 -0.8 1.0 4.0 I 

7 6,000 20 30 2.2 1.0 2.0 1.6 0.91 1.1 C 

8 8,000 20 30 3.6 1.0 3.9 2.0 1.1 2.0 

n - number of sweeps averaged; AIR - retardation component of intensity change; A IS - scattering 

compon~nt of intensity change; c - dithiothreito1 concentration; t - dithiothreito1 treatment period. 
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Post Dithiothreitol 

XBB 725-2599 

Figure 33. Dithiothreitol modification . 
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sweep time for all traces is 6.40 msec. No change is seen in the 

action potential records in Figures 33A and 338 . Figures 33C and 

330 show the total intensity change for one quarter wave plate orien

tation; Figures 33E and 33F show the total intensity change with the 

plate reversed (all at a relative gain of 1). Figures 33G and 33H 

illustrate that there is no appreciable change in the retardation 

response (gain of 1/2). The scattering response shown in Figures 331 

and 33J does change , however (gain of 1/2). 

7. Sucrose 

It is possible that t he retardation response decrease and the 

light scattering signal increase i.nduced b,y trypsin and pronase 

treatment mi ght be caused by an i.ncrease in the refracti"ve index of 

the bathing medium as products of the hydrolysis are released into 

solution . To test this possibility, the effect of adding sucrose to 

the Ringer solution to increase its refractive index was measured . 

The refractive index of Ringer soluti.on is normally about 1.333 . A 

15% (by weight) sucrose/Ri,nger soluti,on has a refracti,ye index of 

about 1.356, and a 30% sucrose/Ringer solution has a refractive index 

of approximately 1. 381. Both of these concentrations were used in 

this study. Adding sucrose also i,ncreases, the viscosity and osmolarity 

of the solution. ConsequentlY, changes. in th,e morphology of the axon 

(due to dialysis), the shape of the action potent1al, and the con

duction velocity also result when sucrose i,s added. It s,hould be 

realized that no changes comparable to these are seen upon protease 

treatment. 
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The optical response modifications induced by adding s~crose 

to the Ringer solution are tabulated in Table 8. The morphological 

and optical signal changes varied for each axon, but it may be con

cluded from the data that it is possible to produce large light 

scattering responses similar to those seen upon protease digestion 

by raising the refractive index of the surrounding medium with 

sucrose. Magnitude increases for ~IS were seen for both increasing 

and decreasing intensities, sim~lar to what was seen with the pro

teases. As previously speculated, this variability might be accounted 

for by differences in the tension being applied to the axon . The 

large scattering signals comparable to those induced with proteases 

were much more apparent when 30% sucrose solution was used than when 

15% sucrose was used. Since morphological alterations were also 

more apparent at the higher concentration, their role as the source 

of the optical response change cannot be ruled out. Similar comments 

can be made about the effect of sucrose upon the optical retardation 

signal. For one axon tested, no change in ~IR was produced at 

either of the sucrose concentrations used. The dialysis of this axon 

was also minimal. For otAer axons the shrinkage was more significant, 

especially in 30% sucrose, and the retardation response showed con

current reductions. It seems likely that the reductions in 6I R are 

related to the morphological alterations rather than to the increased 

refractive index. 

An example of the optical re.sponse changes induced by immersing 

an axon in 30% sucrose/Ringer solution is shown in Figure 34. At 

that concentration this particular axon shrank to approximately 70% 

of its initial diameter. The sheath also appeared thicker and more 

( . 
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TABLE 8 

SUCROSE TREATMENT: Mallinckrodt Chemical Works, reagent grade. 

.6~ucr llIsucr 

r-- CONTROL--, r-- SUCROSE ~ . S c 
~Icont lH

cont 
NERVE n % sucrose ~IR D.IS ,LjIR illS R S 

1 10,000 30 2.2 0.6 0.6 -2.6 0.27 -4.3 

2a 4,000 15 02.0 0.8 2.0 0.0 1.0 0.0 

2b 4,000 30 " " 2.0 1.7 1.0 2.1 

3a 8,000 15 2.6 1.4 1.7 2.9 0.65 · 2.1 
I 

8,000 " II 2.0 3.4 0.77 2.4 
--' 

3b 30 w 
--' 
I 

4a 8,000 15 2.2 0.6 2.2 1.2 1.0 2.0 

4b 8,000 30 II • II 1.4 -2.9 0.64 -4.8 

5 8,000 15 2.4 1.2 ·1.5 0.6 0.63 0.50 

n - number of sweeps averaged; LlIR _. retardation component of intensity change; D.. IS - scattering 

compo~ent of intensity change; c - % by weight of sucrose. 
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t = 6 40 msec s . 
t = >10 min 
c = 30% sucrose (by weight) 

pH = 7.40 
XBB 725-2600 

Figure 34. Sucrose modification 
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wrinkled. The pronounced reduction in the conduction velocity is 

shown in the action potential traces in Figures 34A and 34B. The 

time between the stimulus artifact and the peak of the action poten

tial is much greater for the control trace on the left than for the 

30% sucrose trace on the right. The sweep time for all traces is 

ts = 6.40 msec. The total intensity changes for one orientation of 

the quarter wave plate are shown in Figures 34C and 340, for the re

versed'Orientation in FigOres34E and 34F (all at a relative gain of 

1). The control optical retardation response is shown in Figure 34G, 

and the response in the sucrose solution is shown in Figure 34H(gain 

of 1/2). The signal is somewhat broader and its amplitude is dimished 

in sucrose. This is probably attributable to the fact that the con

duction velocity was slowing down during the course of the signal 

averagi ng process, so that the modifi cati on of tlIR may actually be 

less than indicated. The modification of the scattering response, 

however, is quite pronounced, as may be seen by comparing Figures 34I 

and 34J (gain of 1/2). For this axon the light scattered in the for

ward direction decreases and then increases (the traces are inverted) 

biphasically when immersed in a high refractive index medium. For 

other axons an opposite polarity for the scattering response was ob

~erved, with the intensity first increasing and then decreasing. 
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v. DISCUSSION AND INTERPRETATION 

Changes may be induced in the optical retardation and forward 

light scattering responses of lobster giant axons when the fiber is 

treated with agents that physically and/or chemically modify specific 

constituents of the membrane system. From the results of such modifi

cations mechanisms explaining the causes of the optical changes may 

be postulated, and some insight into the dynamic nature of the plasma 

membrane surface and adjacent regi ons can be gai,ned. 

Modifications of the optical retardation responses may be due to 

one or more of the following mechanisms: 

i) The dipole moments of various mobile species might be modified, 

either by changing the amount of charge on the dipoles or by 

causing confonnational changes that alter the relative positions 

of the charges. Reduction of the dipole moments of such mobile 

species may diminish their reorientation as the. electric field 

reverses direction during the action potential. 

ii) The extent to which the membrane may be compressed or expanded 

duri ng the act; on potenti a 1 might be affected, ei ther by changi ng 

th.e compressibilit,y of the structure, or by changing the surface 

charge density and/or composition. 

i i.i) Products of enzymatic hydro lys i s mi ght alter the refracti ve index 

of the aqueous medium, thereby changi ng the form bi refri ngence 

contribution to ~IR and the Rayleigh scattering contribution to 

~IS· 
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iv) The interaction of charged moieties with the constituents of their 

immediate environment might be altered by the enzymatic treat

ments, so that the spring constants of the forces maintaining 

the charged mobile molecular species in their equilibrium posi

tions might be modified. The degree of structural transition 

during the action potential might therefore be more or less ex

tensive after enzymatic modification. 

v) The extent of depolarization of the elliptically polarized light 

emerging from the fiber by scattering layers surrounding the 

bi refri ngence sources may be affected by the modifyi ng agent. 

vi) Axial tension and stretching force changes might arise and thereby 

affect the ability of dipoles to reorient. 

Mechanism iv) seems unlikely, since treatment with proteases, 

neuraminidase and hyaluronidase usually reduces the optical retar

dation response. Bond hydrolysis produced by these enzymes would be 

expected to reduce the spring constant of the restoring forces so 

that more extensive reorientations would result, and the magnitude of 

6I R would increase. Since the opposite is observed, this mechanism 

may be ruled out. 

Mechanism v) seems unlikely, since th.e sheath. surrounding the 

axon becomes thi nner after prote.ase treatment, whil e the magnitude 

of the retardation response decreases instead of increasing. The 

latter would be expected if the th.ickness of the scattering layer 

was important. 

Mechani.sm vi) may be operating in the protease digestion experi

ments, since the supporting tissues in the sheath are partially 

., 
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digested away, allowing the axon to stretch somewhat. However, signal 

reductions seen upon treatment with neuraminidase and hyaluronidase 

cannot be accounted for by this mechanism, since no gross morphological 

alterations are induced and stretching does not appear to be a factor 

in these cases. 

Mechani sms i), i i) and iii) are a 11 val i d poss i bil iti es tha t 

cannot be distinguished by the experiments done for this thesis. 

Cohen et~. (1971) have stated that calculations of Kerr effect 

dipole reorientations can account for the magnitudes of retardation 

changes observed. They argue, however, that the dipole relaxation 

time constants measured with voltage clamped squid axons are much 

too long to be attributed to this mechanism since the relaxation 

times measured for the axon membrane s~stem are much longer than the 

relaxation times observed for macromolecules (proteins) in solution. 

They invoke as a more likely mechanism the much slower process of 

conformational changes involving the breaking and reforming of non

covalent bonds. However, it is probably not valid to assume that 

the dipole relaxation times of proteins in solution can be compared 

to the relaxation times of macromolecules imbedded in a lipid matrix. 

The damping.forces associated with the lipid-protein, lipid-lipid and 

protein-protein interactions may well account for a much slower simple 

dipole reorientation process. 

Cohen et~. (1971) additionally state that membrane compression 

and expansion effects can also be of sufficient magnitude to account 

for the changes in retardation. Changes induced in the optical res

ponse by modifyi ng agents coul d be due to changes in the compress i bi-

1 ity of the membrane, or to changes in th.e surface ch.arges and 
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consequent changes in electrostatic forces due to the membrane poten

tial. From what is now known about membrane structure, i.e. that 

membranes are probably lipid bilayers with protein imbedded in them 

to varying degrees, it is unlikely that the modifications to the 

membrane caused by the proteases and hyaluronidase could cause an 

appreciable cQmpressibility change over most of the lipid phase. 

The reduction of expansion and compression effects by surface charge 

modification is a reasonable hypothesis, however. The fact that 

Berestovsky et~. (1970) found that protein-free lipid bilayers 

can be induced to give retardation changes comparable to those seen 

in natural membranes lends support to this hypothesis. However, the 

compressibilities of protein-free lipid bilayers and natural membranes 

may be very different, so that a compari son of th.e two systems may 

not be valid. 

Whether the mechanism producing the ch,anges i.n opti ca 1 retar

dation of axonal membranes is a dipole reorientation or a compression/ 

expansion effect, the experiments of this study impli,cate the charges 

associated with the sialic acid residues of surface glycoproteins and 

glycolipids as being essential to the process. Treating the axon 

with trypsin and pronase cleaves polypeptides to whi.ch. the $ialic acid 

bearing oligosaccharides are attached. This could reduce dipole moments 

of glycoproteins and proteins associated with such residues either 

by reducing the number of bound charges and/or by respo~itioning the 

charges. Comp'ression/expansion effects would simi larly be reduced by 

the loss of charge. Neuraminidase simply cleaves the sialic acid 

residue charges, so that both dipole reorientations and/or compression 

/ . 
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effects are reduced. In addition, the hyaluronic acid matrix appears 

to undergo a reorientation or compression change as the electric 

field reverses direction during the action potential. Hyaluronidase 

breaks up the polymer matrix so that such transitions are rendered 

less cooperative, thereby reducing the net birefringence response to 

the action potential. It is not clear what effects 020 may have 

upon the retardation response. Results were inconsistent, and morpho

logical alterations due to dialysis of the axon when bathed in °2°
containing Ringer solution makes speculation about the effects of the 

resulting changes in hydrogen bond and hydrophobic bond energies upon 

the retardation signal impo$si.b1e. Oithioth.reitol has little effect 

upon the magnitude of the retardation response~ indicating that pro

tei n conformati ona 1 changes, if any, i nduce.d by the redllcti on of 

disulfide bonds, are not critical in determining the extent of the 

observed membrane reorganization. Raising the refractive index and 

osmolarity of the bathing medium with sucrose produces large changes 

in the scattering response, similar to those induced by protease 

treatment. Changes in the retardation response seem to be related 

to morphological changes rather than to refractive index changes, so 

that retardation response modifications induced by the vari.ous enzy

matic treatments are probably not due to alterati,ons of the contri

bution of form birefringence changes. 

The modi fi cati ons of th.e retardation response of squi.d gi ant 

axons during hyperpolarizing pulses reported by Cohen et al. (1971) 
. . , -.. -. 

should not necessarily be considered as resulting from the same 

mechanisms investigated by this study. They used tetrodotoxin, high 

external calcium, terbium and lanthanum to produce the "state 2" 

. ; 
I 

! - , 
i 
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response described previously. The reduction of the fast response 

may be related to the reductions produced by the hydrolytic enzymes 

of this investigation, but the slow response and the "rebound" res-

ponse have time constants much longer than the one millisecond duration 

of the action potential. It therefore seems unlikely that alterations 

of the two slower effects are being monitored in the experiments pre

sented in this thesis. It should be noted that no corrections for 

scattering are made by Cohen et al., so it may be that the changes --
seen in state 2 are scattering effects rather than strictly retardation 

effects. The results of the experi'ments of this thesis indicate that 

such corrections for scattering are essential for other types of 

modifying agents. 

The alterations of the forward direction light scattering res

ponse induced by the various axon modifi,cati,ons were quite variable, 

even within a given series of experiments using the same modif.ying 

agents. It is therefore very difficl!1t to formulate a consistent 

model of what is occurring to cause ~ome of the large modifications 

in the light scattering response, especially in the case of the pro

teases. Two mechanisms can be postulated, both of Which are likely 

to be applicable. Axial stretching may result as the ~tructural 

integrity of the membrane system is reduced by the proteas,es. Thi s 

would be consistent with the findings of Tobias (1952) i,n which the 

direction and magnitude of the long term scattering change of nerve 

bundl es depended upon the tens i on app 1 i ed. Stretch; ng may cause 

critical realignments of mobile membrane constituents which allow a 

much greater 1 i ght scatteri ng response to occur after enzymatic 

digestion. A second explanation might be that products of protease 
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lysis may be increasing the refractive index of the surrounding , 

medium, thereby giving 'scattering increases comparable to those 

seen by Cohen et~. (1968) when they used Dextran to increase the 

dielectric constant of the medium bathing the axon. The results of 

increasing the refractive index of the immersion medium with sucrose 

to 1.356 (15% sucrose) and to 1.381 (30% sucrose) tend to support 

the second explanation. Large scattering changes, both increases 

and decreases, were produced with the sucrose solution, similar to 

those produced by proteo 1yti t:: modifi ca ti on. At 20°C the refracti ve 

index of °20 is n
020 

= 1.2382, which is lower than the corresponding 

value for H20 of nH 0 = 1.3330 (Rastogi et ~., 1971). In °20 Ringer 
2 

solutions the observed forward direction scattering increased in some 

cases and decreased in others when compared to normal H20 Ringer 

solution, so that nothing definite can be said about the possible 

role of its different die1ectri,c constant in determini,ng the scat

tering response. As with the proteases. vari:ations in the extent of 

the morphological alteration~, caused by °20 immersion may account 

for the vari abil i ty i'n the scattering results. Raylei,gh scattering 

theory predicts that the i.ntensit.y of li.gh.t scattered is a function 

of the difference between the refractive index of particles dispersed 

in a medium and the refractive index of the medium itself. This re

lation is given by 
2 

IS = 10 k ( (19 ) 

where IS is the scattered light intensity. 10 is the incident light 

intensity. k is a proportionality constant, n is the refractive index 

, ' 
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, 
of the scattering particles (with dimensions much less than the wave-

length of light being used), no is the refractive index of the medium, 

and N is the number of scattering particles per unit volume (see Bull, 

Chapter 8). Presumably during the action potential factors deter

mining the value of k and perhaps N and no are changing, and the 

magnitude of ~IS will depend upon all of them, since upon differen

tiation, 

n2 .. n 2 2 I kn 2(n2_n 2) 
~IS = I 0 ) ~I< - o 0 

Mo 0 41TNnO 2 4/N2n 5 
0 

(20) 

2Iok 
2 2 2 n -n 

0 )&4 7 411no 
2 

~IS can also result from fluctuations in the local concentrations of 

particles in the medium and from local fluctuations in osmolarity 

(see Stacey, Chapter II). Apparently the charge on the membrane 

does not directly affect the scattering response as long as the 

action potential remains normal, since neuraminidase cleavage of 

sialic acid residues produces no appreciable changes in the scattering 

response, whereas protea~e cleavage of the same charges, which generates 

much larger particles to be dispersed into the surroundlng medium, 

often produces dramatic scattering changes. 

Dynamic scattering effects are well known to experimenters in the 

field of liquid crystals. Since the multiple lipid bilayer system of 

the plasma membrane and surrounding Schwann cell membranes comprise 

a system similar to a smectic liquid crystal, the observations of 

light scattering changes of liquid crystals under various conditions 
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may have some bearing upon the results of this study. For example, 

a nematic liquid crystal composed of anisylidene-p-aminophenylace

tate (APAPA) when mixed with an ionic species is transparent in its 

unperturbed state. Upon application of an electric field, however, 

ionic collisions with the aligned APAPA molecules create local regions 

of turbulence that are light scattering. The result i~ that the 

liquid crystal becomes opaque. A similar role may be postulated 

for the ionic currents in and near the plasma membrane during the 

action potential. Ionic collisions with the hydrocarbon chain phase 

of the membranes may produce localized high turbulence regions that 

generate the 1 i ght scatteri ng effects seen in these experiments. 

Modification of the structure of the membranes with hydrolytic en

zymes may alter the degree of turbulence for a given electric field· 

change, since the relative positions and probabilities of collisions 

of membrane constituents might be changed. 

The fact that large modifications of the scattering signal may 

be induced without concommitant large changes in the retardation 

signal indicates that the two responses probably arise from different 

sources .. Supporting this conclus.ion is the fact th.at after enzymatic 

modification, the retardation peak sometimes occurs significantly 

before the scattering peak. Different time courses for the two 

types of signals with respect to the action potential were als.o re

ported by Cohen, Keynes and Hille (1968) using microelectrode pene

tration of squid axons near the site of light transmissl'on. The 

kinetics of the two types of responses are also markedly different. 

Because the action potential is the same before and after 

treatment with the modifying agents used in this study, it may be 



,d 

u , 
! .~ U "J 

II'i' , I , 
: .... $ .,. \:,» <# '1"'* "-t.-' ... ) 3 

-143-

concluded that a major portion of the optical responses being moni

tored is due to a passive reorganization of the membrane and adjacent 

regions due to the membrane electrical depolarization. A small 

component of the optical responses may be associated directly with 

the gating mechanisms contro11ing the membrane ionic permeabilities, 

and thereby be causally related to the action potential. This cannot 

be ruled out on the basis of these experiments, since the retardation 

change was never completely eliminated by the modifying agents. 

Other studies using voltage clamped squid axons (Cohen et ~.~ 1971) 

have failed to show any current related component for the reta.rdati,on 

response, but some correla.tion with the ionic currents has been found 

for the light scattering response. 

The failure of any of these studies to correlate the retardation 

change with any of the ionic currents is somewha.t disappointing, 

since explanation of the molecular mechanisms underlying the Hodgkin

Huxley equation is therefore severely limited. Tasaki et sl. (1968) 

cite the retardati on and scattering changes as evidence for Tasaki IS 

action potential model involving cooperative membrane transitions 

and nonspecific permeabi1it,y changes. This model ooes not predict 

current dependent components for the optical signals. However, the 

fact that the optical responses can be appreciabl,y modi,fied without 

changing the action potential seems to invalidate the assumption 

that they are reflecting structural transitions that determine the 

action potential. Models i,nvolvi,ng dipole reorientations of the 

phospholipid moiety, such, as thos,e of Tobias (1964), Goldman (1964), 

Wob~cha 11 (1968) and Wei (1969) are neither supported nor contra

dicted by the evidence from this investigation, since modifying 
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agents affecting the lipid phase invariably also affect the action 

potential. Because the experiments require that no changes be pro

duced in the action potential in order that meaningful compa~isons 

of the modified optical responses with the control responses can be 

made, no useful '1 ipid modifi'cati on experiments were performed. 

There are several obvious extensions of this work that can be 

suggested. Because the experiments of this study relied upon the 

action potential to produce repeatable voltage changes across the 

membrane, no successful attempt was made to modi fy th,e 1 i pi d phase, 

since disturbing this moiety of the membrane invariably perturbs the 

action potential. Experiments using voltage clamped axons would not 

be limited by this considerati,on. Thus modifications of the optical 

responses of voltage clamped axons upon treatment with agents such 

as detergents, alcohols, and phosph,olipases should be, measured to 

determine the role of lipids and gJyco1ipids in the retardation and 

scattering changes. The effects of th,e agents used for this study 

should also be measured for voltage clamped axons. Sequential com

binations of various modif.ring agents might also be tried to test 

some of the conclusions of thi,s study. The wavelength dependence, 

if any, of the modifications induced by hydrolytic enzymes should be 

measured. The u1 travi,olet wavelength dependence of the retardation 

response should also be measured to find out what the effects of 

using radiation of energy near the protein absorption peak are, as 

s~ggested by Entine (1969). An attempt shoula~~lso be made to raise 

,the refractive index of the immersion medium with a high molecular 

weight polymer having a low osmolarity when in solution, such as 

IIFICOLL II , a copolymer of sucrose and epich10rohydrin. Index matching 
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with such a medium might prove more meaningful in determining the 

extent of the form birefringence component of the retardation signal 

than index matching with sucrose, since morphological changes would 

probably be less. Finally, an attempt should be made to determine 

if the retardation change is a birefringence change or a dimension 

change or both. Perhaps the technique of laser hologram cinemicro

graphy can be employed in some meaningful way to detect the mi.nute 

compressions and expansions that might be involved. 

In conclusion, the original ob,jective of identifyi,ng th,e mole

cular c6nstituents producing the optical retardation Change during 

axon depolarization ha~ been at lea~t partially realized. passive re

alignments of glycoproteins and hyaluronic aci,d are almost certainly 

involved. GlycoHpids and proteins may also be impHcated. The some

what surprising results of the light scattering data are much more 

difficult to interpret, since the results were inconsistent. However; 

refractive index changes in the immersion medium seem to be involved. 

A major fraction of the retardation change does not appear to be 

reflecting mechanisms directly related to the ionic permeability 

changes associated with axon membrane excitation . 
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APPENDIX A 

1. T.R. - M.C.S. Interface 

The interface between the Biomation 610 transient recorder (T.R.) 

and the Nuclear Data 180M multi-channel scaler (M.C.S.) which allows 

the M.C.S. to be used as a signal averaging computer is shown in 

Figure A. As described previously in Chapter IV, Section D, the 

function of the interface is to convert each of the 128 words of six 

bit data from a parallel form being output by the T.R. into serial 

pulses that can be read into the M.C.S. It also provides the pulses 

necessary to simultaneously address advance the T.R. and M.C.S. The 

operation of the interface is as follows: 

At the end of a record cycle, the T.R. generates a FLAG signal 

when word one is in its output buffer register. When FLAG comes on, 

it causes M4 to go low for 33 ~sec. When M4 goes low, it loads the 

interface input register (M1 and M2) with the complement of the six 

bits in the T.R. output buffer. M4 going low also generates an EXT I S 

(external initiate store) pulse which, after appropriate amplification 

and level conversion, begins the memory cycle for the fi,rst address of 

the M.e.S. When M4 goes high again it turns on M3, which turns on a 

500 kHz clock. Each time this clock generates a pulse it adds one to 

the interface input register (M1 and M2). The clock pulses are also 

amp 1 ifi ed and read into the fi rs t M. C. S. memory address vi a the MCS IN 

connector. When the interface input register is full, M5 generates a 

STOP CLOCK pulse that turns off M3, which turns off the 500 kHz clock 
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pulses. The net effect is that the first six bit word in the T.R. 

output buffer is converted to an equivalent number of pulses which 

are stored in the first address of the M.C.S. memory. 

When FLAG goes high, it also sets M10 to start a WRITE sequence. 

When M10 goes low a 1 kHz clock is started which generates WORD COMMAND 

pulses. A WORD COMMAND pulse causes FLAG to go low and it requests 

that the next word be loaded into the T.R. output buffer register. 

When the next word is in the buffer register, FLAG goes high again and 

the cycle is repeated. In this way all 128 words are output from the 

T.R. and converted to pulses. Every time FLAG goes high (as each word 

is loaded into the T.R. output buffer register), M4 generates an 

EXT I S pulse which address advances the M.C.S., so that address 

advancement occurs simultaneously for the T.R. and the M.C.S. 

Upon completion of the 128 word output sequence, no more FLAG 

signals will be generated. When this happens the inverted FLAG output 

of M9a, which is lengthened by an integrating capacitor to prevent FLAG 

and WORD COMMAND from going high simultaneously, goes high permanently. 

The next WORD COMMAND pulse then causes the NAND gate output of M9b 

to go low, thereby resetting the WRITE flip-flop and stopping the WORD 

COMMAND clock. The voltage change when the WRITE command turns off 

is also differentiated across a capacitor to generate an ARM pulse 

which resets the T.R. memory to await the next TRIGGER pulse which 

will begin its record cycle. The ARM pulse is also amplified and 

level converted so that it may be used to reset the address register 

of the M.C.S. using the EXT R C S connector. In addition, an ADDRESS 

RESET pulse is generated that is used to drive the preset counter 
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associated with the control lo~ic which determines how many sweeps 

will be averaged by the system. 

2. Control Logic 

The operation of the logic controllin~ the number of sweeps to 

be averaged by the signal averager has also been described previously 

in Chapter IV, Section D. The control logic system is shown in 

Figure B. The signal averaging process is begun by pushing the 

START pushbutton. Doing so causes a pulse to be generated by M2, which 

is a bounce filter device. This pulse sets the Ml flip-flop on, which 

causes the MOD OUT voltage to go high. The MOD OUT voltage going high 

turns on the internal clock of the Grass stimulator which acts as the 

master clock for the entire system. The stimulator ~enerates TRIGGER 

pulses for the T.R. which start each record cycle. For each record 

cycle, an ADDRESS RESET pulse is generated by the T.R.-M.C.S. inter-

face. This pulse is not of sufficient amplitude or duration to drive 

the preset counter, so ADDRESS RESET pulses received at the COUNT IN 

jack are shaped by M3 and amplified. The resulting pulses at the 

COUNT OUT jack are used to advance the preset counter. When the pre

set number of sweeps "has been averaged, a relay in the preset counter 

turns off which causes a voltage step from -18 V to 0 V to occur on 

one side of the relay. This voltage step is received at the FINISH 

ijack and is differentiated by a resistor-capacitor-diode network to 

produce a pulse which resets the Ml flip-flop off, thereby causing MOD 

OUT to go low and the.stimu1ator TRIGGER pulses to stop. 

i 
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APPENDIX B 

1. Boiled Main Lobster 

Place lobster in a kettle containing about three inches of 

briskly boiling salted water. Cover immediately. From the time 

the water boils again, allow 18 to 20 minutes. Serve lobster, 

hot or cold, with a side dish of melted butter. 

2. Maine Lobster Stew 

For each serving allow one lobster. After lobsters have been 

boiled, remove from heat immediately. For four servings, simmer 

the tomalley and coral in one-half cup butter for 7 or 8 minutes. 

Add the lobster meat, cut in fairly large pieces, and cook 10 minutes 

over low heat. Remove from heat and cool slightly. Add (very slowly) 

one quart hot milk, stirring constantly. Use salt and pepper to taste. 

Allow stew to stand 5 or 6 hours before reheating for serving. This 

is one of the secrets of truly fine flavor. 

, ~ 
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