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ABSTRACT

Calcium ions are intimately involved in the process of nerve
conduction. Obstacles to gaining infdx;mation about the pfec_ise mo-
lecular mechaniéms have been the minute quantities and fast tran-

. | +2 : . +2 e
sience of Ca “interaction, and Ca "'s spectroscopic invisibility. .
In order to probe the ion-nerve membrane interaction, rare-earth
ions wére substituted in place of Ca+2 in the bathing solution of gar-

fish :olfactory nerve trunk. Low concentrations of rare-earth ions

maintain excitability of nerve in Ca-free solutions, and restore ex-

cita.bility to nerves previous'ly bathed in ‘'solutions free of any poly-

3

valent ions. Furthermore, two of the rare-earth ions, Eu+ and -

A 3

Tb ~, show a much enhanced fluorescence upon chemical binding.

3 v
as a measure of rare-

We observed the fluorescence of Eu+3 and Tb+
earth (aild by analogy, calcium) binding to nerve, both resting and

firing, and subjected to treatments with various enzymes, chemical

agents, and abnormal salt concentrations. The main results are:

(1) Rare-earth ions bind to proteins, NADH and possibly other mol-

ecules in the nerve; (2) The total bound rare-éarth ion fluorescence
changes.: by léss than 0,01% upon firing; (3) Most of the observed
binding is a sloﬁv, ‘.c'ontimial uptake of rare-earth ion, probably into
the axoplasm, :ra‘v.te'-limite'd by perm-eat’ibh through the axoﬁ mem-
brane. | | |

A detailed. discussion of the luminescence propertiés of rare-.
éarthvio‘n-s, a review of membrane and neuron physiology, and sugges-

tions f_oi- the haridiihg and dissection of garfish are included.
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CHAPTER I

INTRODUCTION

A complicated multicellular. organism consists of many types

of differentiated cells. Each cell has a specific function but also must

rely on the specialized chemical work of the others in order that the

whole organism remain viable and sélf-sustaining. As a result, in-
formation on the state of the organism and of the environment must

be proééssed and trans'rhit_ted among these specialized cells so that

'they can function together cooperatively. In higher animals, pro-

cessing and _t-rar.l'smittal of intercellular information is carried on ina
rapid and well-determined manner by another specialized cell, the

nerve cell or neuron. The neuron (see Fig,4) has three specific func-

- tions.

('1); It receives electrical signals from other sensory organs
or nerve cells and computes an ajnalog sum of these inputs, This sum-
mation occurs in the membfane of :thé cell body. If the sum is great-
er than a fixed threéhold_vaiue, the neuron '""responds!''.

(.2) The "respbnse"' is the t'l.-avnsmi»ttal of in’formation along the
1eng£h of the néur_on,; often in digital form, manifested by a propaga-
tinvg all-or-none electi'i:cal pulse c4a11ed an "action 'poténtial"'.- The
propaggt’ioh of the -action potential O§curs in the membrane of the axon.

,(3)' The information is thén transferred to one of the inputs of
another nerve, to a muséle, or to ‘some other organ, via the synapse

between the neuron and the succeeding cell,
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Fig. 1. A neuron. Axon preparations, indicated schemat-
ically by the area between the dashed lines, are dissected
out and studied as described in this thesis.’
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This the s'_i_s concerns a study of the little understood molec-

ular mechanism of the second neuronal function listed above, i.e.,

~ action potential propagation along the axon membrane.

As will be discussed in detail in the next chapter, the success-

ful propagation of an actvi_.on potential depends-qritically on the metal

ion composition of the external solution bathing the axon (the blood in

the live animal), In particular, Ca,+'2 ions in the external solution

: é.ppear to exert a controlling influence on the binding _‘ or permeability

of other ions, notably Na+v and K' (45, 43). Such Ca+2-dependent ef-

fects raise several questions:.

(1)

@

(3)
(@)

Doeé Ca+2 bind t‘c.> the axon membrane ?

If so, to what macromolecules and‘ with what

-

‘chemical specificity ?

Does the state of Ca.-lr2 binding cha;nge during excitatidn?

If so, is such a change of binding state causal to
. B ) / B

" excitation?

Some obstacles to answering these questions are the following:

(1)

(2)

(3)

It is desirable to leave the nerve membrane intact to

study excitation.

Ca.+2

has no electron spin resonance, and neither ultra-
violet nor visible absorption or fluorescence spectra.
We are interested in rapid transient chemical associ-
ations with the membrané,' not integ~rated fiuxes, so

4SCa_+2 tracer studies are inappropriate.
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(4) The quantity of bound Ca,-’h2 may be fairly small, and the
fraction specific to the excitation process is probably extremely

small,

The goai of minimizbing the external perturbation to the del-
icate axon mer;lbr'éne is reached in thié{ Astudy_ by employing electro-
.magnefic spe‘ctroscopic_ teéhr_liques, ,specifica.lly. fluorescence and
scattering of UV andl visible light. . The.prdblém of the spectroscopic
"invisibility"! of Ca*? is avoided by chemically replacing the Ca*? in
the external solution with other polyvalent ions which have similar
 physiological effects on nerve as d(i)es‘Ca+2, and als§ have more in-
téresting chemically—sensitive spec‘tr‘a. These io;is are the trivalent
rare earths, and divalent‘mang’anese, cobalt and nickel. During and
after substitution of these ions for Ca+2; an appropriate spectral fea-
| ture of the ner\'re‘ or substitute: ion is monitored for changes oc¢cur-. |
ring synchronously with the i;)assage of an ac_tion'.potential or chaﬁges
arising from chemical, eiectrical, or enzymatic modification of the
external solutic;n or axon merﬁbrahé. Becau‘se of the richness of
some of tllxe'spectra invovlve.d,v and the wide variety of ions and treat-
ments employed, ".the spectroscopic approach offers hope of finding
some unambiguous answers to probl_e'ms concerning metal ion, and

specifically Ca+2, interaction with axonal macromolecules.

< .

The thesis is divided into .eight chapters, providing first a
self-contained background in the relevant biology, chemistry, and
physics, and followed by a presentation and discus sion of experimen-

tal results. All of the literature references are listed at the gnd.
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The literature in all aspeéﬁs of mémbrane organization and functionis

huge; therefore, many of the references cited are reviews.



/CHAPTER IL. j o

REVIEW OF PHYSIOLOGY

It is 'virtualjly certain that the axonal action .pot'éntial: is a
mémbrane phenomenonv (the evidence for. Ehis_ conclusion is discussed
.'in' Sect{o'n B bé,low).. In order to study macromolecular changes in
néﬁxlonal mémbrane', it is necessary to fi'rsf; become familiar with the
: genrerral princ'iple's of orgé.nization a;n‘d;'functi-_on, of biological mem-
‘bran'e's.. |
) A. Biolo'gicél membranes: | s_t»ructurj’e_a'.nd function
: Biolégical m‘enﬁbranes_are'composed pr'imar.ily bf'prpteins, lip-
ids and carbdhydr_a-tes, and t'p a small extent, covalent combinations of
these as -glycoprotéiﬁs and gvly.rcolipid's._'

‘The mas.s' 'ratib of prot'eins to liﬁids is usually between 1 and?2,
depending on the type of i'n_.embran‘e, land car_bohydréi:es account for a
smallef portion,v. about 10% of the membrane weight (11, 82, 20).

The macromoiecular_' organizatidn of these coﬁponents has been
a..subjeét"of cohtr'overéy for years. The lipids.-;ahd-'-.pr:o.téins of mem-
bi;anes are held ,t-ogether_ by .non-co-valent electrostatic interactions,
which can include hy-dfophiiic, hydroph’obj:c,'_Van der W.a’.als, hydro-
gen bond, and ionic _interaétions. «Membran'e'modeis are designed 56
‘that the rnacromo‘le.cules are érdéred ina 'sl;ate where the. free en-
ergy of the systellrn.b is at a 'i"elative min-‘imum;‘ é.is a rule of thumb, one
tries to maximize the hydrophobic and hydrophilic interactions. One

point of agree_rnenf between many membrane models is that at least
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large pbrtidns of the membrane phospholip'idé_(Which comprise the
bulk of the lipids) are in a bila.yer array,. with the two hydrophobic
tails of each phospholipid molecule facing or intertwining e‘ac'h other

in the interior and the hydrophilic head group of the phospholipid facing"
t;utward. This arrangemenf (as opposed to, say, the head group facing
the interior_) is supported by a variety of indirect»chefn_ical evidence
(146) as well as thérmo'dynamic arguménts (125).

The main disagreemént between models is in the placementand
mobility of the prpteins:, and their degr"ee of interaction with the lip-
ids. The formerly ’widelyl' accepted ‘model of Danielli and Da;rson (35)
consists of a cc;htiriuog-s‘ 'phdsﬁholipid b'ivlayer sheet witH globular pro-

teing cdvering the lipids in layers, making a protein-lipid sandwich.

‘Robertson (114) modified the proteins to be more sheet-like while re-

taining the 1ipid'5i1*“a:’yer backbone (see Fig. 2a). This model, claimed
to be universal (ahd hence called the 'hinit rﬁémbrane"), had support-
ing evidence frbni electron microscopy and X;ray Vdiffraction,' but a
major objection is that it does not explicitly 'ac'count for membrane
specifiéit:y of function and tra;nSport and does ‘r>10t agree with some
chemical vdec_omposition studies _(11).v Interesting features of the
model are the efhphasis it places on the >phospholipi-d ""backbone'
(wﬁile the proteins a‘re subordinated to a secondé.ry role); and the
two-dimensional homogenejty. As a result, succeeding related mod-
els tried to a;ssign functional roles to the bilayer sheef, emphasizing
its possible phase transitions as a liquid crysvtalline arraLy (19), trans-

"

port selectivity inherent in the type and orientation of the polar head
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groups (8, 50, 3), 4"and analogy Withusy.nthe.tic hémogenebus ion-exchange
m’ern_bfanes t44). The "unit membrane" was a popular model ‘élsé be-
cause its basic s'érucfufe is simiiar to artificial phospholipid'bilayer
membranes which can be"préduced easily in the laboratory. 'Arti.fi- ' v
cial l.ipid membranes have a much highe,r electrical resvistivity than

natur'ja;‘l. :membranes', but this can be dfasticalljr lowered and ionic

' selecti{rity vin'tr’o‘duced, by the additioﬁ of macrocyclic antibiotics such

.as valinbmyéin (143). - These antibiofics apparently act as mobile |

"carriers' of i'c‘)“ns (43), a fact which.ied to con'si'der'able speculation

that transport acro'és th;e lipid bilayer in real membranes is mediated

by some unknown specialized carrier molecules (109).

w @

PHOSPHOLIPID

B T

PROTEN -
| | XBL 744-688 | ‘

Fig. 2. Membrane models. (a) Davson Danielli-
Robertson; (b) Fluid mosaic; (c) Benson.
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: 'In.order to 'accoﬁnt for the specificity of bi olc;gical membranes,
while still r'etainin.g the bilayer backbone, some models introduce fixed
""pores'' through the ’lipid. This rﬁay consist of either a large globular
prbteiri with a "pasﬁsagewairﬁ for iohs_'thrvoﬁgh' its interior extending en-
tirely across the bilayer, or merely as a break in the continuity of the
lipid bilayer (90). |

A more recent model, the fluid mosaic model of S. J. Singer

(126) (see ‘Fig_. Zb), and related models (15), offer more flexibility

fhan the traditional bilayer backbone. Singer's mod_ei consists of glo-
bular proteins rfloating_ in a. .liquid--like'phospholipid b'ilé.yer matrix
""sea'!, Some pro't_e_zins can be 'outsidé the iipid bilayer as in the ''unit
membrane', but others ("integral protein)' can partially or coinpletely
transect the mem.bra'-ne-. The .vary.iné degfeés of accessibility- of dif-
ferent membrane proteins to solubilizétion ('1:1-) and eﬁzymatic attack,

and the growing body of experimental results indicating mobility of

- both phospholipids (148) and proteins (46, 30,"140)'_, in the plane of the

membrane, and fluidity in the hyd.rophobié interior (95), support the

fluid mosaic model, Tré.nsp'ort or specialbiz.ed functions are handled by
the - integral proteins; the mo,.del le;ves the question open as to exactly
how this is acé(_)mplishe‘d_infvspecifi,c real membranes.

The Benson model (5) dispenses with (_:he iipid ‘bilayer entirely

(Fig. 2c). The proteins are arranged in globular subunits with hydro-

- phobic interiors and hydrophilic exteriors. The hydrocarbon tails of

lipids intercollate into interior folds in the protein chains, with polar
heads in contact with the water at the membrane surfaces. These

]
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liéoprotein sﬁbunits are held togethé‘r by‘hy.drophobic ahd Van der
Walls associa.‘ti‘on:s. Benson's m,od'ei' appeérs_ to be somewhat crystalliné |
iﬁ that the protein chain subl;nits cannot flex ﬁor translate freely.
However, complicated -and possibly cooperative conformation changes. -
| relating to transport and s-pécific fu;nctions .can be e'asiljr rationalized

in this model,

- B. Axon membrane

, Much' of the exprerin_le.ntal work on rhérhbran.e structure has
been performed on erythroéyte (;'ed blood cell) rqembrahes because
erythrééyte cells are ea'sily obtaina‘.ble énd can be readily (6smotically)
burst to obtain "'pﬁre” rhem.brane preparations or '"ghosts''. It is of
'c‘ou‘rse possible that the organization of the axonal membrane is com-
pletely different f‘r:om the erythro‘cyfe inembra.ne. Aside from 'the
obvious functional difference in tha_.t the axon membrane is "excitafbl.e",
there are several known biochemical and structure differences. Somé
nerve membrane (although not all) (4 55) cbntain in addition to phospho-
lipid, "gang'li-osides” (~ 5% of the total lipid) (86). T'.hese are lipids
with two hydrocar,bon "tails"; as in _phosphélipids, .and an oligosaccha-
_ Il‘ide head which contains ma‘ny sialic acid residues. The sialic acid
residue.rs‘ are neg‘at‘i.vely'charge.d at ,neutrai pH, so the presence of gang-
‘liosides 1n the membrane mé.y be s.ig'ni-ficant in‘; determining membrane
electrical prdpefties. On the other hand, nerve cell ‘membr_anes .con-
tain little or n.o collagen aﬁd certainvmucbpolysac;:haride‘s such as are
present at the outsid-e surface of some mammalian célls (although the.

ubiquitous linear mucop-oly'sac:charilde hyaluronic acid with a negative

~
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cHérgev at pH 7.0 .ié_pr.eSent.)" (86, 87). -Spin-label studies on lobster
walking leg nerv'és é_hov&-f that the hyd'r“‘c_)p‘hobic region of the axon mem-
brane is fluid (70); this flﬁidity is p;obé,bly IdAue to the high degree of
unsaturation of the .phospholipi-d hydro_car'bon tail‘s and the fairly low

content of cholesterol in nerve membrane (4155). However, no stud-

ies have demonstrated as yet translational mobility of ‘proteins or

phospholipids in nerve,

C. Axon action pptelntial

It is interesting to examine whether one can partially deduce
the nefve .membrane"s_'stx.-ucture from its rem_arkable ability to pro-
pagate an electrical impulse.. We will review the electrophysiology

of axons ("axonology'i), followed by a discussion of the requirements

for nerve membrane modve'ling and a brief survey of popular models

in the literature. .
- The most easily observable feature of an action potential is
a propagating reversal of the electrical potential difference between

the inside (axoplasm) and the external solution (blood) (77) (see Fig. 3).

The trans-membrane voltage is relatively negative inside in the

resting regions and relatively positive inside in the active region.
The trans-membrane voltage arises froma constant ion concentra-
tion gradient across the membrane, coupled with selective permeabil-

ity of the membrane to certain ions. Specifically, the external solu-

. . . ‘ + -
. tion contains a high Na.+ and low K concentration, and the reverse

being the case in the axoplasfn. The membrane in the resting state
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Fig. 3. T'he action potential. In the squid axon, the
maximum height of the pulse is ~+40 mv, the resting
potential ~ -90 mv, and the time duration ~2 ms.

is more permeable :to KT ions,"whicia; ﬁigraté outward aéross the mem-
- brane déwn their‘gbn_céntr-a.tion gradient to form an excess positive
~charge larger at the outer s‘ufface of the membf-ane, ‘leaving a deple-;
t1 oﬁ layer of negative.ch‘va.'rge at the -inneir surfac.e. The resulting neg-

‘ étive—iﬁsidé polarity of. the membrane is not an equilibrium state; the
co‘ncentfation g.fagmdient flow of positive 'ionsv outvs;'ard is maintained by a
continuous chemical energy-dependént selective 'pumpingb of K* ions in-
ward a'nd Na™t ions outward. The chemical basis of this pumping mech-
anism will not be dis_cilsﬂseAd further, Nat.kt pumping is not related

directly to excitability, but only indirectly in its role of maintaining
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the ionic concentration diffve'fences; across the membrane.

In the "active" r‘e'gioh., the relative ionic permeabilities are
reversed. Na+ diffuses inward through the merﬁbmne more eésily-than
,K+ diffuseé out. |

The origin of membrane potential can be more complicated
than explained aque, par‘ticularly if one considers the membrane to
be multi-layered, charged, '1ate’ra1.1y inhomogeneous., containing macro-
molecular dipole layers or significantly permeable to many ch_é.rged
species. Clearly, the existence and changé of membrane potential does
rnot cleaﬂy define an unambiguous membrane modei. However, the
action potential haé charact'er.isti'csv Which_ place more stringent de-
_ménds on a membrane model. The p.ropa.gat.ing" chaﬁge of voltége is
"all-or-none”A; i.e., it alwayé has the same time-dependent Vsha‘pe and
magnitude. It is produced by briefly bringing the mgmbrane potential
from its resting level of about -90 mV inside Eo -50 mV inside: (or
causing a sufficient outWard‘c.urr;nt throug}:l the miembrane): this stim-
ulation can occur na.t'urallyvby cabié conduction from deﬁdritic post-
sfnapti‘c'membra'nes to the action potential-generating region at the
proximal eﬁd of thé axon, or artificiaily by applying a current pulse ’
via internal or external electrodes. Raising the axoplasm's electrical
potential to a more_.po'sAitive,v'alue‘is called depolarization, and lower-
ing it to'a more négative V;al-ue is called hyperpolarization. A ''thres-
hold" potential,.is the trans-membrane voltage above which an all-or-
none ac(;ion potential is produc_ed énd below which none‘ is produced,

The thréshold voltage,' however, is ill defined because of the phenom-
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enon of accqmmodation‘. If a .stea'dily r1s1ng stimulus current is aplplied,
the apparent threéhold level will .be'hi.gh.ex‘-' if the rate rise of. the stifn-
“ulus is slow; the nerve will adapt or a'vccornmo"da,‘te.toé. slowly increasing
stimulus by not firing as readily.
An action potential can propagéte in eit;her direction along the

‘axon, so 1fthe axon is excitéd in the imid.dle‘of its len.gth, two oppo-
sitely—tr:-a,v’»\;éling action potent_iaflsnar.ev prodﬁ_ced. v The propagation is
self-reinforcing ;>and : shapé-c.onserving: the depolafi_z'ation spfeads.
. forward so that fo;-wa_.rd areas successively vi."ea.ch threshold and. be-
come acti_vle, ‘but feq.r are'as (those which havﬁe already been active) be-
come ”refr.a'g:tory" or inexcitable for aboﬁt a i‘nillise_cond-, thereby pre-

venting the action potential from spreading back to the rear.

D. - Action potenti'als and -métél i§ns '

All of the la;vaila.ble 4c.hemli-ca1 info'rinat-ion relevant to excitability
is ind'ir_éct. ',Muc_h' of it comes from .studyiﬁg thé effect of varying in-.
t‘e'fnal aﬁd external metal ionic concentvrations’ on the electrical proper-
- ties of sciuid axon fnembrane. The literature in this field is vast; we
.will con'centra;f:e mostly on the effects of Na' and ‘K+_first; and then those
of Ca+.. The mov_ements of the anibn_Cl-_ will nobt be discussed muc\h
because., it appeal;s_ not to play an important role in excitability and is
relatively ifnpermeé,blé fhrcggh nerve membrane compared to the
ca;tions. | | |

4Na.+' and -K+

The flux of ions thr,bugh the membrane in both the resting and

excited state has been measured by many workers using radioactive
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isotopevs (72,135, 13). "The ‘resting' influx of Na™ is- appro#imately equal
to the resting efflu_x_ of K+, and the flux rate:-fér both ions increases ap-
proximately 100-fold during an impulsé. Pgrmeabiljty' coefficients can
be calcu-lai:ed fr}oin the fluxes and the known electrochemical gradieht; ,

they confirm the gvreater pérmeability' of Kt than Na™ in the resting .

state and the reverse during an impulse. Consistent with this is the

observation that the resting potential depends 'strohgly on the
K* trans-membrane concentration difference, whereas the Na® concen-

tration difference affects most strongly the ""height'' (i.e., the maximum

voltage polarity reversal) of the action potential (77, 34).

Another class of electrophysiological experiments designed to
measure specific ion fluxes are those employing the "irbltage-clarnp."
(67). Using an electrodé:ins_erted intov the axoplasm without damaging
its he_xcit:able properties, one c.a;n artificially fix the membrane voltage
by an e~xvterna1 feedback cir;uitand monitor the time course of currents
through the membrane. If one artificially depbl’ar’izes the mémbrane by;
this techniqué, one observes first a transient inward current (although
the insiae wavs made more pdsitive 1), followed by a steady ohmic out-
ward current (see Fig. 4). The inward trénsient current, which is uni-

que to excitable membranes, largely consists of Na ions (as measured

by radioactive tracers), and the outward current consists of K ions (59).

(This is not surprising since the most humerqus metal ions are Na+ out-
side and' K* 'ins‘ideA._) It is clear from the voltage clafnp ‘measurements
that when the membrane becomes depolarizedt'('eith.er by internal elec-
trode or by an approaching action potential), an inward current devel-

ops which tends to fﬁrt_he‘r dépolarize'the membrane.
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F1g 4. The voltage cilamp.i Cross-hatched
area is the '"early inward current', )

" Thé advantage of voltage clamping is-that it rﬁakes the mem-
brane part of an external circuit where jboth vdltage and current éan be
fneasur’éd simultaneo'_ussly,,. wﬁereas the cui‘rent.is unknown in a straight
'.elec-tric;al observatidnr of -én'action’pdtential. One can plot the maximum
height of the inward transient current or the outward ohmic curfent as
a function of the applied depolarization. and thereby deduce that the mem-
brane reéiétanCe falls by-a factor of 100-200 in the excited region (134).
.Alternativély', one'can 'rneasﬁbx.‘e membrane resistance under voltage
clamping by imposihg_a small AC voltage on the é.ppliea DC "clamp"
voltage (28). . Thi-é AC -impe'dance mefhod gives the additional informa-

" tion that the membrane C,apaiéi"tanée changes _Very little d'ulringv excita-

tion,



o

'be‘repl_a'._c':’evd by'mon(;)vav.lent--'ions, Li+, T1

1 7.._ _

Using both voltage clamps and straight intracellular recording,

attempts have been made to determine the specificity ,of.ithe inward cur-
. rent for Na' and the outward for K+, by substituting other metal ions-

for the -phy'si'ologically normal ones. Tasaki (134) has shown that a

nerve can remain excitable even when Ca+2 is the only cation outside
(i.e., no Na.+ at alll) and ‘C.sv+,is the only cation in the interior. (The
a;&oplasm of squid axons can be extruded and replaced with some arti-

ficial solutions without destroying excitability, a technique called 'inter-

‘nal perfusion').  Hille (60, 62), working with sciatic nerve, found that

" the ,.Na+ presumed to constitute the normal early inward current can

+, and K+, in decreasing order

of permeability, and the K" pfesumed to constitute the late outwé.rd )

current can be réplavced by ’I_‘1+, _Rb+, and NH4+ in décreasing order pf

‘permeability. . Cs+ and ‘Rb+ also have.-been'qsed as a successful re-

.p'la_cements for internal K+ (4,134,100) oh squid giant axon, and NH + ion

4

can carry both the early and late voltage-clamp curr'ents.at reducéd
permeability on.squid giant axon (7). Several monovalent organic ions

can also carry the early inward current, most effectively hydroxyl-

iamine and hydrazine (60,134).

Chemical agents have been used which block either the early or

late voltage clamp current, or both (59). The fact that agents exist

which can block one current component and not the other has led to the

widespread assumption that the two current components each was con-
trolled by their own 's'pecific.:' macromolecular arra'.y in the membrane,

‘Hence the terms '"Na channel (or gate)' and  '"K channel" are used

freely in the literature.
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Tetrodol.:oxin.(TTX) and saxitoxin (STX)', vextracted from Japanese
puffer fish va‘nd. planktonic dinoﬂageilétes respectively, both very effec-
ti\}ely block the early in§vard current--éo effectively that they are the |
most poisohous small molecules known. The dose-résponse curve indi- :
éates that one ’ITX molecule binds to one '"Na channel. Radioactive
TTX has therefore been used as a marker of '"Na cﬁannéls" to count :
f:h,eir d-e#‘si_ty _on.the membr‘é.pe surface of an axon, Thé results are
variously given a's'36/|¢2 (80), 22/p2' t52), an'dAvless than 13/p2 (101), -
a11 for lobster ner.ve.'. ‘B'iocl.llemical. purificafioﬁ ﬁsihg 3H-la,beled TTX
as a marker have téntatively identified 'thé TTX b’indiﬂg site as a pro--
tein. imbedded in a;ph~o'sp1;101ipid exllgriro'nme‘ht'_ (-6). -

In addition, in vivo, TTX binding is inéénsitivé to ’treatmen.t by
enzymes which destroy i)hospholipids (phospholipasés), or carbohjrdrate“s
(neuraminidase, hyélurdnidase) but is degraded by pronase, which de-.
stroys proteins (53). Furthermore, TTX éan be d_’isplaced from its
"'binc‘ling' site with about eqﬁai ease by a_ll.of the alkali metal ions. ’fhis
may indicate that TTX does not bind to the site that bis pr‘esum.ably
' sglect_ive-.'for Na+(_53.). | | |

Tetzl'a.ethyla'mfhohium ion (TEA) has .tl.ie_- effe.ct,‘ when injeéted in-
_to the axbplasm, ' éf blocking 6n1y the lai:e outward ‘current, presﬁmably
by one TE:A binding to one "K' channel" (59)-.  Other drugs, such as the
local anesthétic procavine, depress both current components to a varying
extent depending on the-spécies of animal. . Céhdylactis toxin (105), DDT
(59_) and several othé.r dr.u_gs prolong either the early or late current, |

component,
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"Another method of 'investigé,ti.ng the interaction of metal ions
with nefve membrane is by using enzymes‘ which destroy specific ma-
cromolecules in the-_membra»né. External application of proteases
(which‘des‘troy pr‘btein struc;ture) to vaxonzs has no effect on their elec-
trophysiological properties. However, when a solﬁtion of trypsin, a
‘protease which cleaves certain peptide bonds in protein, is injeéted
into a' squid axon, electrical excitability is lost and a ll.arge increase
in Na+ influx is obser\}ed (102)‘. Inte-fna;l-ly lperfuséd pronase, (which
cleaves all accesvsib_le. peptide bonds in protein) also abolishesvexcit-
ability (145). Phospholipases immediately and irr.evers_ibly stop elec-
trical activity on lobster axons when appliedv éither externally or inter-
nally, and the meﬁlbrane potential dvifféi-ence api)roa-'ches zero (115). The
er.x'zyme data ié njot sufficient to draw any conciusioﬁs as yet, except
that if excitability is due to some specialized proteins, they seerﬁ to
be "closer! to the axoplasmic _surfacé than the external éurfaée of the
‘membrane. | |

Cé.+2

’i‘he effécfs of Ca+2' fmt:efactibn on the nerve membrane's elec-
trical propért.ies is.-not as obvious as thbse.of Nat and K* but it is just
as important and perhaps k.éy to eventual understanding of excitabil_ity.

Cal;:ium ion is always present in the blood of animals in at
leést millimolar con‘centra"tions, but the total Ca_+2 concentration in
‘squid axoplasm is a_.t'lea'st ‘one order bf magnitude léwer, as mon-

itored by 42

Ca+2'as a radioactive tracer (79). In addition, most of
this intracellular Ca.-lh2 appears to be bound to some relatively immo-

bile macromolecules. Intracéllular electrophoresis experiments show

©



. =20-

that -intrace‘lluler Can+2 has a rnoblllty of only .02 times its mob111ty in
a free solution (69) although mob111ty of 1ntrace11u1ar K' is close
to that of free K (68). In internally perfused squid axons, divalent

. ions in the peffus'ate" tend to block e'xcitabiiity at concentrations lower
than the normal exterﬁal Ca+2 concentr:a.t.ion, '~_a.nd internal Caﬁ2 is not
requ1red for exc1tab111ty (134)

The effects of varying external Ca t2 convcen'triat'ion on the electri-
cal properties of the: membrane were investi-gated by several groups
even before voltage-clamping became popular (29, 12).. ‘The observa-
tions were: H -

1) Increasing exfe’rnal tCé+2]>:< raises the threshold voltage, in-
creases membrane resistance, and‘..increases' the rate of accomodation.
2) Reducing [Ca+2] has the opposite of ﬁhe above effects, and fre-

‘quently leads to repet1t1ve spontaneous activity. In low [Ca 2] , a

" nerve can fire even if the stlmulus is.a rapid change from a hyperpolar-

17z‘ed pot:ent1a1 to the normal resting potentlal.‘ |
In general, it appears that high [CJZ] .'"s»tabilizes'.' the resting state

wher'eas low [Caﬁ predisposes it to firing. This has led to the sugges~

tion that the removal of Cazfrom membrane bmdmg sites is the first

step in exc1tat10n (51, 65). | |

Using a voltage clamp on squid axoh, Frankenhauser and Hodgkih

(45) obtained the following results:

;1) Decreaeing [Ca'+2] led to an increased early inward current upon

a‘[ ] refers to the concentration of the bracketed species.
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membrane de.po'lari'zation-, and a more rapid rise of the inward cur- 4.
rent., Upon reduction of [ Ca+2] , the I-V- curve obtained be plotting |
the maximum in\;vaird current vs. applied clamp-ing voltage was uni-
formly"shifted so that a srhailer depolarizafioh was required to yield
a g.iven size inward cﬁrrent. : |

~2) Reducing [Ca+2] causles large ihéreases in the size of the late
outward current and its rate -6f rise., The delay time'before the.beginA-
ning of the outward current decreases. |

3) If [Ca+2.] is reduced to very low levels, the nerve becomes refrac-
tory--the same state the nerve is in immediately after the passage of
va.n_actio'n potential, (Partial refractoriness which reduces the inward
cﬁri‘ent, can always be aBolished by first hyp'erpolarizing the ﬁerve
before depolé.rizing it in the voltage clamp. When 1.ow ('Ca+2]~—induc'.ed
refractoriness is-‘abolisheld in this fnaﬁl;ler.,' then the effect of low [Ca:hz]
is to cause increase in the. iﬁward current, previously explained in (1)).

In other words, at vefy low [»Ca+2] concentrations, the mem-

Brane resistance is .muc.h' below normal (as shown by the high outward
voltage clamp current). Whether the nerve spontaneously fires or not
vdepe'nds on whether thé lowered threshold voltage (whichmakes firing more
likely) or the increased tendency toward refrécti;)n (which makes firing less
likely ) is the predominéntb effect at the pafticular [Ca+2] concentration
‘used. If one could rernove'_g._l_l_ the [.Ca+_2], the nerve might first pass
through-é,- spontaneous firing stage, but then Becorné refractory. In addi-‘_r
tion, thé Na-K energy pump will faii’ to maintain the requisité ioﬁic
trans-membrane concentrat ion gradients because of the low rr'xemb_rane

-resistance,
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The influx of C_a.JIP2 in‘ giant axqﬁs per unit area of _membrane,.
as ‘measure;i by '45Ca+.2, is abcsut 0.1 pmol/cmz.-sec in ,‘rvesting nerve;
about an order of magnitude lower than ;he influx of Na+(72, 69).
This rate increases | 100-fold durin‘g the action proténtial,» but is still
iower Vtha,n Nator K+f1uxes -dﬁring &excitavtic;r'r.
| The calcium influx in r-és"ting nerve‘ is increasgd by rgising thé
g _.vé.xternal [K+] , or raising the internal ['Na+] . Are these inter-~ionic
effects a result. ofn some kind of chémiéal ;-ompetit;i’on. between ions,
‘or a voltage-aepéndent contimious chan_ge in membrane staté.? Raising |
exférnal [K+] depolarizes the membrane, So“it_s efféct on Ca.jFZ influx
may be either electl_'ical or_' chemic‘él. But raising intérnal [Na+]
does not have a. stro-ngr.ef.t;e.ct‘ on re_sl:i.ng‘ membrane potential.and may
~suggest ionic cérﬁpétition between Nat and'Ca+2 fof macromoleculaf:
".'transpo.rt sites'', lCa+2 flp.x increases in a non-linear rr;anner with‘
external [Ca+2] and reaches a satﬁr'afipn plateau (69), su.ggesting that
nginflux may not be dué to simple di,fvfus.ion, as Na+ influx ahd K+
efflux appear 'to .ﬂbe. |

Although_ no direct evidence exists showfng Ca-+2 ‘bindiﬁg to
nerve rhémbra,ne, oﬁe can assume .such binding occurs because of tﬁe pro-
noup.qed phy_sioldgical effects of Ca+2; ,Whether‘ sﬁcvh .bil.’-lding is coordi- |
nate, ionic, or niéreljr ‘as a 1oos~é13~r‘he1d surface layer of pbsitive‘
éha;rge_ is not .known.

o ngcan al s._o‘ bind to orga»nellesv in thé axoplasm which .have

little to do with excitability. F'or’example, the mi tochondrtia, which
manufacturé ‘the chemical energy- éupplyin_g molecule adenosin¢ tripho-s-

phate (ATP) needed in many biochemical processes and particularly
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‘in thé Na-K ;:on.c'ex;t,ration:gr_adiént rn"embrané pump mentioned earlier,
éxist in _the axoplaém of ‘several invei‘.tebratesv as well as in the gar-
fish olefactory nerve. Reynafaye and Lehninger (125) have shown that
mil:ocho'n"dria. of r_atibliver have a large capaci;y for Ca+2, with both
passive. and acti\}e upté.ke; one can assﬁme that nerve mitochondria be.-
>have qualitatively similarly.

. e +2
Ionic substitution for Ca

The nerve'r_hemb_ra.ne's excitability requirement for Ca_':'z, like
that for Na and K+, does not appear to be very highly specific.

Previous work by Blaustein and Goldman [ 9] indicated that, on

voltage-clamped lobster axon, several polyvalent cations (La,+3 i+2,

C§+2, Cd'+2, Ba+2) ‘could be used instead of .Ca+_2 in the Ringer solu-

» N

_ti—oh and sti li maintain nerve excitability. Similar results were ob-
vta'i.ned for Ca.+2 replécemerit by La-+3 by Takata, Pickard, Lettvin,
and Moore [ 132]." _:Khodorov a.nd_P.egano.,v' (84) found..La'.+3, Ba+2,' and |
Ni 2 physiolégica’lly similar to Ca+2 on frog nerves. Compérison
“with the ‘ca'lcium Vc,oncentr.a‘.tion studies on squid axons by Franken-
hauser and Hodgkiﬁv [ 35]‘ indicates t.hat ‘these éolyvalent‘ cations have
a ;"s'omewhat similar physioiogical ef.fectvtp that of high | Ca+2] .

This effect is manifested ‘ir'l_a higher stimulus threshold voltage

and a broadened action potential. Because of the fairly non-specific
nature of successful Ca+2 -replacefnepts, and because of the chemical
similarity between La-lh3 é.nd the raré’-earth .ions following it m the
.[‘)eriod-ic‘ table, one would anti-cipat'e. tiaat ainy-of the trivalent rare-

earth ions would be a successful substitute for ‘Ca+2.
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E. Models

The time'.ﬂéour'se of action i)oten-tia;l a.ﬁ ohé point is a sort of ex-'
plosive phenorhenon. First, ﬁpén'a stimulation stfon'g enough to push
tl_ﬁe membrane past some threshold point of 'uns‘tabl.e erq-uilibrium, some ' | «
: p‘bsitiv.e. feedback system continues to alter the membraﬁe's electrical
- v:and/or ion transport properties in the samé diﬂrecti.o'n as the stimula-

i 'vtion. A second phenomehoh rleturns the' membrane to the resting state.
The two functions are related by a.ﬁ unknown meéhanisrﬁ.

The forwéfd spi'eé.d .o‘f the é._c_tipn potentiél masr or may not be an
inélependen*: process from the positive feedbé.ck sirstem.operative at a
~single point on the axon rherhbrane. j E‘xcit‘a'tiqn may spread forward be-
cause the‘_io"riic current in the rising phase of the action péterftial is
inWardly directed, and part of the return path of this current is out-’
wa_fd through the nvqémbra'ne: region just ahéé.d of»thé action potential,
th_ereby. exciting. ﬁhe forward membrane region by some voltage or cur-
rent dependent mech.La.niLsJ:n.0 Or perhaps the forward 'spfead is entirely
membrane phenomenon, a wave or "'ripple' in the state of membrane

macromolecules based on possible cooperative interactions among

oo
-~

fhé_m. - Resolution of the action po.tential. into two sbtatéS‘, with one phys-

ical phenoménon involved in the riéing’ phase and an‘othe‘-r» pOS's;ibly re- :
ia_ted one.'in thé fa.,lliﬁ‘g' phase, is onlythe simplest, but by no means _th"e‘
truest, model of rhembrané_ events. One instéa.d could.conceive of a

whole series of quasi-stable membranestates with appropriate

P"To paraphrase Dean Rusk: T falling like a row of dominos."
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transitions between them, or in the extreme, a continuous range of
_staites.' So it appears that the test of a mathematical or physical model

for nerve excitation is not 'onfy whether it works and satisfies electro-

: physiologiealb characteristics, but whether it makes chemical sense;

i.e., it must be consistent with knowh ‘experimental information on the

phyéical, and organic chemistry of an action potential and the macro-

_molecules involved.

Numerous models for the nerve membrane have been proposed.
It is generally true the.t if one simple proposed model of excitability

correctly predicts axon behavior, then infinitely many more complicated

‘_models also will do s0. (This is apart from the previously discussed

ambig@ity of models derived from electrophysiological data alone.)

And, unfortunately, in biology.the simplest and most powerful model

- by no means is necessarily the correct one. However, nerve models

do help suggest new chemical and spectroscopic experiments whose

potential ‘results may narrow the fi€ld in model competition, and they

| he__lp one mentally order the available experimental data. Since this.

thesis is an exper.ifnental study of Ca+2-nerve interaction, we will
discuss first the two most popular models, followed by brief discus-

sions of several other models assigning a specific role to cat?,

1) Hodgkin-Huxley Model (66, 63, 64) ‘

Th‘i_s model is by far the most quoted of all, and experimental
results'are.usually phrased in terms of the. model's mathematical

parameters. Strictly speaking, the Hodgkin-Huxley (HH) model is an .

‘equation describing the current behavior of an axon in a voltage clamp.
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, 'i"he funétional errﬁs-of' thgé'-»tevrms c;f tﬁe equation were arrived at em-
pirically, .a.nd suffici'en;t adjﬁstable par_é.rrieters are available to make
the equati’onAs fit experimental r»esutltls ox'rer a wide ra}nge of voltages
and ionic conditions. In this sense, 'the‘i‘node.al is "'true' but adds little
tb one's u‘mdersté,nding of excitation at the molecular level. However,
the model.imp'licity. CO.nta.i.lf'l’S’ a particular 'phys'ical outlook, the points

'.‘of‘ which are éurrimafizéd below. .

| a) The 'perme,abilit‘ies of the membrane to N.av‘Jr and K+ ions are spe-

cific and independent of each-'other.'._

b) These éexmeabilitiéé a‘re explicit, sﬁlooth functions of voltage
and time, strongly suggesting that i_r'o abfm;pt phase transitions exist.

c) An all-.or-'none action potential can be.understOOd by a straight-
forward ,interpreéétion of voltige claiﬁp data:. ' ' |

In the restin.g nerve, Kkt -permeébility is much hig.her than Na™

permeability;, hence the resting potential is ne;ar' the K' electrochemical
equilibrium, which is"negative inside. Upon s‘timula_(;ion of the ﬁerve
bir depolarization, the Na® permeability becomes greater than the Kt
pé-i'me_ability,.. which leads to an influx of Na+, 'thereby making the in-
gside nﬂore poéitive. "The Né+ perme'ability is assumed to increase mo-
notonicé.lly with thé inside électrical potential, so the newly.raiséd if-
_side poteﬁtial lead.s‘ to .gr_‘e'ater. Nafpe‘rmeability'.a‘nd fasteAr Nat infiux.
This is thevHH version ofj thé "positive feedback!" bsvy‘stem required of
.excitabi_lity-models; “Membrane potenfial thén approaches the Na®t
équilibr.ium potential (positive inside), but never quite .reachés 1t be-

. + : .
cause a second process begins to take over: Na permeability
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"'ina:ctivation". This is a time-dependent p’rocéss which smoothly de-

creases the Na' p’erméability to its original level before stimulation.

Simultaneous with Na™ inactivation, KT permeability smoothly rises

to a level higher than the decreasing N"a+permeabi1ity, leading to an

efflux of K* ion, accumulation of positivé charges at the exterior sur-

face of the membrane, and a conseq_uen_t return to the resting (near-KJ_r

equilibrium) potential. The K1 perineability,' being a function of mem-
brane voltage as well as time, then returns to its resting level, The
mNat inactivation"‘_diminis’hes 'aft;r about a millisecond, thereby ac-
counting:for. thev:s-hor.t ref‘ractory period after the passage of an impulse.
Vc;ltage _cla‘rnl.)' data, .éccording to the HH mo:dél, cléar‘ly ‘'show the tran--
sieht aCtiQat‘ion and inactivatvion of Na.-+ (early current) and the delayed
'K+ curr‘éntl(late curfent).' In the course of action potential, thé spe-
cific ionic conductances take on a time dependent course illustrated in
Fig. 5. Calcium is not fﬁentioned .ex-plicitly in the HH model; presum-

~ably it functions to control Na't permeabili'ty. Because the HH model

XBL 744-691

Fig, 5, Hodgkin—HuxIey interpretation of volt-
age clamp data in terms of specific ion con-
ductivities, applied to an action potential.
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is. more a mathematical than physico-chemical prediction, it is hard
to find evidericé aga-mst it. ‘H‘owever_, the _assumptioﬁ of specific, sép-
arate ionic conductance channels does appear to contradict the remark-
able _obéervation that s‘c.luid axon actiéﬂ poténtials can be produced using

only Na.-ZP‘O4. int'ernalllz' , aAnd only CaCI2 exte?nallx, (148).

2) Tasaki model (134)

_Té;sa;ki:' s model differs from the HH model in the following im-
portavlf.l;}tf"p‘oints: |
a) v_;Aé‘the'héight of the a‘ction potential; the .mer.nbrane is in an ”ev,x-.v
.cite'd”’ qu‘.asi-stablev macromolecular state which can be approached"
from the restipg state only by an abrupt_, 'coopérative ""phase transitioﬁ'_'
of a s‘erﬁi-crysté.ll ine macromolecular array.
"'b) It proposes a specific chemical scheme for excitation, placing:

2 and K+ ions with the

émpha‘s'is on the chemical interactio.n-of Ca+
membr-ane, rather tﬁan' on >pa.s sive iénic_ diffﬁsipn through it.
| The i’nddel proposes that the ion-conducting portion of the mem-
_bfane acts l.ike’an anion;limperme;ble cation exchanger (1:’50), able to
tr'anspdrt positivelyvch'arged ions via a binding and jumping mechanism
on'membrane-fixe-d negative c‘ha‘rges.-, " The evidence for fixed negative
charges in the mem‘bfane'cérﬁés from (a) the previously mentioned pres-
ence of negatively 'charg.ed. glycoproteins in the outer layers of the mem-
b‘raﬁe;’ (b) the relative impermeabili'ty of anions through the axon rhem;
brane (although- this \v/:arvie‘é With animal species); and (.c) physiblogical
(49, 116) and eiecérbphbretic experiments (120) vindicating the pres.ence

on the order of 1 negative charge/1600 A surfé,ée. (However, there is

-«
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no ev‘idence as yet that these negative Chargé$ are directly involved in |
excitab.il'ity).. Thé membraﬁe po}tentvi’al‘s are due not primarily f_o'excevss
vionicvcharg(‘e layers on the surfaces, but rathe_f to the intra-membrane
.generated vdlfages geﬁerated by the different mobilit.ies éf cations |
which continuously interdi'ffﬁse in b_ot-h directions (57).

The ré-sting state of the membrane is characterized bjr high af-
finity for divalenl:lb(vi._e. , Ca+) rather than univalent cation binding, hy;
drophobiélity, low electrical conductivity, and ‘av hig‘her,fnc_)bility bfor K+
iéhs than ‘Na.,+ ions. The excited state is characterized By the re.- |
verse of the res_ting. state, i.e., high affirii;ty‘l for KT rather than Ca+2,
hyaropiriilicity, h;gh conductivity with increa_sed»mo_bility of all ions
present, a higher fnobility for Na+_- than K+, and possibly an increase

in fixed charge directly due to the removal of bound Ca+2.

The nerve
is excited, not by triggering a volfage_-sensitive increase in Na per-
meability as in the HH model, but instead b}.r driving K+‘ ions into the
membrane, t-hereBy displacing bound Ca+2_ jons which thrpws the mem-
brane into the excited state. This can be accémplished by an outward
current (which incidbéntall‘y aépolérizés_the n-le'mbrane), which carries
K+ ions from.the a;xoplaSm,‘. or by a high e_xternél K concentration
(which é.lso incidenta_lly depolarizes the .membrane)z. Physiological
evideﬁce on nerves is cons’is'.tent with the pos«tu'latedetC‘aT competition,
but no direct e'v.idénce for it exists. |

For 'examplé,:.raising the extérnal K+éoncentrat_ibn graduallly leads -
bto an abrupt depolbarbizatio‘n.- I thé Ca+2content;of the high [K+] external
solution- is then gradually increased, there fbllows an abrupt return to

the normal (relatively hyperpolarized) membrane potential (134),
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The cooperativity of the membré.ng is.the'Tasaki version of the
required po:f;itive. feedback for excitability models: the presence oflK+
in the membrane abox}e threshold céncentration will throw the mem--
b_bra'une into a new macromolecular state Whe.ré-the affinity for more KT
is.g're‘at_;ly‘ Vincreasex‘i. This vco_‘operavtivii.ty;presumably is due to inter—
‘mo.lecular interaétioné whefei)y one mélecule‘ can ''sense!" whether its
neighbors aré in the Ca+? or KF lbindin'g con.formation, and thereby be
c.(.).r‘hbelled to assume the same-conformatién. _

A general mathematical theory é'f how cooperative macromolecular
ihterac‘tions can lead to a membrane with two sgabié states has been given
by Changeux et al. (18); the theory became the basis of a .general—excit-
ability model in whi ch the two states are-'cl.laracte.rized by a discontin-
uous change vin the é.ffinity and permeability of some ionic or molecular
.‘species (10). |

The steady-state merﬁbfane potential of an excited state mem-
brane is 'po.sitive.inside; the re_‘stingv s.tate is n‘egétive inside. There-
fore, in a region of the 'me.rnbrane where excited and re-s_'ting regions are
adjacent, as hea’-r the advahcing front of an action potential, current will
flow inward. in the_gxcited'region aﬁd outward in the resfihg region (see
Fig. 6). In the excited region, well in back of the front, no current
'w-iil flow, but external Cva+2.w'ill gradually diffuse back into the mem-
brane, - If the external Ca'+2 .concentfa;tion is hvigh enoﬁgh (as it is in
the blood), bthen sufficient Ca.-li2 wili eventually diffuse back into the
‘membrane to cooberatively throw it back to the resting state.

. The ob‘serVed action potehtial isn’.t squé,ré shaped because the ex-

. citation spreads in "patches'': some patches may have a lower threshold
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for a K+-i£duc’ed Mflip! than others | TTX's effect may be to slow the
kinetics of this flip, thereby reducing the ,inwérd current at the front
of an action potential or in alvoltage clamped akqn (149). 4 -
| Although ’fé.éaki' s model can explain most of the observed effects
 0£ Ca+'2disc_u~ssed,‘ earlier,l- paréicularly its rble in stabilizing the resting
state, it apparently does not explai:n' why a high external Ca+2-- concen-
i:ﬂ‘.i‘jé-tion. bfoadens the time équr.se action potential. The model would
seem to predict the opposite_; i.e., é qﬁicker'retufn- to the resting state.
‘A:dditiona.lly, thevr‘e is no éxplanatioh ,fo‘r the Seeminglly"'specific" action
(;f'inter._nal tetraeéhy.rlafnmonium ion in bllocking'the late outward curreﬁt,
Which is one of the key experimental. fé;ts used to support the HH as-
sumption of sepai'ate, specific ionic éhan‘rléls." |
If the axon can exist_‘in two stable states A and B, and an action
IV potential is a transvielnt switch A—- B —> A, then it would appear thai: a;n
inverted action potentiall B—- A~ B. could propagate, with appropriate’
i.ﬁternal _andvelxttle'rnal salt Cbnéentrations in a pe;rfused axon, Such a |
phenomenon does exisf (133), and is called the "hyperpolarizing'' re-
sponse. It is a ‘transient hyperpolari_zation.in én axon whose resting
potential is depolarized by high external [K+] , m response to a pulse
‘o-f inward curr'ent;. | |

The origin of the membrane potential, whether resting or active,

»

is no d;)ubt not as mathematically simple as is generally assumed in
.eqﬁations (134, 62) relating .me_mbréné p‘o.tent'ial to ion permeabilities
and mobilities. The _membrane is probably not hoﬁmgeneous, neither
in the lateral nor transverse directions, so assumptions of a covnstant

transverse electric field across the membrane (6ften invoked by HH
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supporters) or similarity to polymeric  ion-exchange resins (as pro-

posed by Tasaki supporters)_are not accurate.

3) Other mddels

What follows is a brief review of some other excitabilitjr models

prescribing a spec:ifié function for Ca.'+_2 ions.

a) Tobias phospholip‘id mdde15(142)

This model is similar to“the Tasaki model in de.scribing the first
étei)vof excifaﬁon as a replacement of meﬁbrane bound Ca_+2 by K from
the _a.xéplasr'n.v Tobias postuiates that the critical ion exchaﬁge occurs
at the phosphate .and/or carboxylic '_grbups at the polar enas of the phos-
phatidyiserine molecules in t};e‘membrane. The phospholipids then
undefgb a._ﬁ -orientatibnal change, inducing a conformational change in
the lipoprotein membrane structure which isékpress‘ed‘ in the .electro—
physiologicél pfop_e.rties of the excited state. The evidence for the
theory, which puts phospholipids at the critical triggering step, is en- .
tirely indirect. Ca+2 binds to negatively charged (at neutral pH) phoé-
'phol.ipid mondlayers (37) and K can re'pla‘ce' Ca,+2 bound to phosph_olipidé
(97). In addition, some ofithe éropértie.s of the excited s‘téte-—increased
‘membrane conducténc_:e and water permeability--are fnifnicked in phos-
pholipid aftiﬁicial men‘qbr.anes'by the introduction of K' and the removal
of Ca+2. ” |

” Another rﬁodel which_ also places‘heavyb :em‘phasis on the role of °
oriented p‘hp‘Spholipidé is that of Wei (150). 'However, Weils model does
not specifically -mention ion-binding: 'excitation is induced by a ‘voitag_e- ,

induced "flip-flop" of the oriented phospholipid head group' s electrical
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dipoles, i.e., a reversal of d.ipole orientation which propagates along
the axon 'by‘a. dir.ect,_ cooperative electrostatic interaction among di-

poles.

b) Nachmansohn aéetylcholine receptor model (103)

The genesis for Nachmansohn's model is the apparent .ability of
acetylcholine (AcCh) to ele,cvtrically .ekcite pos:t-synaptic membranes;
1ndeed, ac}étylchvoline‘is coﬁunbnly thought to be the transmitter sub-

’sta.rf;""c'ev in synapses (77). Exposure to ,a'cel:yl'ch.oline can directly ex-

cite lobster walking leg nerve trunk_(39)', but not most othetr nerves, .
presumably‘becvavu.‘se they afe wrappyed. with sheaths containing 'acetyl;.
f:holinesterase, which éleaVé,s the ester bond of any incoming acetyl-
choline molécule.

In the model, AcCh is bound to some prc;tein in the resting sta‘te
in_embra_.ne.v»" Iéxcitéti'on leads to the intra-membrane r‘el_ease'of_ AcCh. |
As in‘ slynaptig transmission, the AcCh is then captured by a protein
receptor,. which uﬁdergoe»s a _confo‘rr‘nati_o.n ;:hange. In order to explain
‘the important phyéiological effects of Ca+2{ ‘Nachmansohn assumes the
receptor protein binds Ca+2 which is feleasedlupon the AcCh-induced K
conformational c.:hange.:. The release of Ca.+2 triggers other conforma-
tim}xal changes éhérac’terizing the excited state. Return to the resting
state occurs by rné_rnbrane-bound acetyichdlipesterase hydrolysis of
the transferred AcCh. Ev'id_ence fobr this rather corr.lpliex series of
e;rents is that inhibitors of acetylcholinesteraée block electrical activity
of axons, 'as:dovorganophoéphat,es, which are kﬁown to reversibly bind

to acetylcholine receptors in post-synaptic membrane. .
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c) Passive key model (88)

This model, proposed by Lettven, Pickérd, McCulloch, and Pitts,
is probably the sifnplest physico—chemical scheme for explaining ex-
citai)ility in terms of the sepﬁrafe channel'éongept associated with the
Hodgkih—Hux}ey model. Ionic transport is assumed to take place by
way of ;mall pores. or channels, Thje cation channels aré of two types,
the KT channel which is large enough -tq'paés Hydrated K' (1.7 A radius)
but not hydrated Ca+.2 (2.8 Avradius), and the slightly larger Na™ channel
which passes hydrated Na+ (2.4 A) and K+ with ease and hydrated Ca.'-’2
with difficulty, In 'th¢ rgsting state, Ca+2 will block the Na™ channels
~ by binding to ‘the walls of the channel int-erior, but upon a depolariza-

_ t.ion, thé membrane u_itraétructu:re changes slightly so that Nat can "knock"
Ca.+2 out of the channel, allowing Na' ions i:o flow through the channel
‘until another Cajrz again ré.ndomly becomes locked :in‘ the channel, thus
cutting off Nat flow. The KT channel is as.surned to _Be blocked by‘Ca++
at its outér end with a strength related to the local ele'ctric field. A
'lﬂarge depol'a?ization will loosen this blocking, ,a.llovving_K+ ions to flow
§utward, th_ereby 'rkepplaf‘riZin.’g the fnembr_aﬁe ;and allo_wiﬁg Ca-l-2 to again
resume its blocking of K’ channels.’

‘No doubt'this‘model is not literally tfue .sin'ce membrané ""'pores'",

if they e>.<is.t, would be hig‘h-ly .irregula'r, bumpycgaps in macromolecular
arrays. But the model does predict the previously fnentioned effects

of Ca+2 in shortening the refractory period and of La+3 (hydrated radius

3.1 A) as a "'super-calcium" replacement.
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d) Weiss molecular "springs' model (152)

This model, ,s.ox.'t of a "three-state t'heofy"', envisions membrane
lipoprote_ins in ‘a spring-like helical conformation which is cohtracted
in the resting state, with .Ca+2 bound to o_ﬁter sites _and Kkt bound. to
inner sites. An outward excitation current displaces the Ca+'2, causing
the‘ "springs;' to ekpand, which raises tﬁe Na® permeability. Caqlh2 dif-
fuses b_a-,ck into the membfané with. Nat causi.r.lg the "'springs'' to re-
.cOntra-c't;vinto a conformation.<'fa.\’rora'_..b1e to binding and passage of Kt
ions, .The k' .current displaces Ca-+2- from inner sites to outer sités,

and the membrarne thereby reverts to the resting state.

e)‘ Calcium adsorp‘tion'layer models

-In their classic p'ap.er on the effect of Ca.+2 on axon e.le.ctrical
properties, 'Franvkehhaeus_e‘r and Hodgkin (45) suggest that Ca+2 ions
- may be adsorbed at the outer. edge of the membrane, creating a local

electric field inside the rn'emb-rane which adds to tﬁe_resting potential;

i.e., adsorbed calcium ions might alt ér t_he.distribution of other
charge configurations in the membrane w-ithout‘ changing the observed
membrane potential. In this way, one can prf-:.serve.the Hodgkin-
Huxley idea of purely. vollt-age-sensitive ndac_:rémoleé:uiar configurations
wivthout referring" to .th'e specific 'bindin‘g chérﬁi'stry of Ca+2. . Deadsorp-
tion of 1Ca+,2' would be electricaily equivaleﬁﬁ t;) depolarizatién.

A more recent model involving an CaJrz adsorption layer is that of
Offner (107). In the model, permeability‘ to N,a.Jr and .K+.is controlled
by an evlectrical field _bva.r‘rier at the membrane intefface with the axo-

plasm and external solution, as well as a layer of bound Ca+2 at thé
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externai "ir_lterfac,e. The theory is basé_d on the premise that uni.x/alent
cations cannot pass. a region of the e'xferné.l rﬁe_inbrané surface in the
immediate vicinity of an absorbed Ca+2 ion. Depolarizati;)n has two
‘effects: it 1owe‘rs. tiie external interface's electrical barrier to per-
vmeation ‘by Na+, and it causes Ca_+2 to bé deadsorbed. ,These com-
bined effects cause a large'influx 6f Naf ions, whi ch.the.n accumulate
in the membrane interior, unable to pass the internal interface barrier
as the membrane pélarization becomes positive inside, thus ieading to
"Na 'cu_frent' inactivation", Outward Kt curr_entb‘is essentially an ohmic
current, delayed because of the initial electrostatic barriers at the
inner membrane interface and the dil':ninishing'Cadlp2 adsorption at the

external interface.

f) 'Goldman multi-state moael (50)

Go‘ldman"s theory proposes a precise mechanibsm by which the
conformation of a macrbmole}cule critica_lly involved in excitation can
be modulated by univalent and divalent ion Bihding, and by membrane
electric field, If the hypothetical fnaéromolecule has a dipole moment
near the outer membrane surface, the resting membrane electric field
will orient the d’ipole with the positive charge embedded in the mem-
brane and the negative charge eprsed to electrostatic interaction with
ions; wh_eﬁ the membrane ié depolariéed, the 'dipolé will rotate more
',_fr‘eely. The conformation of the mg.cromolecule depends upbn the
electrostatic attraction between the singly-charged posi‘tive and neg-
ative eﬁds of the dipovle,' éséumed to be connected by a flexiblé molec-

ular chain. These charges attract each other when no counter-ions
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are present; they do not interact when the negative charge is electro-
statically bound to a univalent cation, and they repel when the neg-
ative c;harge is bound to a divalent ‘cation. If one assigns a specific

affinity for Na+, K+, or Ca+2

. to each of these conformations, as well
as appropriate electric field—dependenAt‘rate constants for tra.néitioné
between them, one ‘can work out a2 mathematical model which success-
fully predicts much physiological data. Speéifically,' Goldman assumes
the ‘re‘sting state is that in Wl;liCh one end 'o.f ‘the dipole is buried in thé
membrane and Ca®? is bdﬁnd to the other end. Depolarization allows

*2 .nd bind Nat

the dipole to emei:'ge from the membrane, revleése Ca
‘and theﬁ Kt in successive conformational states.. |
The models vdiscussea, ‘as Wéll'as méﬁy_not me'ntioned," diffé,r .
on several key poinfs which c.annot' be resolvved on electrophysiological
‘evidence alone. These di fferen‘ces. include:
1) Is the electrical behavior a voltage dependent or ioﬁic— ’
envir énment-depéndent phenomenon ?
1 2) Ar_e the ionic distributions and flows in and -around the
.m'embré.ne‘ in a steady state throughout the _duratiori of the
.agbtion poi:ential so that thev electrical changes ”keép up"'
with changes 1n membrane macromolecular structure, or
doeslthe formation equilibrium lasrers‘ lég béhind membrane
structural changes ? - a , ' ' _ .
3) Is propagation via a spread of current, a propagating coop-
erativ¢ @acromolecular interaction, or a propagating heat

wave (as propo.éed in a model by Schmidt (91))?
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Most of the m_odels_preséribi’ng.a definite function for Ca+2 indi-
rc,at'e that it is beund -in the resting axon and nnbound duning some part
of the excitation process. One property ofV'Ca.-l-+ (as opposed te_ Na™
and K+) is that, as'a divalent ion, it has Vthe ability to cross.-link,neg-
ative charges on separate molecules, thereby restricting their motion,
and also _it_ can bind etfengly to dinoler or negatively charged layers
in the rnembrane, thereby neutrali‘z".ing or reversing their charge and
altering their eleetrical behavior. |

A rnaj or effort of this thesis is to find e‘xperirn'e'ntal evidence for
a change in the binding state of Ca"-2 during excitation, primariiy by
spectroecopic means. The following brief review of previous spectro-

scopic experiments on nerve axons completes this chapter.

F. Spectroscopic experiments on nerve

Spectfvoscopic._.experiments on firing nerves have examined
c_‘:henges-in the absori)tion, scattering, birefringence, intrinsic and ex-
_trinsic ﬂuerescence, and spin resonance. An excellent recent review
of these and other'-non-electrophysiologice.l cha'nges isk given by L. B.
Cohen ,(23)' Some’ of these' spectroscopic. changes are clear evidence
of alterations in rner‘nbré.ne_ structure during excitation, although the
critical structurail..changes which ir_npa'rt, excitability to a membrane

still have not been revealed by‘ spectroscopic techniques.

1) Absorption -
Kayushin et al. (78,‘124) and Makarov and Kra'so'vitsk.aya (93) re-

ported changes in ultraviolet absorption of light in crab and cuttlefish

nerves. At 245 nm, the absorption decreased approximately 40%; at
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26-5'nm,> the  decrease was from 5-80%; at VA280 nm, the absorpt'ion in-
creased from 5-509 . (In all cases, the crab gave 1arger changes
Eh‘an'the cuttlefi sh nérvev.) "These obsérvatibns'apparehtly are not cor-
récted for “scaft_erin_g changés during firing.' -The, changes at 245 and 280
nm may be conneét‘ed with prrotein ‘cpnformatiohé,l changes involving
cysteine gnd tryptophan reéidues, respéc_tively'; and é.t 265 nm with ATP-
modulatéd by Itransie.nt' pH.cHangés in the médium. At’témpts to>mea-_
sure-a_béorption changes in frog and squid hervé thus far have been un-
succ‘:'é"srsva\il. (23). |

ﬁo changes _in'viéible absorption synchronous with an action po-
teﬁtial have been reported.. |

Infrared absorption changes 1n frog ner\‘}ie_ have' béen measured by

Sherebrin et al. (121,122). Correlating these with the wavelengths of

| known molecular v}ibrational bands, ‘the au.thoré deduce that‘P.-O-C
stretch, C-H deformation, aﬁd carbonyl stretch are involved in gxcit‘a- .
tion. |

SofneWha.t re.la.ted to infrared absrorpt‘io.n measuren'.le.nts hé,ve
been measurements of heat emissioh dufing the passage of an action
potential in a rabbit nerve truhk (71), using a t‘hermopile-"ih direct con-
ta.'c't with ,the nerve. The rising edge of the action potential emits 24
p;:a'l/gram of héat energy',. and the falling edvge;reﬂ-a-b'-s'oi'bs 22 pcal/

gram,

2) Scattering“

Light scattering changes at 90° on the order of 2X10™ ' times

the resting scattering for squid nerve have been observed by Cohen
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et al. (27); a transient increase folldw:s the course of the actioﬁ‘poten-
ti:;v.l, followed by a longer—lasting inérease. Sé_attering étudie_s iﬁ volt-
age clamped axdn (27 in’dicai:e that these cha-ngeé depend primarily on
ghe integrated cu_rr'eiit- through the.éxbh membrane, ‘with. only é.'émaller
de_pénde’nf:e on membrane potential. Tasaki et al. (4 38). obtained an in-
’c.:rease in 90° scattering of monochromatic visible light'éf 0.8—.5.7><'10-5

times in intensity at rest, on the nerve trunks of lobster, crab, and -

squid; the change was independent of visible wavelength.

.‘ 3) Bir.efringenc‘e

Nerve membrane is birefringent, 1e ,. its optical index of re- .
fraction depends upon tl;e orientation of the plane of polarization of |
’transmitted'light.’ This birefringence can arise from two sources: .
(1) homo.gene‘ous ordered arfays of’ molecules whose oriented chemical
bonds are anisotrqpic in their polarizabilities, and (2) heterogeneous
bﬁt ordered arrays (such as stacké of rods or layers) of two or more -
materials hav.ing different indices of refraction. The physical theory
of Abi;efringence is reviewed by Kaplan (76). Ché.nges in birefringence
(or_ more ébrrectly! optical retardation, Which is the pr(;duct of bi-re_—
fringence and thickness) were first reported by Cohen et _al. (25) to
produce a _'fractio'nal 'light intenlsit:y change of 5><10"6 in firing squid
axon, More ca.i-eful'voltag_é—cl'la.mping birefringence results on this
axon (26) led to éhe results that (1) the birefringen_ce ‘change apparently
is Potential-aependent,' but .in'-a non-linear manner; (2) it is a phenom-
enon of the axon‘v mem_brane} rather éhan the axoplasm or Schwann cells,
ahd (3) the increase in _mémbrane opticé.l retardation during an action

potential over its resting retardation is about 0.2% . The observed"
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: changeé could be.‘ COr;;;ected: either w1th rer-o‘r‘ientatifon of sorhe‘ mol-
ecéules -du.ri‘ng depolarization (the Kerr effé-cﬁ) or a change in membrane
thickness due to electrostricfion. Kaplan (76) investigated the effects -
éf vafious destructive enzymes on birefringénce changes in lbbstér'
_giént axon in order to identify the pé_ésible rn"a.c.romolecuﬁlar source of -
the effect. His results indicate that glycoproteins, | hyé.lu‘ronic acid,
é.nd possi'bly-r_giycoli:ﬁids and proteiﬁs may be invol’v.ed.v But since bire-
fringence change‘s‘cvan be modified ex_vten.s'ively. by enzymatic treaétin_ent B
without a,.’ffecéing t;he :Aa-ctic')nvpo'tential, the b‘irefringence éffect does not
aﬁpear to be directly attributable to the ma-érérholecules controlling

the ionic permeability, bindi-h'g, or ih/oBi’lity changes characteristié

of excitation.

4) Intrinsic fluorescence

i .

Masters (94) claims to have observed a .019%, transient c'hangve of
protein _ﬂvuo‘resc.e‘_née from the ‘amino_acid_ tryptophan in a firing garfish
olfactory nerve. However, he admits that t_hé possibility of an exper-
imenté.l artifact‘ was not entirely eliminated; furthermofe, my own ex-
__periments on the same preparé.tion_ did not reproduce Masters' results.
~ No other repérts of ‘c‘hangeis in the flu’ér'es;:ehce §f i'ntrinsic' nerve
membrane chr‘omop}‘m‘res syn’chronoﬁs with the actioh Pé,tential exist
in t_he literatﬁre. Ho.'vvever”, Ungar and Romano: (144) have appiied
. trains of 105-106 stimulations énd cla_imed i-eductions of fluorescence
‘up to 30‘%--_a.1thoug'h this change, if true, 'may not be synéhronoué wit;h
‘membrane excitatioh evenfs, but instead associated with the énergy- |

dependent pumping mechanisms. The temperature dependence of
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tryptophén (profein) ﬂuoreséence in n.erve- shows abrupt changes in
two narrow temper’afure intbervals;“ thesé»ﬂﬁbrgséence changes canbe cor-
related with abrupt changes in impulse propagation 'pfopérties in ‘the
same temperature int_érvals (22). Such résults indirectly indicate
changes in the supramolecﬁ-lar structure of protein or protein lipid ar-
rays during excit‘ation. |
Study of intrinsic NADH fluorescénce in the nerve tmostly located
in.the axoplasmic mitochondr‘ia) (41) shqw a de;:rease in NADH concentra-
tion after repetitive firing, 'probably by oxidation to non-fluort;scent
NAD (84). 'The phenomenon is probably associated with the increased
rate of.'enevrgy-d‘ependen.t' membrane pu‘mping' dﬁe_ to the partially eﬁ:_
haqsted concentration gradient and Aaccun'lulated influx.of,Ca+2, but not

directly associated with excitability mechanisms.

5) Extrinsic fluorescence from membrane probes

The fluorescence"spectra. and quantum yield of many molecules
are s_enéitive to the viscoéity-, pH, solvené po];a'ri_ty, and specific'chem-
ical neighbors in their microenvironment. An exceiient review .of_ the
theory of _extr‘inéic fluorescent probes is given -by Raddé énd Vanderkooi
(111). Some of these molecules bind to or accumulate in axon mem-
brane. In récent years, liéerally hundreds of fluorescent dyes were
used to examine qha_nges of membrane-bound dye fluo.re.scence synchro-
nous with the acti.on potential. As in observa_tion of all 6th.er optical |
changes in axons, _the vchanges- are vvc.ary slfr.lall, and signal averaging'

over hundreds or thousands of nerve firings must be performed.
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. The first dye employéd for theée exper.:iments was 1-anilino-8-
'naphathalgne sulfonate (ANS) .which fluo_resces infenself only in."a low
'_pélarity (g__e, hydropﬁo‘biq) environment, such as the lipid interior of
a ﬁiembrane. With AN-S é.:idé_.d -to thé_ ext.er‘rilal solutiori, fractional flq- :
orescence increases of 5X104-5/impulse were observed synchron(ous_
wi't;h'f,iring (110). Voltage clamped studies using ANS externally (24)-
shb\;r'thg.char-lges to follow .c1osely ‘the rgctangular shape of the applied
potential with just a slightly lewer’ rise time; 1___9 , the chianges appéar‘ v
largely ”vo‘ltage dependent', | Similar experiments were performed by
several groups using mé,ny' other dyes (see re‘f.‘-23 'for a review) and in
all cas'e.s, the fluqresceﬁcé. change fé)llows the time course of the po‘tel}-
tial in firing and voltage-clé.mped nerve. The only differences in ef-
 fects among the dyes are: (1) ANS is the only _vdye_ which:reve_rSed the‘
sign of its effect when ajpplied internally rath'eAxv' .than. externally, possibly
because‘_rnoAst: other dyes dif_fﬁ_sed thfough the rne.mbr.a..-ne more rapidly
thaﬁ ANS; (2) most types of dyes show an increase of fluorescenc_e '
durﬁxg depolarization, but pjronin dyes shqw a decrease; (3) some
dyes gave a fractional fluo"rescehce chanige larger than '10-4 Whereas
other da'ys showed n(; fluorescence c‘:haﬁ_ge. ‘In fact, one ‘of the d'.yes,
nierocyani_n (injected ihterhally»); gives a fluorescence change large
énough Eo observe without signal avtei'ag‘ing, 'a.nd therefore i‘nay,be use;
fui in optiéal exé.m’mation of in. vivo firing péfterns of neural'néts (4).
'Most of the dyes' fluores_cevnce varies linea.;'ly with froltage clafnp

potential, although at least two dyes _shoﬁv a .quadratic dependehvce._
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The: ofigi_n of the fluorescence change,s A_is not clear, but they
do not necessarily reflect meémbrane structural changes during excita-

tion. More "trivial" explanations exist, as follows:

(1) The dy-es may _!have an electric field-sensitive fluorescence,
due to Stark effect-type energy 1evé1 shifts which change the probabil-
ity of radiationless decay vs. fluorescent decay. The average electric
.field in a membrane is very strong indeed (~105 V/cm). - The slow
rise time of th.e fluorescence changes observed in the axon rﬁay be |
too slow for this trivial explanation to account for the observed effect,
but the rise time of a trans-membrane potentiél step 'is not a well
controlled éxperimental barameter. ﬁ 'i‘he electric field dependence of

these dyes in solid glasses or crystals should be examined.

(2) " .The pote'vntial changes across the axon membrane may be
‘acting to ché.nge the total quantity of dye; in ﬁhe membrane, or at least
fhe concentration pi'ofile of dye in the membrane. For example, ANS
is negatively charged; deponla.'rization the_refofe would ;redu(ce the poten-
tial barrier to its penetfation into the membfane interior froin the out-
side and thereby increase the _quahtity of ANS in a hydrophobic environ-
ment. = Exactly how each dyve will ac.'t by this sc'héme depends on its
membrane solubiiity‘and ‘p‘ermeability., as weil as thé electric field pro-
fiie across_the‘ fnérnbrane. | ‘

(3) For chérged dyes, and those with‘permanent or inducible di-

- poles ele‘ctr’icifiel_d changes can move dyes’ali'eady béund to the mem-

brane surface into regions of greafer hjrdfopho.bicity nearer the center
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of the memb‘r;,nve,. Prediction of th-i's"é'ffect depends on knowledge of
- the electric field <gradient _a.cfosS the membrane sﬁrface.

Such trivial exﬁlanat‘ibns have rece'i.ved suppOrt‘ from the observa-
tion of changes in the fluorescence intensity 'of ANS‘.-sta.ined lipid bi-
layers ('wHic_:h are certainly not eicitabl‘e) ‘subjected to voltage pulses .
(32). -;-fI-i_t)wever, even lipid bilayers have orienté.ble head groups and
may 'uv'r.l‘dergo "structukré.llchang.e's”Vwit‘h application electricai fields.

' 'Recen_tly, Taéaki'é' group has begun inte.nsive.studiés of the
polarized'fluonescence res_pdnse of 'Z-p-toluidinyl-naphthallen_le sulfé- )
nate (;I“NS) in squidsner.ve.axén (136). . Using ;exc..itin_g iig‘ht pélarized » '
pa‘rallel to the a:;on"s axis,‘no change in the intensity of fluorescent
light polarized pe’ri)‘endicula.r to the axon axis (observed at 9'0°. to the
‘exciting. beam) was obse‘rv'ed. Howé&er, Ithe_.interllsity of fluorescent
light poiarize‘d parallel to the axon's a;;is did decrease synchronously
with the'acﬂtion potential. This high d_e'gree. of_pblarizatibn of the flu-
orescence éhange a;"t least Aindicate‘s 'th_é.t‘thé TNS moléc;ules are not free
to rotate dﬁring the évxcite‘d-s,tate lifeAt.in_de (<20 ns). Physical inter-
prefation_ of the inténsity chan.'ge is not as clear, so véltage clamp stud-
ies were u'ndér.ta-ken to determine whether or not these -changés follbw
- the same .g;i'me,bco.urse as an imposed‘membrane potential (‘i._e.., a
‘.',Vol't’age.,-dep'e.'ndent” éhangei. ;I:asaki Lal; (137) found that h&rperpo'lar—.
ization led to vbltage-dependent fluorescent changes, which he inter-
preted as ipcreased incorporation of ‘TN'S ihto'th'e membrane, but de-

polarizations led to fluorescent changes which appeared to be current-

dépendent.. Since his two-state excitébility' model predicts current-
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dépendent membrane structural Chang‘és,v Tasaki et al. interpreted the
voltage-clémped depolarization results fo.r.T_NS as evidence in favor

of such structural changes. The fact ‘tha'.t the changes,. but not the
steady ba.ckgrouhd of fluore,sce'nce,"were highly‘polarized seems to ex-
clude the triv-iall eXplanationé for ihfenéity change cited above, How-
éver, evidence against the interpretation f_axists‘: | (1) Larger voltage-
clamped depolarizations prb.duce voltage-dep ende_ht;' not current-
dependent, responses (poss-ibly_indiééting a "trivial ﬁlechaniSm" for
fluorescent _chahge rna.xsks'the' curre.nt-dependen.t effect); and (2) Cohen
(23). claims that hi's expe'rir.nents on the same preparation fail to show

Cany current-dependeht effects.

6) Extrinsic spectral changes from Ca-sensitive probes g

Most closely related to the project deécribed_ in this thesis are
opt'.ical spectroscopic techniques used to monitor Ca+2 flux of binding
to membraﬁes. Three such téchniques ha.v»e beén us‘ed: (1) Absorption
studies using the reversible Ca+2—binding dye, murexide; (2) chemilumi-
nescence studies uéihg the highly épecific Ca+2-binding protein, aequorin;
(3) fluo‘rescencve studies using_'._the Caf?-bindiﬁg antibiotic chlortetracy-
cline. |

Murexide ('ari'unonium purpurate) is a water-soluble dye Whose
color changes from déép red to orange upoﬁ binding Ca+2. Relative to
the | strength of Cé.+2-bindiyng to membi‘ahe‘s, mureXide-Ca+2 binding is
relatively weak and also k'inétically fast. By use of a double-beam
Spectrophotc;meter,v rapid changes of Ereé—Ca+2 concentrationdown to

ébout 10 uM can-be o'bserved_; ‘Murexide has been used as an indicator

of’Ca-l-2 concentration in solution to éxamine‘Ca+2—bihding to isolated
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sarcopla;smic'reticulum vesicles from muscle (108). : Calcium release
and reabsofp’ti”on in the sarc,oi)lasma of muscle during the course of mus-
cle contraction has been observed Ey',intracellular use of murexide (73).
'Té my knowledgé, it has nevér been used to m'ea:sﬁr'ev trans-membréne
Ca"'zfluxﬁuring axon excitatibn,_ possibrly'-becau’se Conc‘tentration change
_measurerﬁents in the 'p.,M range are s:everal orders of magnitude too
coarse for_thié application. | S .

Aequorir; is a chemilﬁminesceﬁt; prot_ein'extr.actéd from jellyfi_sh
(_123‘) ‘which emits a photon upon binding to Ca+2, probably by changing
its conformation t::o a lowe-rkenfzrgy'state. Folléwi'ng the emission of
1ighlt, the protein is appa;renl.:ly. inactivated and the Ca,JI-2 .releas‘ed. Light
. emission takes place within 10 milliseconds a"fter'rapid mixing éf aequo-
rin with Ca.»+2(89), making the time resolution of this technique rather
poor for fast chemical kiﬁetic studies. HoWever,~ thgv.sensitivity is one
to two orders of magnitudé bétter than that of murexide; aequorin lumi-
eséénce_ can easily d"etect changes of-low Cat-l;2 concentrations down to
about 0.1 pM (the lulfnine.sc,enc:e does not va.ry‘ linearly with [Cafz], how-—v
e;r.er). Baker <La1. measﬁred Ca+2 influx into squid aXoplasm,with. in-
jected 'aequorin (1). They found the resting intracellﬁlé,r«concentration
of free (i.e.,unbound) Ca.—l-2 to be about 0.3 uM. No attempt was made
to obse‘fve': signal-averaged luminescenée changes synchronous with
stimulation, appa_réritly?_'because of the slow time response of aequorin.
Howevér‘, a train of st»imulvations at 50-200 impulses/seé did produce
an increase in lprﬁinescehée which was dependent in a non-linear mannei-_
on external [Ca+2] s frequency of stimulation, and total time of stimula-

tion, Diffiéult';es in calibrating aequorin luminescence with free Ca-l-2
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concen'tfa.tion, and with 1oca.ting the pre,cisé s_oﬁréa of the increased
.Ca+2, precluded éalcﬁlat'ion:of a figu're >f01" Ca+2 influx mére reliable
Eha.n that alréady known ~frvorrl1‘45Ca studies. Voltage-clamping with
repeated s_quare' dépolérization pulses ﬁroduced an in’érease in lumines-
~cence; fhis'increése was biotted against the length of the depolarization
pulse t§ give a rough estimate of the -ti'r>ne coursé of Ca+2 entry follow-
ing a depolarization step. The probable time course for ca™? influx
-coArresponded with the time course of the early inwara current observed
in bvbltage-clarrvlping,- a result which sheds no light on the possible im-

pulse triggering or'stabilizin'g role of Ca®?,

‘In .all cases, the ‘increase
‘of luminescence returned to its original level in 10-30 sec after depolar-
ization or -stimuiatidn was terminated. The authors speculate. that this
slow decay is due to ﬁptake of excess free axoplasmic Ca+2 by mitochon-
dria in the axon. |

The last Ca+2-sensitive'optiéa1 probe I will discuss is chlorotetra-~
cycline (CTC), an antibiotic fluorescent chelator of several divalentions

+2 L +2
a .,

(17). CTC binds to Mg'“, C 12

S , a;nd Zn+2, giving enhanced
fluorescéi}ce, possiblyvby some conformational change, and t»o the para-
magnetic ions Mh+2 and Co+2, giving reduced fluorescence presumably
because the metal ion spiﬁ increases .sihglAet—'-,triplet intersystem cross-
ing:in the CTC r.in_g system: CTC has the following inte_resting proper-
ties which make it useful as a probe for specifically membrane-bound"
Ca+2: (1) The afvfin'ity.'of CTC for divalent ions is highest in a hﬁedium
with low polarity, and (2) th?- fluorescenée_ of the Ca-CTC complex is

enhanced when the medium has a low polarity. The fluorescence of

‘the unchelated antibiotic is also polarity-dependent, but much less so
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than the rﬁetal cheléte. ' Membrane-solubilized CTC in chemical equi-
librium with C;+2 bound to int'ra-mevmbran.e ‘sites therefore will offer
the s-trongesi: céntribution to the fluorescence of a CTC-CaT-merhbrane
' system., CTC flﬁor'eséence has been used to observe the uptake of Ca
in ﬁiitochondria and isolated sarcopl_asm_ié reticulum '(16),. Hallett etal.
(5%)_ have applied the CTC fluoresce‘r'lce‘ téchhique to nefve,}in order toprobe
Ca-binding changes in nerve membrane during stimulat—ion. Both squid |
éiant axon (stained iriternélly) and lobster lwa‘lkm»g leg nerves (stained
externally) show a '10"4 fractional incfease of fluorescence. - (This re-
suit, irii:‘erpreted haively, would seem to i'ﬁn counter to the Tasaki two-
state model, which plv"edicts a decr»eas'e of Ca+2 binding in the excited
state.) | h)creasil;xg external Ca-_lfzcon‘ce'ntratioﬁ increases the size of the
' tranéient-signal but does not significantly affect the _résting béckground
CTC fluorescence. A trénsient decrease ‘in fluorescerice is produced
synchfonously with the hYperpolarizving' rééponse (see page 32) in K_Cl-.
depoiarized axoﬁs..‘ Varioﬁs control éxperiments indicate that the Bulk
~ of the transient and steady background CTC fluorescence was due té
Ca-CTC in an apolar environment.“ ‘In the _voltage '-clarr'lp_, CTC-stained
.squid akons prodt_lced an ap'parently volté.ge-dependent fluoresée_:nt re~
_si)'onse to both hyperpolarizing (decreased fltibreséénce);and dei)olar-
izing (increased fliJ_.orescence) voltage. pulses. In fact, ‘tetro_dotoxin,
which eliminates the inv;/ard current, did .not éffect the voltagé-c’lamp
fluorescence response.
The. interpre;tat‘ion of,these;: results is ambiguous., both because

(1) poséibl_e "trivial Qoltage_-depe_ndent respdnses exist (mentioned

earlier) due to the ‘field-dependent movement of the charged Ca-CTC
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complex, and (2) it is not clear where in the membrane (on the outer
surface, in the middle., of on the inn»er' éﬁr.f’ace) changes in Cé. concen-
tration are occ"urring which might bevprod_u;cing the opfical sign-;axl.

In the original expériments described in this thesis, the first
‘of the pfob_lerns encountered in CTC expe.rimehts 1s avoided because
the Ca+2 prbbes used .(rare—eafth ioﬁs) are also substitutes for |
Ca.+2;' any transient optical signal‘the'rlefore is not likely to be a tri-
vial artifact of dye or Ca—cheiate_ mo'v‘ement_Ai_ndependent of the action
of Ca+2 itself. The second problem,} ithat of interpreting nén-trivial
results., remains, but the‘richer spectrosqvop’ic propertiés of rare-

earth ions offer a 'handle" to the solution of the problem.

7) Magnetic resonance probes

Hubbell ar.ld-'McCOnnell (70) examined vthel ESR spectrum of a
nit_roxide spin-label, 2, 2, 6, 6-tetramethylpiperidine-l-oxyl in rat vagus
nerve and lobster _Walking 1eg,nervé. ‘The spectra showed rapid tumb-
ling of ‘the label, ’presumed to be due to fluidity in ﬁhe hydrophobic re-
gions of the membrane, but no attempt was made to éxamine spectral
changes dﬁi-ing nerve firing. However, Gaivin'e_t__a_t_l. (414) used bira-
dical spin labels. which were expected to gi;fe a confofmation-dependent
as well as rhétioﬁ-dependenf signal in lobster nerve. r1A'h.e membrane-
>bound biradical appeared tbo ‘become more elongated than the _s‘anﬁe bi-
‘radical in free solution, but a rather high tumbling rate was still ob-
served in thé ‘resting stafe membfane. An attempt to obs;erve spec~

tral changes synchronous with nerve firing was made, but no such

change could be ovbserved.-
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CHAPTER III.
METAL IONS: CHEMISTRY AND SPECTROSCOPY

This chapter is- not .intended .to'be a general review of the huge
field of metél ion b_inding chemistry or'spectré‘scop\‘y. Rather, lit will
be limited to: ('1)_ a brief discussion of chemicall differences among
univalent and divalent cations, with the goal. of shoWing .pd’ssible ways

+

by which nerve mem»bra.ne can distingu"ish Na+, K', and Ca+2 from

_one aﬁc;fher;-_ (2) a discussion of the chemical similarities of rare-
earth ions to Ca+2;. (3) a detailed discussidn .df the atomic structure
and spectroscopy of free rare-earth ions, .espe'cially Eu+3;‘ spectral
changes upon chemical binding; a'.nd a présenta;tion of the spectra of
some box.md-Eu+3 chemic’al systems‘pr‘epared in this laboratory; and
(4) a very briefA.discus;vsion o.f transition mefé.l _complex fluorescence;
Spectr;oscopy. has been applied very successfully, both in theory
atnd experimént, to the coordination cheinistry for nbn-metaliic com-
‘plexes v:1a ligand field theory. However, such an approach’ is not

ne_cessary'to explain any of the results of this thesis, and therefore

no’attefnpt will be made to discuss that field in detail.

A Na+, K+4, and Ca+2 Chemistry

‘Metal ions bind t‘bl negatively charged anionic groups or the neg-
étivé ends of permanent or induced dipoles. Each of these groups,
which ray or may not be part of the same molecule, is a "ligand',

“An excellent re\{iew of the biochemistry of Group IA and IIA cations
has been given by R.J.P. Williams (4153).
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Ligands are ar~ranged around the éénti-al’-metéi ion in a near-symmet-
rical arrangment, with ligéﬂd velectr‘(')ni'c orbitélé overlapping the outer
p,d, or hybrid atomic orbitals of the metal, Which in the case of Na+,
‘K+, and Ca+2.q.re co;rnpletely. unoccupied. by métal -éle;:tAro‘ns. The
number of 1ig_ands v(or. "coordination number'-')' characteristic of the
binding of a particular metal ién is a function of its size,: charge, and
" nature of the ligand: the coordination nﬁmber of Nat is typically 6, Kt
ié 8, and Ca+'2 is 8. When bound to the ner.ve'membrarvie, ligand posi-
. ' ’ ' . L} .

tions not used in binding to méfcromolecularvgroups are '"hydrated',
i.e,, associated with the negative ox?gen end pf thév water dipole.

-The most important phenomenon in metal-nerve interaction is
the appar"enf selectivity of several membranes for different ions, i.e.,
Na_+—K+ concentration gradients are crea@ed, cationic permeabilities.
are selective and;rélatiyely variable, and Ca+2', ‘but .n.ol: Na+ or k' ap-
parently has some control function. ‘One of the simplest ways to under-
stand th"‘e" difference in ionic -chemi‘stfy is fo consider‘only‘th'e charges
and radii of the metal ion and its possible anionic ligands. This model
is éalled the '""radius ratio ‘_effect" (153). The theory reasonably as-
sumes ﬁha't small cations bind to aniopic ligands more strongly (i.e.,
with lower free e.nergy) than do large ca‘fions of the same charge. In
other words,. Na® (cr;fstai radius 0;95K) bind» to anions more strongly
than does K (1.334): The reason fbr_this’ difference is simply that
smaller cations can ‘a,pp’roa:ch,the anion more .closely before Pauli
- repulsion becomes important, the.rleby maximizing the cation-anion

electrostatic attraction.- However, in the environment of the nerve,
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- we do not havé 'ifree" Mt ions bin;iing'to anions; the so-called !'"free"
cations_ére really in a complex with water; L_e%, hydrated ions Mt
(HZO)n. The free energy change upoﬁ 1igand b’ihding should be- mea-
sured re‘l.ative to the_hyd.rvatb'e‘d metal i~§n state rather thé.n the gaseous_'
metal ion state, l;ecause metal-mem‘brane binding is i’veally a compétif _
;""Ei'on between membraﬁe aniqns and»w_ater.v If this is done, one can
'»Shc‘>wv that ﬁe-tal comple}ies_ with anions 6f. smarllb,weak"-a,cids ('i. e., those
‘that donate their. excess electrons ea‘éily, su;:h as the oxygens in ---COZ-;
3_2, OPO?,-2 ,. 304-3) show a high.er stability for Na+ rather than

K+, relative to water complexes, whereas complexes with anion_é of

CO

large strong acids (those that tend to "hold" their excess electrons,

such as -OSO ") favor K+ over Na+. The nominally neutrally-charged

3

oxygeh in alcohols or etheré can be an electrqn d0nor; as can neutrél,
nitfogen in amine and imidazoie groups. For a molecule containing |
several anionic ligands bouﬁd to one metal ‘ion, the definitions of "large
anion'! é.nd ""small anion'" is.somewhat imﬁreci_se, because they depend
nbt only.on the size of the n'egativeljbr charged atom in a molecular grbup,r
but also on the shape of the w'ho‘1e .rnolecﬁlle containing thé anionic
gfogps. | In an extreme case, all ofbthe ligands may be attached to one
molecule, The "hole'" in the molecule in 'which the metal ion becomes
situated bma‘y be just l:he right size'dnl& for a ‘parti_cuvlar metal. Thus, |
sorhe macrocyclic ar;t'ibiotics, are highly selective: valinomycin prefers
K+'to Na+, whereas actinbmycin prefers Na+ to K+ (99).

| Most‘ligand systems which easily bind Na+(0.951&) also éasily
Bind Cat? (0.99A) because of the near equiyalence in size of fhe two

ions and the higher charge of Ca+2. In general, Ca,Jr2 binding is |
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2 pos s.ibly

stronger>and. less hydrlat.:ed than thét of :Na% and K. Ca
can '"crosslink groups 6n s_.eparatev fhacromolecullesgand thereby in-
crease the stability and !"stiffness' of a'membra..-né structural state,
Conversely, the 1c;ss of Ca.+2 might ""destabilize" the: membrane, pre-
d-isposing it toward formation of new macromolecular structures or
'"'phase transitions'. Ca+2 ligandé c.an i'nélude not only negatively
charged and neutral 'oxyg‘en ahd nitrogen, but also sulfur.

In the ’menibrane, metal ions can be expected to bind to the
charged or dipolar head groups of the phospholipids. Tﬁe phosphate
_gréup 'o\%ygen of all the pho‘spholipids, the amino nitrogen and ca_.r.boxx-;
ylic oxygen of phosphatidyl serine, and the amino nitrogen of phospha-
© tidyl ethan.oiamine,' are possibly binding ligands fo; Ca+2 binding.
Metal ions also can‘.bindb to the cafboxyl oxygen, imidé.zole nitrogen,
and sulfhydroxyl sulfur of the 'side‘-cha'in groups of protein residues.
Because of the specific three-dimensional shape of the protein peptide,
» chai.n,‘-a.' metal ion can form a connectiv"e' bri‘dge between amino acids
qui_f:e disté.htly Sepérated along .the pepfide backbone. The s_pecificity
and affinity of érotein 'binding_ sites for metal ions then becomes a
function of protein tertiary st.r'ucture', which determines the size and
accessibility of the binding site and. the combination of metal binding
-ligands offered By the site. The negatively charged oxygens on the

sialic acid residues of glycoprotein may also bind metal ions.
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B. Spectroscoplcally I.nterestmg Chem1ca1 Substitutes
" for Ca%and Kt

The trivslent lanthanides have approximately the same radius and
the same coordmatlon number as Ca 2-. Since radius, rather than
charge, seems to have the strongest effect on whether an ion can be an
i"s'hrn'orphous replacement for another ion, we would expect that the

trivalent rare-earths would bind to the same 'r.na.crornolecular sites as

Ca;+2, although perheps rare-earth binding would be stronger and less

- specific. However, the biochemical'fuhctien of Ca¥t proba.bly depends
on strength of bmdmg as well as the specific 11gands, so competltlon
for the same binding site between rare-earths and Ca :2 does not pre-
dict, a.griori, functional re'placemeht in any particular system, - VF

Europium Eu+3, and terblum Th 3, ions have the ionic radii 0.973
and 1.00 f\respectlvely, compared w1th 0 99 Afor Ca 2.

Lanthanum, which is the flrst element in the chemically homol-
ogous "'lahthanide. 'series"'. (rare-earths), has‘frequently been used in

blologlcal and’ chem1ca1 systems to elther substitute for Ca 2', or to

" block Cat 2 interactions, presumably by . 1rrevers1b1e b1nd1ng to the

+2

same or nearby sites. Lat +3 very effectively competes with. Ca’ = for

binding to phospholipid menomoleeuler films (417): In addition to the -

previously menti_orie’d‘studi‘es on action potentials (see page 23 ), La*3

has been shown to interact with nerve membrane by inhibiting 45Ca.+2

efflux from squid giant axon. ~The rate of rise of an action potential
in muscle membrane is dependent on external [Ca+2]; the effect is ..

+3 42 . 42 +2 42 +2

veompetitively'_bl'oeked by La 7, Zn ", Co , Fe =, Ni 7, Mg “-and srte
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'in decreasing order: bf effectiveness (55). Krasnow (83) observed noh- _

. comp‘etitfve inhibition of Ca‘+_2 binding to sarcoplasmic reticulum by

+3 3

La- ~ and Gd+ . Calcium ion is required for transmitter release in

synapses, and Lam-l-3 blocks the effect of ‘Ca.+b2 in the stellate ganglion
3

of Squid without:substituting for it (98); it is not clear whether La+
and Ca+2 are competing for the same site or the blocking is more in-

direct. However, a somewhat oppoéite effect of La+3 was observed in

frog neu'ro_rnu's-cular junction, where La+3 increased {and Mni~3 decreased)

the normal rate of apparent spontaneous transmitter release (75). Rare-
earth ions have been found to functionally replace Ca+‘2 in the activation

of certain enzymes, specifically trypsinogen and a-arﬁylase (36, 128).

Finally, _La+3 pbWérfully inhibits Ca-}"2 uptake by mitochondria (96)b and

inhibits Ca_—stimu'lét-ed ATP translocation across inner mitochondrial
membranes (129).

Divalent europium ibn has ha radius of 1.12A '_and the same charge

.as .Ca+2, but unfortunately it oxidizes to. the trivalent state in room-

temperature water in about 30 min. For this reason, no extensive ex-
periments were pe'rfo_rrn'e'd with Eu+2 on nerves, |
Some use of first.row divalent. transition metal ions will be
made in this theSis;. .Althoug'h these are generally smaller than Ca+2,
and also have a partially filled outeér d shell, some transition metal

ions have been used as substitutes, inhibitors, or probes of Ca+2

binding sites, as reviewed above.

Vanadyl (IV) ion, VOZ++, has been used as an EPR probe of

metal binding sites in proteins (21) but its use is not feasible for in

+

vivo nerve studies since VQ2 -,Fprecipi_ta,tes out as vanadyl hydroxide
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above pH 3.7. »

+v('1.33 A) ml ght be evxpectéd to-be‘rle:place-d by Tl+ (1.40 A), |
and indeed'. has been employed as a Kt subsftitute in several enzyme
systems (153). 'Il"l-general, thall i‘umk,binds to ligands more st'rongly
fha.-n'KJr, .I-_Iowev,er, there are some obvious c;hemi#:al differehces.
:l%‘"o'r example, T1 Cl is "Qniy slightly soluble in water, and fof;ns, the
spe'“cie‘s T1 c1n’.(n'1) for n S'4‘in.solut'ioh (33), whereas KCl is highly
soluble and completely ionized. The perrheability of nerve. mémbréne
to Tl has “been measured"(()i, 54); it is apprOXimateiy 1.8 timés ‘that

of K' in squid nerve,

C. Atomic Structure and Spectroscopy of Europium and Terbium

Some of the ra‘re—ea'rth ions, particﬁlarly europium, are used
as‘"Ca+2‘ ‘substitutes in >the work described in this theéis, primarily '
becausev of their chemical en\.rironméht-‘sensitiye fhiorescence,* ob-
servable at room temperature in solution. In particular, water solu-
tions of SmC13, 'EuC13,_TbC‘13, and-Dy'.Cl3 exhibit a ric;h spectrum of
narrow fluorescence and ‘absorption bands, whereas the other rare-
earﬁhé with partially filled 4f subshells only fluoresce in crystals or
solid glaSSesI. - The spectra and energy levels of ra.re4earths' in crys- -
tals is aisc'usSed thoroughly by Dieke (40); the chemistry and spectros-
cbpy of i.'are—earth complexes is presented by Sinha (127), and a mod-

" ern theoretical treatment of rare-earth spectroscopy is given by

Wybourne (154).

Str1ct1y speaking, the observed luminescence is not fluorescence be-
cause the exc1ted state -is not a singlet.
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The el ec-tr.qnic configuration of the trivalent rare-earth ions is

the xenon core (fls,2 2s2 2p6 3s2 3p6 3d10 4:'s,24p6 éldio"Ss2 5p6) with a

partially filled 4f" subshell. For Eu'>, n=6, and Tb'>, n =8. The

+3 valence arises from two missing 6s electrons and a missing 5d or

4f electron. All of the optical spectroscopy we will discuss arises

© from 4f - 4f transitions. We will concentrate on the structure of

3

’Euf‘h3 since its spectra, ‘and that of Tb+ , are the most sensitive to

chemical environment of all the rare-earth ions.
The most outstanding features of rare-earth solution spectra
are the weakness and narrowness of the bands. The bands are weak

because any { — £ atomic transitions are symmetrically forbiddc;n;

"and they are narrow because the 4f subshell'i:s shielded from external

chemical or_coilisional influences by the 5s and 5p electron clouds far-

ther out from the nucleus. These two phenomena are critically im-

| portant in determining ‘the. chemical sensitivity of the spectra.

The ''Laperte'' selection rule forbidding f—{ vt_ransitions can be
derived simply as follows: -
The probability of an electric dipole transition between two

electronic stateés A and B is:

_ (_A l_ﬁlB)2 : where

b

—13\: eE Ty with k s-urn_ma'tion'over all the électrons. We will make

the initial approximation that the electrons are influenced only by

central forces, i.e., attraction by the nucleus and répulsion by spher-

ically symmetric shielding electron cldﬁds from lower filled electronic

shells. This approximation specifically excludes inter-electronic spin-
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orbit coupling and ceulernbic :inter"'aétions, both of which are significant
in rare-earth ions. We only consider here the N electrons in the un-
filled 4f shell. In. this case, we can write A and B as linear combina -
t_ions of l_:he deterfninentai funetions‘-.ef single electron wave functions
u(r).

nfmm
s

im¢

u (%) = KimR(r) Pllm.l(cose) e a.

nln‘nms | _ . . s
where Pllm' (cos 0)_afe the associated .Legendre polynomials; the normaliza-
tion for the angular part hs been absorbed into I}m; and the sp'in- function

is a_  with 'ms =+ 1/2. For a 4f electron, there are 14 different de-

s : .

generate u(?) functions; which we abbreviate as u, (j) where i=1,...,
nfmmg

14 and the function is evaluated at the space and spin coordinates of

—

the j th electron.. The transition dipole matrix element <A IR lB) will

contain a linear’ combmatlon of terms, all of the followmg form:

u, (1) u, (N) B BTN CY IRy

D .
o z | -
sk w k : . : :

uy () () R NSO 9

where the - u u.N and u ! u.N are chosen from the set of 14 4f

+3) )

The u'i(j) single electron' functions, being eigenfnnctions of a cen-

unlr:nms functions, and N is the number of 4f electrons (N:6 for Eu

trally symmetric Hamiltonian that commutes with the space parity oper-

ator (which transforms ?k,—» -?k), all have‘a'defin'ite perity, given by
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(-1)"

(£=3 for f electrbné). Moreover, since the detérminants are
just hdmogenoﬁs sums of pr‘odu.cts of functions; all with the same

parity for 4f configurations, the determinaﬁts‘_ have a definite parity.
The pr_oducf: of the two determinants in th.e expression above will then

— —
r

~always have positive parity; i.e., invariance under k> " Tk But
‘the operator —;k obviously has‘negative parity, so the whole integrand
I_ui*(j) i .}’_k.' |u<irl(j) | has negative parity. Thérefofe, integration
over all space, as called for the matrix elérfnent, will yield a result
equal to zero. This pro{res that when bbth’ I\ii*‘(’j) | and Iui' () | have
the same parity, as fhey do for 4f— 4f ~transifibns, the transition is
forbidden. |
What kind of effects can break t'h.is forbiddenness? Any pertur-
bation which ""mixes' the 4f subshell with a subshell of another parity,
‘say the unfilled 5d orbitals, will destroy the strict parity forbiddenness
described above. The three most important perturbations to consider
in rare-eal;th_iohs are: (1) spin-orbit coupling, (2) electronic Coulomb
repulsions, and (3) ligand fields. A complete treatment of these is
most conveniently perfofrn‘ed using tensor operators and coefficients |
of fractional parentage to reduce multi—eleCtrbn states of N electroné
-_._to products of singie ele'ctro_n.-states and multi-.electrbn states of N -1
electrons (74). A complete, rigorous.derivation of the effects of the
‘pe‘rturbations is too long for the purposes of .t'his‘ thesis, but the out-

" lines are discussed below.
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1) Spin-orbit coupling

The spin-orbit perturbation is -

_  where the summation is over all
Z 3 the electrons in 1ncomp1ete1y

filled shells.

The magnitude § of this perturbatién varies roughly as the foufth powei" '
§_f the atomic -nﬁrnber; .t}.1e laﬁtflanides arej}usf-‘about :the h.eaviésl; elements
which séill can- be treated mo‘s‘t easily in the RussellQSaundefs (L-S) cou-
'piing scheme before switchingvvto basis states in intermediate coupling or‘
j=j coupling sch.e‘mes‘ for the 'heavy.ato‘ms" |

A general theorem for the scalar product of t\;vovtensor.operators,
T and U each actmg on dlfferent "parts' of the system (like ‘orbital

coordinates and spin coordinates) is

(eigyimit® v ey my = 86,50 8 m,m).

1 1
AP P P R
JZ JZ J

Z<°‘Ji”T(k) 5 (k)
»lall

Ila31>(a31‘lU I|a32>

where a denotes all quantufn numbérs not explicitly meﬁtioned; subscripts

1 and 2 refer to the two syé-tems of coordinates upon which T and U act,

respectively; the Wigner 6-j and reduced matrix element notations are used;

i =j1+j2 by vector addit'ion';‘and' k is the rank of the fensors T and U,



-63-

Using L-S coupled states in Eq. (1), we can. obtain the following expres-

lsion for a matrix eleﬁleﬁt of Hso
B I o S S T T |
<aSLJMj ,Hso la SLJ _MJ) :Z g(ri)< aSLJMJIS{Ti _lo. S L MJ> (2)
. i :

S S 1 "
}Z(aSlls I|aS><a LlllJIIaL)

1

S +L+J
= (-1)
L LJ

6(7,7") 8(M;, M) {
. . | a

The 6-functions immédiately gv‘ive the mixing rules:

AT =0

A M 0.

J
The Wigher 6-j symbol gives the rules:
A S =0, %1

A L

"

o
H-
%

We may mix‘ shells with different .principal vquantumrnuvn.lbers. The re-
duced matr?x element { a”L il Z; Il a L'> gives ug one important restric-
- tion, as follows: If the laL' > ket consisting of an EN cqnfiguration, | it
‘can be dec'omp'ovsed by coéfficiénts of fr'actiénal parentage -(c. f.p.) into
linear combinations of the product of a singie electron f-state with an

L-S coﬁpled state of N-1 other equiva‘iént?f electrons:

1 > 4 — 4 n '
1LY =) 1N B Ly (N E s L 1N Ly
'il.
where the last factor on the right is é c.f.p., and the ket |L, ¢; L'> on

the right can be easily expanded by Clebsch-Gordon coefficients
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representing the vector addition of L, = L + £. If we now assume that

1 . - 1 .
the bra <a' L] of Eq. (2) is an IN 1 £ configuration, then the reduced
matrix element < a N 1 l Yy L ll;[jll a(lN)L> will become a linear com-

bination of terms of the form

( YR, )

LT, . N
which is zero unless L = 1.

" Therefore, the spm orblt couplm@nteractlon will not mix a state

derived from the 4fn confjuratlon with a state from any other conf1gura-

tion. Spin-orbit couphng ther_efore cannot lead to a breakdown of the

parity forbiddenness of 4f = 4f transitons,

2) Coulomb 1nteract1on (conf1gurat10n 1nteract10n)

The form of th1s 1nteract10n is

| .2
me 2
L /"r"

i<j N

We can convert 1/rij into tensor operé.tor form (146) -

:— =.Z fk(r.) Pk (cos w)
ij " :

Wheré w is the éngle between electrons i and j.and fk(r)'.'is a function of

r which will not be important in the c'alcula.tion below. The spherical
harmonics addition theorem gives
P (cosw ==2L ) Y. (6.4.) Y. (6., ¢.)
kT 2k+1 /, "kq "Ti*i" "kq 73T T3
q -
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If we absorb the normahzatmn into the tensor operator C(

i q ‘(2k+1)
Y and note that C 5 (k) = (=1) q C (k) , we get P. (cosw) = C (k) .(k).
kq q -q “k J

The perto.rbation matrix element connecting -one state of IN configuration
WK : A
with another of !N 1[ configuration is proportional to:

Z'< a(fN_ill)SLJMJlC:i(k) . éj(k).I SN L {' Mj'> .

k
Using fractional parentage coeff1c1ent expansions once on the bra and
tw1ce on the ket w111 convert thlS expression to linear combination' of
matrix elements describing the interaction of an { !' conflguration with
an )22 configuration. The geoeral theorem of soala;r products (Eq.{))
can now be applieo to each of the matrix elements of this linear com-

bination. The result involves producté of reduced elements of the type

(k)

e cly £y (24n _1-") | where

ey = [ (2e+1)(22' +1)] 1/ 2 {é s }

The Wignef.3-j. symbol allows £+k= £ > 1 -k, with the restriction
thaf 1+k + 11 is even, but since we eventually sum ovér all k, thev're is
essentially no restriction at all for mixing £'s. ‘Therefore Coulomb in-
teractions can mix 4fN configuration states with other states from aoy
other conflgurahon composed of unfilled or partlally filled shells,including
conf1gurat10ns of even- parity. The parlty forbiddenness of a nominally
4f - 4f transition thereby is broken; it gains strength from a slight ad-

mixture of 5d state into the 4f state.
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3) ngand field perturbatlons

Because the 4f subshell is imbedded in the rare- earth atom well
b'e.n‘eath the 5d and'és ""valence'" shells, 4f electrons part1c1pate in chem- -
ic_al bonding only very sligi_itly. The effect of ligand 'attaéhment then can
be approximatéd by.-édding a pgrturba;ion potential term to »l:hé ‘Har-nilton-
ianrwhose symmetry is that of the metal complex, and whose strength is
left as an emp1r1ca1 parameter to be fit by expenmental data This
technique is the '"crystal- f1e1d” approximation of hgand f1e1d theory.

The form of the crystal field potential'may‘ be written as:
v = Z B k&)

) 3
‘ qQ qi 3
k,q,1i

where i is a sum over all the electrons. The radial depéndence of V
ié absorbed‘into Bék. Since the spherica’.l harmonics form a~corhp1ete
set of functions on th¢ surface of a -uﬁit spheré, it is' clear the Eq. (3)
is quite genéral. ‘The particular linéar éombina_'tion of C—qu's required
by a given ligand'symmetry- can be arrived at by‘ opera‘ting on the spher-
ical harmonics by elements of the syminet.'ry‘group {see .Ref. 2).v How-
ever, for the purposes here, it is only necessary to noté that the E k
for even k :hé.ve even pabrit‘y, and _'qu'é for 6dd_k' have odd parity.
Therefore, the crystal.fiéld'potenti‘al V for a complex.wh-i‘ch has inver-
sion symrheti-y r_n_ay-‘only use qu’s of evenk, and V for a complex
with no inversion syrﬁmgtry r__r}u_st use at least some qu.'s of od_d k.
The pertﬁrbation ma.tri% element for the crystal field potential be-

- - ' - .
tween lN 1 £ and IN configuration states is
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‘ k. N-1 ! ‘ =% ! N.. ‘vv ! '
Z B, (Ut g)SLJMJ[cqi la (£)S L J My,
kqi : ' -

As before, we use fractional parentage coefficients to separate out one-
electron data, but this time only once on the ket, We can apply the
Wigner-Eckart theorem to each term of the resulting linear combinatién
of matrix elements. FEach term then will contain the feduced matrix

element

: ~ .

(' cfney = (0l el w)4/2 {(‘; ot }
as before. The Wigner 3j symbol is_zero if the arithmetic sum £+k+£l
' iis odd. For even k only, meaning we are describing a complex with
inversion symmetry, fand 2' differ by an‘ even number. Physically,
this means that the crystal field will only mix £ subshells of the same
parity: i.e., odd ’With odd, even with even. Such mixing will not ‘break'
the parity forbiddenness of nominally 4f — 4f transitions, However,
if k is odd, then the crystal field can mix an ¢ subshell with an £ sub-
shell of opposite symin_etry and brgék the parity forbiddenness of the
1 - E' t,ransition.‘ Nominally 4f —.>. 4f transitions become alloWed,lead—'

ing to the following criticaily important conclusion:

Compléxes of trivalent rare-earths with no center of |
symmetry will probably show an intensified 4f - 4f

fluorescence.




~68-

The ”pfobably” hedge is because other factors must also be con-
si.dered: changes in fad_iat_ionless decaf rate,.vamount of mixing between
the particular 4f level and a 5d level, shifts in the relative position of
.excited levels giving rise to fluorescenée, and -stre.ngth of the crystal
field. A's a re'sulbt, some fluorescent bands will be more enhaﬁced than
others. |

Another veffe'cv:"t can enhance f]:u;borescencve: the ligavnds shield ex-
cited 4f levels from de-e#citat‘i’oﬁ due to solvent collisional interactions.

Enhancement of rai-e-earth fluorescence upon lbin'dihg»can a.isd oc-
cur because of absorption spectrum changes. The absorption_' spectrum

of Eu'3

does not'_.s_how any dra‘matic changes'ﬁpon EDTA binding (see
bage 70) exéept for (1) a uniform ~1nm shi_f£ of all peaks toward the
red, probably due to isotropic spreading of the electron cloud, and
(2) the appearance of a new abs.orptic'm peak at 465 nm. The bands are

all narrow, with half-widths of the .ordef of 2nm. The strongest ab-

has a maximum extinction coefficient of

sorption, at 393 nm (7Fo—-> 5L7),

oni? €=2.9 iiter (moles cm.)-i.; lEu+3 fluorescence iriten_s\i}ty is very weak,
partly because Aof the extremely low absorption cross-section.

: vathe Eu+3' 1on is the only absorbing chromophore in a system,
thén its fiuorescenée 'excitatioﬁ spectrum will be qualil;atively sirﬁilar
to its absorpti‘on' spectrum. Héwevéi-, ifenergy t1:’avr__13‘fe'r can oécur frorh_
another absorbing species, tﬁen the Eut> _e:;{citation. b.s.f).e'ctrum will
t_ak_e on features of the energy donor's absérption spec'i.:rum. This prb-_
cess can take place by intramolecular energy transfer (127) (see Fig.7),
in. which thé absorbing cﬁromophore, located near the binding site of ‘

+3

Eu 7, is excited by a photon and decays-into its lowest triplet state.

The energy is then transferred to the metal %1, which may decay to
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the SDO lowest excited state. Fluorescence from 5Do or 5D to any

1
of the 7F levels (except J =0) may result. The critical transfer step

is enhanced by oveﬂap of the triplet state and ?Di

" by their closeness in energy. This type of transfer is different from

state orbitals and

*'Fbrster" dipole-dipole transfer common from fluorescent singlet

,__léyels of donor chromphores toallowed dipole transitions of an acceptor.

LIGAND ABSORPTION

BAND
40 o
METAL 10N
o STATES
.2 %
-
4
5
42 20 L Dl
:z’ . __7; 'sDo
> 1 RARE-EARTH
FLVORESCENCE
2ol | weap |
4 STATES p
’ . ! ‘
14
i
4 )
© XBL 744-692

Fig. 7. Schematic drawing of intramolecular
energy transfer to Eu,
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Rare‘-_.earth ions can tfé.nsfe'irrenergy to each other via a dipole;
'quadrﬁpole interaction. ‘N.akaya.,wa and ‘Shionoy;a (104) ha.'Ve calierated
- t’he -efficiency of this trensfer as a funetion of the seperetion of the ions
in inorganic solid glasses for variqtie pairs of ions. ;Th'e transfer,
vahich has a 1/R8 dependence, ~has a critical distance of 12 A or less,
defending on the ;mnsv. | |

The energy lt.ransfer pvroperties of.rare.—eai’th ion p‘robes boun;i tov
the metal binding sites of .the 'pr.otevi.n tll'ansferrirb were studied by Luk
- (91). He found that:Tb+3 fluorescence was g’rea't.ly enhanced k;y energ.y.
transfer firplvr_n nearb:y tryptophan resiQues in the'i)retei‘n,'i but Eu+3 re-
ceived no _i:"ransferred.energy from trypt'ophé.n.- |

D. Experimental in yitro Eu'.+3F1uoreseence Spectra. Results and
Discussion ' : S .

1

(1) Eu-EDTA
We.now‘ examine the fluo_reséence emission spectrum of 25 mM

~aqueous solution of EuCl3 vs. 25 mM EuCl,-EDTA (Fig. 8). EDTA

3
( ethylenediaminetetraacetic acid) is well known powerful chelating
agent of many polyvalen cations. It offers up to six ligands (4 oxygen

and 2 nitrogen) in binding_} to rare-earths: A possible structure is
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+3 . ,
Eu fluorescence

575

XBL738 — 3787

Fig. 8. Fluorescence emission spectra of EuCl '(.’2_5 mM)

aqueous solution (dashed line) vs. Eu (25 mM)- TA

(50 mM) solution (solid line), Resolution = 2.0nm, \ =614
nm, )\az 393 nm. '
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&

Fig. 9, Structure of metal ion -EDTA compleéx.

The structure clearly has no center of symmetry.

, Figﬁr_e 8 shows -tv}o_ main bands, at 590 nm and 61 4'nm.l In the
+3

"free'" Eu ~, the 590 band .ié more intense than the 644, In Eu-EDTA,

‘both bands are more intense, but ndw 614 nm is more intense than fhe
590 band. - This reversal of intensity is ch'a'ract_eris'tic of many Eu+3
cdmplexeé, and when it exists it can be taken é.s a definite indication
that Eu‘+-3 is‘ _bound to ligands more strongly than its association with
HOH as a hydrated iqn. The 614 nm band is believed to be a 5D0—> 7F2

electric dipole transition (nomin-a.llyv 4f - 4f). There is some evidence
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.1) is a magnetic dipole transi-

tion and therefore weak but allowed, and relatively insensitive to chem-

ical environment. ‘
The mixing of the 4f orbitals with 5d orbitals is probably only

‘slight, even in complexes., Evidence for this is'as follows: First,the

‘ energies of the states change little upon complexation. Secondly, the

fluorescence yiél‘d of EuClS' 6HZO solvated crystals at 77°K is only

0.009; Tam not aware of a value for EuCl a.‘queous solution at room

3

‘temperature, but it is i)’robably even less than .0.009. Th'irdly,v the

fluorescence lifetime of EuCl, aqueous solution at room temperature

, 3
is ex(:rerhely long; 0.12 ms (47).. We would expect that upon complexa-

tion the lifetime would decrease as the transition beconjes more prob-

able, but éurprisingly, the lifetimes of most Eu+3 compiexes are longer

‘than that of the aqueous ion (127). Clearly,. the shielding effect of com-

plexes and chelates (Which bov‘th lengthens iifetime and i_hc;reases inten-.

. sity) is often’'as important as the loss of centro-symmetry.

" (2)  Eu-Phosphatidylserine Dispersions

I have measured the fluorescence spectrum of Eu'+3 bound to phos-
phatidylserine Vesiclle.s (PS,: a phospholipid present in herve membrane)

prepared'by sonication of PS and addition of EuCl, unbuffered solution.

3

The concentration of E'u+3_was 2mM, with a twofold excess of PS. The

fluorescence spectrum, measured in the MPF-2a, showed the reversal
of peak intensity charaéteristic of bound Eu+3, though to not as great a

degree as Eu-EDTA. During the course of rheasurément, gradual

precipitation of Eu-PS occurred, apparently because the binding of PS
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to Eu+3 in ”(;lur_npé"v' is mére stable than closed PS ve.sic.les. At lower
E.u+3 cc‘mcentrations,v this precipitation was slower, but the fluorescent
sbignal became too weak to obserire. It is posgsible that impurities in
the PS--used froﬁn a commerci‘al preparation without ’purification—-al.so

were binding Eu’>

(3) Eu-~Glycerylphosphorylserine

In order to avoid the insolubility problem, fluorescence of Eu+3

bound to glycerylphosphorylserine (GPS) was measured. GPS ié the
polar heéd group of PS, the part of PS to which 'E_ﬁ+3' is expected to
bind. ' The concentrations ﬁ&gre 2mMEu Jand 3mM GPS. At pH 5.2,
_the fluorescence ihdicat-ed, no bindihg; at pH 6.4, the 614 nm was slightly
enhanced, aﬁd at pH 7.6, the 614 nin peak was larger than the 590 nrﬁ
vpeak, indicating'E,u—GPS ‘binfling. Higher pH Valueé led to a heavjr pfef

cipitate.

(4) Eu-N.ADH_:-‘Ene'rgy Transfer“

"I héve o.bser'\}edl the fluérescence of‘m.ixtur_és of EuCl, with fe_
duced nicotinimide adenine dinucleotide (NADH), a molecule involved
m energy metabolism in the mitochondria. NADH itself absorbs in a
broad bénd,center.ed at 350 nm and f_l‘uofeséés in a broad band centered

at 445 nm. A mixture of 1 mM Eu'? and 3 mM NADH at pH 6.5 shows

very weak Eu+3 fluorescence--about the same intensity as 4 mM EuCl3

alone-—indic‘at‘ing little Eu-NADH biﬁding. However, at pH 7.8, t:he,Euﬁi'3

fluorescence emission spectrum (Fig. 10a) is enhanced by three orders

of magnitude With_ a peak infensity reversal characteristic of binding.
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Fig. 10. Fluorescence spectra of Eu-NADH vs, Eu-aqueous.
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'fhe fluo_resc_ence excitation s'p'ectrurn (Fi.g."10b') for the 614 nm ernis—
sion peak, svho‘ws. a strong transfer of photon energy absorbeci by NADH.
This excitatien spectrum was obtained pcint-by-point by measuring the
height of the 614 nm Eu peak over the background fluorescence "tail':
of the NADH emission. At the higher pH a precipitate forms in the
Eu-NADH mixture, Observation of NADH fluorescence of a precipitate
' suspensicn vs. the_supernatant_sholwed .that the precipitate contained

NADH, i.e., it was not simply Eu(OH) Complexes of Tb-NADH, pre--

3°
pared and studied .in‘the same ma_nne_r', showed little fluorescent enhance-

ment and no measurable excitation transfer.

PN

E. Fluorescence of "I'r.ansition Metal Complexes

'I‘rans1t10n metals tend to quench the fluorescence of organic chro-
mophores near llgands ‘This occurs by three mechanisms: (1) Fdrster
energy transfer from the organlc chromophore to the metal. d ‘orbitals,
where the energy is lost to vibrational, rotational, and translatlonal
modes via radiationless decay; (2) llgand orb1ta1 couphng to metal d A
orbltals of the same symmetry The metal orbltals contam a large
degree of sp1n-orb1t‘ couphng, Whrch then stimulates singlets to triplet

intersystem c-rossing in the organic chromophore. This usually quenches
| ﬂuorescence,' but may enhance phosphorescence in the solid state; (3)
the interposition of rnany new molecular vibronic states from the metal

d orbitals beneath the lowest ligand' state enhances the possibility of

internal conversion,
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This chapter obviously does not summarize metal ion cherhistry
and spectroscopy, but it lays the g.roundwork' for the applications on

nefve to be described in following chapters. -
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CHAPTER IV
GARFISH NERVE: ANATOMY AND PHYSIOLOGY

A. Garfish Olfactory Nerve

The nerve preparation used for the bulk of these studies is the

olfa.ctor}-r herve of the long-nosed garfish, Leﬁisosteus (Fikg. 11).
Easton (42) has performed extensive studies on the el_ecfrophyiology
and._thin-section electfon miévroscopy of ‘this nerve, The garfish olfac-
tory ner\;e is a trunk of épproximately 1.3 X 107 individual parallel
axons. The populatio;l of axon diameters. is strong-ly_p'ehakec_i atﬁthe diameter
of 0.2 pum, .wi,th a_popuiation ""spread' fromabout 0.12to 0.45 pm. In other
words, the greét bulk of the fibers are ofuniform éiée and apparent type. As a
re’s.ﬁ'lt, the impulse conducti(’_)ﬁ velocities of lthe fibers are approximately
equal (20 cm/sec). ' |

The .structvurve of the olfactory nerve trunR gives it a uniquely
high ratio of axon membrane to Schwann cell membrane é,rea (see Table
I).. Individual axons are unmyelinated (i.e. ,. not wrapped by a Schwann
cell ”éheath'.');_ instead, groups of several hundred axoné are ehcircled
once by a Schwann cell léyer. There is relatively little connective

tissue, which makes the trunk quite fragile.
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Table I. Relationships of axon and Schwann cell
surfaces and volumes in olfactory nerve.
(From Ref. 42)

Measurement : Whole nerve
Number of fibers | 1.3% 10"
Cross-secéional area : 0.0154 crn2
Axon surface area 1000 cmz/cm
Axon volume . | 0.0065 cm3/cm
Schwafnn suridés mres 320 cmz/cm
Schwann volume 0.0013 cm3/cm
Domain volume excluding collagen 0.4 cm3/crn

B. Care of Garfish

One must obtain written permission from the California State
Department of Fish and Game to import garfish into California. The
Department reﬁuires special precautions be taken—the storage tank
must be covered and locked, and the water must be drained onto the
ground rather than into the sewer system--in order that the hardy
and aggressive garfish do not become established in California streams
and threaten other species.

Long—noséd garfish were obtained from: Mr. Eldon Sauegling,
Box 50A, Route 1, Guttenberg, Iowa 52052 (Phone (319) 252-2300).
The 1.5' - 3' long fish were netted in the Mississippi River, packed
in groups of three in a large plastic bag half—fli‘lled with water which

was closed off with a pocket of oxygen gas above the water. The
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bags weré pla'ced in a large, sturdy styrofoam boxes packed with ice.
Boxes were driven immediately to Des Moines, Iowa Airport for direct
air shipment to San Francisco International Airport, where I personally
picked them wup. The totai time from packing in Iowa to unpacking in
Berkeley was about 12 hours. This route of shipment was found to be
absolutely essential; any method taking longer than 48 hrs. invariably
killed at least half of the fish from suffocation.

Garfish were kept in an 8X8' covered wooden tank filled to a
depth of 1 ft. with non-circulating, non-temperature-controlled fresh
water, through which air was bubbled (although garfish can breathe air,
too). Water was changed approx. once-a month. The garfish ate fresh
water live minnows; they did not eat any dead fish. In the winter they
ate very little, if at all; during the rest of the year they could eat arbi-
trarily large number of minnows but could also survive without food for
at least a month. What appeared to be a fungus} infection caused some
fatalities in the summer, but this apparéntly could be retardedby addi-
tion of 25 teaspoons of NaCl to the tank. In summary, oncegarfish are

successfully imported, they are extremely easy to maintain.

C. Dissection of Olfactory Nerve

A garfiéh can be captured from the tank by ''netting'' it in a large
plastic bag whose closed end was punched with small holes, with the
open end clipped around the rim of a 20 cm diameter bunsen-burner
steel ring with a handle. The handle of the ring was fastened to a long
pole. By maneuvering the ring-plastic bag éombination net'" beneath

the water surface, one can ﬁsually catch a garfish head-first into the
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bag. The net then should be pulled quickly out of the water and the
excess water allowed to drain through the holes. The garfish (which
will be . flopping around quite a bit) should be kept in the bag as it is
laid on a wood chopping block. As the fish is held in the bag by one
hand, the head of the garfish is chopped off at about the position of the
front gills by one blow from a sharp axe held in the other hand. The
body of the garfish may continue to twitch, but it should be wrapped |
in another plastic bag and frozen for later incineration. |

The two oifactory nerves, which can be seen as black stripes
along the length of the bony upper jaw, are dissected from the head
as follows: Using a pair of heavy cutting pliers, the lower jaw is bent
back and cut off (Fig. 12). The terminal 4 to 2 cm of the upper jaw,
containing the olfactory epithelium (i.e., the tip of the '"nose'') is
clipped off. One can then remove the two rows of upper teeth, supported
by the bony '"maxillae', by clipping the two maxillae at the proximal
end (_i_._e;,' the end near the brain) transversely to the long upper jaw
bone (the "fostrum”_). The maxillae can then be easily pulled away
from the rostrum, as in Fig., 13,

Using the edge of a small triangular or squé.re file, one files
transverse notches every three cm. or so in the underside of the ros-
trum along its entire length. These notches are used as breaking
points as the rostrum is carefully bent backward and cracked by hand,
as in Fig. 14. | After each break, the broken-off distal segment of the
rostrum is pulled away longitudinally; the two olfactory nerves should
- become exposed, intact, and still connected proximally. Each ros-

trum section. surrounding the nerve is slid off in this manner until



-83-

CBB 7310-6136

Figs. 12-15. Olfactory nerve dissection.
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Fig. 13
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Fig. 14



CBB 7310-6140

Fig. 15
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thé full 12220 cm. 1'_ength'.s; of ne_rvé, §vhich aplpear» black, dangle frc;m
the hea‘d,‘ at which time they‘_r.;:an be éut off and dropped into a beaker’
of.ARing'eI_;.': éolutién (Fig. 15). | |

A black sheath, which contains bioqd Qessels-, and théWhite,
myelinated-trigéminal nerve‘, both run parallel to the translucent and
,f.rag-ile ~unmyelinated olfactory nerve. »By»placing the nerve on a. glass
plate (in a ”p.uddle"'of Ringer solution to prevent drying), the sheath
~and trigeminal nerve c‘a.n‘ be easily teased avway_fror‘n the olfactory
nerve by tWeezers. | Tﬁe unmyelinat.ed o.lfa_ctoryv nerveé __(l:wd are ob-
tained) cah be 'sté'red for up to two déys in Ringer solution at -‘0°C with-
oﬁ.t loss of _excitabilitly'. If ionlhy a short length of nerve is needed for
an .vexperiment,. the. ,désired' len>gth can be cut off witﬁ_ a scalpel or

scissors and the remainder stored.

D. Ringer Solutions

'The- composition of 'l;he Ringer ‘sol.u-tionvs uéed iﬁ the experiménts
déséribed in the succeeding chapters Wére variations of those pfescribed
by Eastbc'm, wl}ich were based on a chemical é.nalysis of garfish blood.
Table II  sh.ow-s the compositions of the various Ringers and the names
by which ‘they are identifi.ed.j ' | _ |

| | Instead of b'icarbor:l.'ate buffer, I used'HEPES 4buffer, and iso-
tdnicity_ was maintained with sucrose. »Ir..l;"he’ 'pH of the rare-earth Ringer
so'lutidns-.weré. l_ower.t‘han"CaéRilnge‘x_‘ :solution to prevent Aprecipitation of
rare-ea:rth_hy'drvoxides. '-_-T‘heb conce_ntration of rare-earth ions in rare-
earth Ringér was abouti/?-that of ‘Cé+-2 in Ca-Ringer because of the

'-"'Super—caicium”"effé'ct of rare-earths mentioned in Chapter 11
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"Table II. Composition of ‘Various Garfish Ringer Solutions Used
(Concentratlons in mM/liter).

' Ringer hame . R - © High

. Salt : Ca - Ca-free Eu .Th [KT]Eu Low Eu
NaCl - 204 204 204 204 3.5 . 204
KC1 3.5 3.5 . 3.5 3.5 204 3.5

- cacl, 3.5 —ee s e -

" EuCl, --- - 0.5 = --- 0.5 0,05
TbCl - cee o mee 0.5 s aas
Glucose 24 24 24 24 24 24
pH (Hepes 6.9 . 6.9 6.6 6.6 6.6 6.9

Buffer) ‘

E. Extefnal Stimulation and Recording of Garfish Nerve T_runks

_ G‘a.‘r_'fish nerve axons’ are too small to be pieréed with micro-
‘electrodés, so external stimulation is ‘neceséary. The nerve is draped
'~ across two pairsv of plat’inﬁrn eléctrode's. A: square voltage -pulse is ap-
-plied befween the. electrically floating stimulating electrodes, with the
negative polarity p:referably toward the desired direction of propagation.
Most of .the. potential differenée in an action Iﬁél_:ential is transverse |
acr<:>ss the membr_arié, but sir;ce the resistance of thé_film of Ringer
‘soiutiofx 'we-tt-ing. the exernal surface of the axon is non-zero, a lbhgitu—
dinal potent1a1 difference w111 appear between the excited and resting
areas of the membrane - This propagatmg external potent1a1 difference
~“can then be» recorded by a pair of recording electrodes, yielding a bi-
phasic fecord. | |

'I'he situation in a hei‘ve trunk 'is more complex 'bvecause the

separation between most axons and the electrodes is greater, and
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electrical éohtact ;hrough the Ringer siolut’io'r.1 film is poorer. As a re-
sult, firing of all axons is n'ot‘ precisély synchronous, and the axons
more distant from the electrodes a;"e fired oﬁljr by a vhi'gh. stimulating
pulse voltage. In the garfish nerve,"the_ recorded action potentiai is ap-
proximately biphasic because of the f?.irly uniform propagal.:‘idn velocity
among all the axons. The height of the observéd x;esponse prdbably is
proportional to the number of axons actually firing émd the shape indic-
~ative of the time-course response 6f a single axon.

The next chapter will illustrate tHe firing ‘response of garfish
nerve in several differenf Ringer solutions,
i Soﬁe experimenfs‘ described ﬁerein were, also performed on lob- ;
ster walking leg herves, although einphasis_ throughout is placed on the
garfish results, The 'dissec_tion of these nerves is di‘scussed inv M.
Kaplan's 'thésis ('('6). Studi_es_ of théir.morphblogy (38, 48) indicates that
each trunk consists of apprbximateiy 10% axons of non-uniform diameter,

with considerable enfolding Schwann cell and connective tissue material,

"I came upon a butcher,

He was slaughtering a lamb.

I accused him there; ' .
With his tortured lamb.

He said, ' Listen to me, child,

I am what Iam'", oo

—‘Leonard. Cohen
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CHAPTER V

GARFISH NERVES IN RARE-EARTH RINGERS

A Rare-Ea'rth,é aé Phy'siqlogical Substitutes for Ca.'+2

| We tested the ‘phy.siolo‘gical behé.&ior of éarfish nérve béthing in.
.Ringer s'o-lutiorlls cdntaining either one type of pblyvalent ion or none at
all, by clhecking‘ the nerves' excitabilify frequently during a period of °
hours. '.Th‘e Ringer solﬁtions. used were Cé,-; Ni-‘, Mn-, and Eu-
Ringer .(see Table I, Chap. IV). The relative ,persi_sté.nce of excitabil-
ity was.mo;litored by dis’plairing the voltage difference between the ex-
ternal rec;)rdin'g electrodes on an OSCilloséope whose horizontal sweep
was triggered by ‘theA stimulation pulse to the. nerve, N |

Figﬁre 16 'shoWs_ thre results for Ca-, C_a-freE,'and Eu-Ringers.
Each trace is the action pc;tential of the ner:ve_s bathed in the indicated
301ution$,and elicitéd at the time (in. hr.) shown at the beginning of the
t.r.ace.' The dura;tioﬁ of each trace is 500 ms and thé vertical sensitiv-
ity is 14 mv/cm For éXample, the three tr"abce‘s‘ on line I.V of Fig. 15
show the a;ction poténtial .of a nerve: (1) at t = 0 hr. , immediately éfter
placement in Ca-f1.-ee' Ringer; (12) at t.=16 hr.; ._stilll in Ca-free Ringer;
and. (3) at t= 24;", after bai:hing in vEsu-_Ringe"r'fér the last 6 hx_'.s.

The results for Ca..-,‘ Eu-, and ,Ca-ffee._fiingers' shown in Fig.45
indicgte that: (1) .,Garfish nérves méinta:in ex'civt'alv)il-it;y in Ca- and Eu-
Ringerv.s l.ongé; than 1n C'a—free Ringer; (2) bathihg a nerve in Ca- or
Eu-Ringer previously made: i_nexcit‘a'ble by Ca-free Ringer can restore

the excifability of at least some of the axon fibers in the trunk.



T
j'v_ Eﬁ N | Eu o | | - Eu
Cafree  Ca free S | ‘Co"free . IGhV_S CQ :
DII-’V\——-%-—’\/—-— S F ——
o Ca free ~6hrs Eu
- - Ca free | ' |
~ Gorfish nerve action potentials
I 1 | | oy _ N 1
6 12 |18 24 . 28 34
| Time of test (h)
| XBL738-3786

Fig., 16. Action potentlals of garfish nerves bathed in Ca-,
Eu-, and Ca-free - Ringer solutions.
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Note. that the Eu-Ringer causes a broadened and delayed action
potential trace. This effect may be related to a difference between

'Ca+2 and Eu+3 in chémi_cal.binding‘c_onstant, or a change of the nerve's

: g_f"_bs-s electrical properties ﬁpon biﬁding Eu-lz-3 instead of Ca+2. |

Mn - aﬁd Ni-Ringers 'wére prepéred by substituting for C.Ia,Cl2 an
-equal concentration of M.mCI'2 or NiClZ.. These Ringérs had an effgct
sirﬁilar to’that.of EQ—Ringer; i.e. ,--ma‘ihtenanvc‘e o'f nerve excitability
for tirr;es much longér thah would be expected for a nerve in Ca-free
Ringer. Excitability restoration after Ca-ijee ‘Ringer bath was not
. chécked_e;éperime.ntally for Mn or Ni-»Ringér..' Of all the Ca+2 ‘substi-
- tutes, 'Mn+2 appeared_té rﬁaiﬁtain excitaBility for the longest time és ‘
well as to cause t.he- least br,oadenir‘l’g and delayinglof the action .poten—.
tial. | | |

Similar experiments '_\x}ere tried on lobster walking leg nerve.
'Eu+3 appeared to maintain excitability"of the nérvé, élthough ability to
restore exci.t‘ability to ne'rvés tested by -Ca'—free Ringef Was not clearly
demonstrated. Broadening énd delaying of the a..cti'onv potential was also
observed. ‘Use of .Ca-freé:-‘lobste'r Ringer always resulted in randbm
firing of the lobster walking leg nerve; this was preveh_téd by either

‘ Ca+?_

or Eu+3 in the Ringer. Similar effects were observed for Mn-
and Gd-Ringers on lobster nerves,
On the basis of the _.physiolog—ical evidence described abdve, I

. proceeded with the use of various pblyvalent‘ cations, and particularly

+3 - . 2 . . . .
Eu 7, as an analog of Ca+ _in nerve-ion interactions.
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An attempt Wé.S made to repié;c-e the physiological function of ek—
tefnal\K+ with monovalent ”thaliiui’n‘ io-‘n' (Tl+ flu,oresées in free équeous
solution and is qlvlen'ched in complexes). Howéver, concentrations of
TICl as léw as 1 mM were found to irrgversibly block the action poten~-

tial,

B. Fllupresce‘nce Spectra of Nerves

Tﬁe spectra aescribed in this section vs}ere taken in a Perkin-
Elmer MPF-2a sPectrofiporimeter, | with a HTV Type R446 photomulti-
j;)lier. Filters in the exéitation and fluorescence beam were‘used to.
decrease scattering artifacts and stray light transmitl.:ed. through thé :
instrufﬁent's mqnoéhromatofs. The Samp'le Wés a 4-cm length of
garfish nerve trunk pu'shed. into a2 X2 mm quartz _fludreéce-nce cuvette
_ fi’lied withlthe .appropria,.te Riﬁger éolution. The spectra are all uncor-
rected for ins_trumeriléal waveléngth-dependent response | and self-absorp-
tion of the sémpiq but they show: the pertinent qualitative features;
Qu‘anti't_a.tive d.at'.a i-s: hard to extract ffom_ this ltechnique, vbeca_use the
intensity of observed fludresg:'en_ce’ was extremely sensitive to the posi-
tion of the nerve in the cuvette.

Tﬁé ; intrinsié fluoreé'_cence emi-ssion_‘s?ectrum of a. fresh garfish |
nerve bathed in Ca-Ringer consis:ts of tvhr'ee main bands, ,centered at
X = 330, ‘44‘5, and 520 nm (see Fig. 17). The excitation bands for these
éfe centered at K% =. 290, 350, and 370 nm, respecti’ve'ly. F‘rom
knowledge of the flub.;;_escencé spectra of common biomolecules (110),
the tﬁree bands rﬁay be igientified as orviginating from tryptopha.n res-

idues of protein,.reduced n_icoﬁné ‘dinu(’:lec')tide_ (NADH),_ and oxidized
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Fig., 17. ’hmrinsic4ﬂuoréscenée'specfra'of garfish nerve,
Dotted peaks represent Eu't3 fluorescence in Eu-nerve,
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flavins, 'respeétively‘;‘ P_f.c;tein c-ertainly exists in both the axon mem-
| brane and the 'axopiasm, both  solubilized and in ofganelles. NADH and
flavinsvaz.'e' inv_olx'(ed in the cvhemical energy-producing. metabolism of -
the mitochondria of-ganelles in thé- a'xoplvasm. [It is ;:lear from elec-
tron microscopy that mitoé’hondrialcip indeed. exist in the axons of gar-
fish olfactory nerv;e (42) and lobster_nerves ‘(48).] R
The intrinsic fluqrescénce spectra of a garfish nerve @h-ich has
been bathed in Eu-Ringer for 24 hrs. af. 0°C_ (ab_brev_iatéd',AEu-‘néfve here..’»
a,fter)_, is not measurably different from the spectrum of a nerve bathed
in' Ca-Ringer. There is no éx.ridence of energy trans_fér from rare-earth
to organic Zchromophc;re.s or of intrinsic fluqi-éscenée quenching, although
the latté'r effect would be hard to ’calibr.a‘te since the observed fluores-
cence intensity is highly-depéndent_ on the ne'rvé_' s position in the cuvette,
| The. Eﬁ+3‘ ‘fh_J.or‘escenbce'-of‘Eu'-nerve is more interesting. The emis-
sion spéétruﬁl (lower left of Fig. 18) shows the reversal of peak intensities
Vc,harac'te_l.'istic‘: of bound Eu+3. The fiu_orescence of the‘aqueo.us Eu+3 in
the Eu-Ringer is negligible compared to ‘!:he':'E'u"L-3 fluorescence of Eu-
nerve, which indicates tha_t“virtual-ly all of the Eu+3 ’giﬁring rise to
fl_uorescerice‘in‘Eu-nerve is chemically bound. In é.ddition, washing the
nerve in Ca.—Rihger’_.-an’d rechecking its spectrum .leads to no-decrease
in Eu.+3.f1u;>rescén¢e. The sloping background fluoreséence is the long-
Wai}eleng.th tail of the nerve"’s inti'iﬁs;ic' NADH_ and flavin fluorescence, |
the intensity of Which is the same order of mag’nitud;e as the Eu fluores- -
cence _ait 614_ nm,
The excitation spe_ctrufn of Eu-nerve was obtained by plotting the

height of the 614 nm ernission peak above the 'backgrou'nd as a function
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Fig. 18. (a) Fluorescence emi’ssion spectra of EuCl; aqueous

solution vs. Eu-nerve. \;= 393 nm. Resolution = 5.0 nm,
(b) Fluorescence: exc1tat10n spectra (uncorrected) of EuCl
aqueous solution vs. Eu-nerve. X\ =614 nm. Resolution™=5.0
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of exciting wavelength, i.e., the excitation é;pect»rum was obtained
pc;int-by_—point from a set of emission spectra curves. This was done
to. separate the'excitation spe-ctrurn_ of the Eu‘l"3 from bthe excitation
vspebctrum of 'the tvotal (Eu+.3 + backgfoun‘d) fl'uoresc:ence.» The result
(1<dwer'righf,' Fig. 18) is c.lual‘itatively different from the excitation spec-
'trurh of an agueous solut-iop of EuCI3. (ﬁpper right, Fig.'18). In partic-
uiar, excitation in the region‘ frorﬁ 340-355 nm can produce Eufl-3 fluo-
rescence from Eu-nerve_’but:not from aqué_oﬁs AEu+3. Energy transfer
fro‘rr_l‘ some s‘peciﬂes. absorbing in this region is indicated.
If the transfer is a "Forster" iheéhanisrh, the donor spe‘cie.s must
have a f_Iuoresce'nCe emission band of its own overlapping Eu+3 absorp-
" tion bands. _.Howekver, if the v'ovrgan.ic donor state is a triplet level (as
'deécribe.d in Chap. III), then theb phosphorescence emission bond of the
~donor (Which is only obser"vab]..e' at low temperatures) must overlai) an
EuJ_r3 absorption band. If the _l;-ransfef is a "through the band' mechanism,
the donor and acceptor sﬁates“muSt still be close in eﬁerg’y, but’bthe éffi-
c'iéncy of thé. tr'an‘s-fér will dépend on the degree of orbital overlap rather
than the overlap of »émission and éBsorpti,on bands. |
A-likely'carididate for the energy donor is NADH. This possibility
‘ 1s supported indirectly By".the following additional Ifacts: o
(1) *Ca*? is believed to bind to NADH (147);
(2) Ca.+.2 a:'cqumﬁlat'es_ in miﬁoéhondriak(where N‘ADH is present)
(95); _ | |
(3) | Eu+3 v.bind.{s to NADI;I.a.nd NADH ‘acté as an enérgy donor for

Eu+3, fluorescence (shown in Chap. II1),
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Compléﬁceé of méta'ls éhd ﬂ’avin"s.-also exist and have Been studied
extensively 1n v‘itr‘ob (58).

There is no evidence of _energy transfer frbrﬁ the tryptophan side
groups of pfotein, 'a’vlthough the lack of such ti‘a'ns.xfer doés nof eliminate
the poSsibi_lity of Eu‘-vprotein binding. Sinée considerable o.ver'lap betﬂx.‘reen
tryptophan fluorescence emission and Eu+3‘ aBsorption bands eXi‘s.ts, the
lalck éf protei‘n-to-Eu+3 tran'sfer'maybindicate that triplet dono:r states
or "through bond" mechaniéms are most important in determining trans-
fér efficiency. | | |

| The ‘same type:of éxperinﬁents vs;ere per‘folrrrlledbn garfish nerve

. . 1" : m .
bathed in Tb-Ringer for 24 hrs. at 0°C ( Th-nerve ). Ib+3

fluorescence,
in general, does not show_' a qualit:ative"ly new emission spectrum upon
‘complexation; all of the e'mission bands bééorﬁe intensli.f'ied to the .same
dﬂégreé.. The narrow emission bands oécﬁr at 543, 486., 584, and 619
nm,l in decreas.iﬁg' order bo_f intenlsity. ‘ The_Tb+3 emission spectrum of
| Tb-nerve is »not 'qualitative.ly different from that of agﬁéous TbC13.
However, the excitation spectrum of Th-nerve, me,asure.d point-by-
point ‘fr.o‘rn the inte(_.n<sity of the 543 nm Thb. ‘emiésion p‘eak ébove the in-
trinsic nerve fluofescenCe .backgrou_nd, is significantly different from
.the -e>xc‘itation s_pkec;.trum' of a'qu_eou's'TbC13‘ (F1g 19). Th'e Strong band
centered pear 290 _nfn indicates TB+3 bindingv to, an.d energy transfer
from, the trYPt,OpHa.n’.residues of p.rote'in.' 'If is‘ diff.i'cuit to determine -
whether'tr'an‘sfer ffbm_ NADH exists, because Tb*3 has its own
‘excitation bands in. the 320-'3_810 nm region. Thé fact that tryptophan is

3

an energy donor to Tb'> but not to Eu‘+3, alvtho_ugh the two presumably

N : : :
bind to the same sites because of their chemical homology, supports the
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" Fig. 19 Fluorescence excitation spectra {uncorrected) of

TbCl; aqueous solution vs. Th-nerve. X\ = 543 nm. Res-
olution = 5.0 nm.
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view that the transfer i§ by a ‘mecha.nisvm more complicated than simple
Forster transfer. -Similarly to the result here, Luk (91) observed trypto-
phan—to.-‘rafe'-earth eﬁergy tx;a'.nsfer in Th-transferrin (protein), but not
in Eu-transferrin. |

We therefore conclude that both '_I'b+3

and _Eu+3 bind to protein and
'N_ADH and/or oxidized flavins in the nerve Lru’nk, among other poséible
sites of binding. |

| In the early work on‘;lobste_r leg ne,rve,. a ‘detailed study of the

excitation spectra was not performed, butthe emission spectrum

clearly showed Eu’? bihding to the nerve trunk,
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CHAPTER VI

TRANSIENT FLUORESCENCE CHANGE STUDIES

The heart of the pr‘oject reported here was the examination of
;transieni: 'flupr.escent changes (if any) synch‘rvénous with the passage of
an action potential. The tré.nsient fluorescence of both rare-earths“
and intrinsic erganic specieé_‘was‘ studied in a; specially consfrucfed
: l_ow-no.ise fluorimeter With‘ fixed hexcivt_ation aﬁd_ emission wavelengths,
| provision for easy viewing and ph.ysiological‘ support of the nerve, and |
"a;bility to detect and signai-average .optical changes in, the millisecond

time range.

A, Experimeni:al Apparatus

The optical arrangement is. .show‘n in Fig. 20. A 900-watt Osram
Xenon lamp was the livg.ht source. A flowing water filter, 20-cm long,
' blocked he'at-Apr(.)duéing'I'R waveleﬂgths;' The light was passed through
iﬁterfe'r.encé fi_lt'eré and a Bausch_énd meb Hi-Intensity grating mono-
chromator, yielding an'éXCitation beam of 10-nm spectral bandwidth.
| A glass plate de_fle‘cted pa.ft of the .exciting light directly to a reference
' p'hotorriultiplie'rA,r used to monitor fluctuations in f:he X.enion arc. The
“\.;vidl:h of the rﬁazinb beam impinging'on'- the nerve was 0.5 mm after
. foéusing a.nd pas.s.age_ through a quartz side window of the black plexi-
glass'lfxgrve ho.ldei- (see Fig. 21). The nerve was viewed at 90°, i.e.,
from a.bo‘v'.e, - thr.ough a g.laé_s Window.in the nerve holder' s plastic cover,

by a microscope. The trinocular head of the microscope could be set
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Fig. 20. Optical apparatus for observation of nerve fluo-
rescence as a function of time. Abbreviations are as

follows: EF, excitation filters; FF, fluorescence filters;

FPM, fluorescence photomultiplier; G, glass plate; H,

H_O infrared filter; M, monochromator; MI, microscope;:
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Fig. 24. Incident light ~ XBL738-3782

Nerve holder, vertical section.
for fluorescence experiments is directed perpendicularly
into the paper and impinges on the nerve at the center of '
the middle chamber. Incident light for trypan blue absorp-
tion experiments is directed upward through the bottom
quartz window. Stippled area shows path of flowing solu-
tion. Additional abbreviations are as follows: MI, mi-
croscope objective; QW, quartz window. '
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-e“it.her to allow direct visuallobser\}a‘t:i‘.-on through the eyepieces or to
pass the light from the objective t’o‘.the" emisision' filte:b array above. An
EMI 9558 QA photomultiplier was used bo detect t‘he fkluorescence .tr‘ans—
-mitted by the filters. We selecb’ed all filters so that very little stray '
light or filter fluorescence was obsex;vved. The field of view of the
micro'scobe was approximately half fiiled by the image of the nerve, the
remamder by the bathmg solutlon The optical setup wasg contained com-
pletely in a light-tight box during expernnents

‘The 900 W Xenon lamp .was used because it produced the most
intense, and yet fairly stable, near -UV exciting light. Pz;eliminary
experimeuts indicated that tungsten filament_‘and deuterium arc lamp's
"w-e.re stable'but too dim ’_a'nd 1000 w H.g'-Xe'v‘}as~ too unsfable. There is
no cornmerc'ial-ly available CW laser with an output at 3932\, the stron-
vgest excitation band for Eu+3 flu-oresceuce. |

The nerve holder itself was partitioned into three chambers (Fig.
21). The ceni:ral chamber_fille'd Wibh incoming Ringer solution,
which formed a minicus with. the. quartz window on the plastic ‘cover
and overflowed mto a 51de chamber, whence it drlpped by grav1ty
through a hole in. the floor of ‘the side chamber. Small plastic sup-
ports and guldeposts in' the cehtral chamber ‘prevented the nerve from
sagging during an experiment .

The solution fl o(aved into the ﬂnerve holder via gravity from
raised' vessels; we could swiitch srollutionsl rapidly by turning a valve
to a new sou:‘rce vessel without mechanically disturbing the nerve or
, ‘optics in any way. -The time required for complete c_hangeouer of

solutions in the nerve holder was 1-2 min; the flow rate was
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approxi-.rn'ately 1 drop/5 sec.

The electronic sysi:em was us‘edl in one of two forms: either’
analeg or digital- ( photon counting) detection. In the analog form
(Fig.22), the fluorescence photomultiplier' and excitation beam ref-
erence photomultiplier ourputs were connected to the positive and |
negative inputs of a Tektronix Type 1A7A differential amplifier,
respectively. The high veltage power suppiy to the reference photo-
rnul tipiier was adjusted so. that the output. of the differential a‘mpliﬁer‘
would not change at all when the lamp intehs_i-ty was. varied by iZO%; :
This pro‘cerdure, us’ed‘to céncel out the-effec.ts .of lamp fiizcker and
drift, was performed before each run on every nerve.

The duration of a garfish unerve action potential is about 40
~msec, Therefore, the RC filters wer.e set on the output of the ‘di_ffer—
ential a-n"iplifier‘ to pass vthe frequency of 0.1 hz to 0.1 khz. This
filtered output was cbnneeted direcvtly to the input of a Computer of
Average .Transi'ents (CAT) in order to signal .‘average the photorﬁul—
ti plier outputs auring Ase’x}eral thouse.nd successive stimulations of the .
nerw‘re. : The (‘:VA'll‘,.opera‘ted on internal triggering mode, supplied a
_scan starting pulse which was amplifie'd_ and delayed to stimulate tﬁe
nerve onee during each CA’I’ scan. The recorded data were .i)unched
on paber tape and the data contained thereon could 'ther1 be added by
computer to the results obtained for similar -experirrients on other
.nerves in order tovfurther enhance the sigh.el/rxoise.

In the photon counting experiments, the reference photqmultiplier
was not esed. Fluorescent light was focuse,d:'qnto the center of the

EMI 9558 QA pho‘toca‘thode, the housing of which contained electron-
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HV s | Electromqs for firing nerve
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Fig. 22.. (a) Electronics for observation of fluorescence
during nerve firing, 'Abbreviations are as follows; AMP,
differential amplifier; BPF, bandpass filter; CAT, signal
averager; FPM, fluorescence photomultiplier; HV, high.
voltage power supply; IT, isolation transformer; N,nerve;

O, oscilloscope;

PA, pulse amplifier; PG, pulse generator

with variable delay; RE, response electrodes; RPM, refer-
ence photomultiplier; SE, stimulation electrodes.
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d'e'focu.s‘in-g magnets to reduce the recorded dark count. The output of
, the photomultiplier was connected to a PARv Model 1120 ”Ampliﬁer—-
DiscrimtnatOr" which discriminate7s égainst PM pulses smaller than
a preset amplitude and shapes the remainder into -1.5 V, 50 ns dura-
t_10n pulses. (A count rate of gr_eater than 10 counts/sec leads to
| frequent,pull’s‘e_ overlap, so photon _coﬁn‘tirigv_mlust be limited to detec-
tion of low light irlltensities)_.‘ The ..output of t_he ampli fier discriminator
was connected to.a PAR Model 1127 "NIM Adé.pter” which converts the
ihput to ’i’TL—competible pulses of either 50 or 300‘_ ns duration. These
“TTL pulses then could be di'r_ectly fed into a CAT signal averager whose
'analog-digijta‘l converter was replaced by a. specia.l bypass card for dig-
. ital inpﬁts. A slow-response ‘ceun-t-r'ate meter was used to monitor the
~ approximate pulse rate.
o Dig‘ite,l detection has the advantage of eliminating all worries
about AC-pickﬁp and amp.lifier noise, but analog detection allowed for
the use of the reference photomultlpher and hlgher hght levels which
reduces the relatlve size of shot noise.
For garf-ish‘ nerves, the total 'sweep time of the 400-channel CAT

was 1 sec.; the nerve was fired once/sec.

B. Transient changes of Rare-earth Fluorescence-_

The observed fluorescence intensity of Eu-garfish nerve at A =614

[ 108 photons/sec

nm and )\ =393 nrnq\wa.s usﬁaily on the ‘order‘ of 10
Any transient changes of Eu- fluorescence of garfish nerve as mea-

sured by the analog system ‘were less than the background noise level.

i Ay and N are the excitation and emission wa.velengths,respectively.
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This result was o-bta-ined both forvth.é signavl—ave_raged record of six
‘nerves invdi\}i'du_ally, and for the computer - sum.r_natio‘n' of these records,
represepfing a total of 6,700 nerve firings.

The exper.imental noise level, after signal averaging and sum-
mation. ovei‘ the six nerves, corresponded to .approxin;latvely +0.01% of
'thlé D‘C'foutpu‘t_.ofi the fluorescence photomultipl‘iervin each channel of the
CAT. At a count rate of 107/sec. , and RC time constant of 10 ms,
aﬁd 5><.10_3 scans, eéch vtime constant. interval would receive approx-.
iin_ately NA =5 X108_counl£s.. The shot noise ;na'gnitude'of this total is
NN, or épproximateiy 2_>< 10.4 c;ounts. Therefore, the theoretical shot
noise in'-eéch channel should be :t'0.0.0S%. '.l"h-is:calcula‘tion indicates
that appréximately half fhe ébserved noisv'evwas the statistical limit-shot
noise. The remainder v;/as p.rébably due to ‘a.mblifier noise, mé'chanical
| vibrations,’ and excess flicker noise c_)fi the photomultiplier. Since shot
noise was such a lar'ge portion of the Atotal noise, electronic or. mechan-
ol refiAnementS.Would __nvc.>t} have greatly impf_oved 'signal/noise.

Photc{n-cdunting electronics was used t'o._' exa»rhiné t'ransient. Eu—
fluorescent éhange’s in thirteén other g>arfi-sh he_rvéé. -Again, any
changes were leés thaﬁ the béckgroﬁnd nobise le{rel, which ranged from
:tQ,.OS%[ to £0.43% . The 'laAc‘k of a reference photo’rhultiplier in photon- _
coi’mtin‘g ¢-léétroni¢s increased the light source f_luctuation contx;ibutior;
to the noise level. . -

In preliminary experiments, vlc;bster nerves we_re' used instead of
gaffish' nerve., No 'referencé photomultiplier was used, so the noise
-level was near 0.1%, Transient changes of Eu-fluores_cenée, if any,'

were hidden beneath the noise.
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It wa_s.' thought possible that much of ,t'hé,E_u—.fluorescence was
from Eu+3 bound in thé- axoplasm (see next chapter). In order to dis-
criminate against this _Eu-'-3 “background”, transient-change exper-
| .iments | with. analog electronics were perforn'iedb o.n four garfish nerves
bathed for less tilah 1 hr. in Eu-lR.i'nger. Again, ’a;ny changes were
less thaﬁ :1:0;01%_. The 'statiétigal. acéuracy was limited in part, by
shot nois'e. from the-'.intr‘insic organic' .fluoreécenc_:e background. |

‘ Changés of lé-ssthan +0.02% - Wer._e observed on "ﬁwo Eu-garfish
nerves excitéd ‘a‘tb )\az 350 nm instead of 393; nm, a procedure utilizing
.thé_ energ'y‘ transfer from an intrin_s_i_'c.orgarliic chromophore described |
:in‘ Chap. V. ' .

In experimepté_ on tw_o Tb-garfish nerves using analog electronics,
observati'onr of transient. changes in energy transfer from protein to Tb+3
was attefnpted, us'ing. )\a; =290 nm and \ = 543 nfn. Changes, if any,
were less thé;n +0.03%. | |

An eff_oft was fnade’ to reduce thg shot noise contribution from
short-lifetime intrir‘lsvic or'génic fluoresAcence\by "chopping'' the incident
'1’ight and. observving the onlyaloh'g-liVed Eu—fluof'es,ce'nce decay -from. an
Eu;nerve. A special digité.l elec‘tronic‘_ gate was coﬁstrﬁcted, to pass
only that photomultiplier bul;put"océurrin'g when the -Vin’cident light was
6ff; a rotary wheel'&és used to chop the incident lighlf into 1 ms dura-
tion, 5.0%_ dut&-(:ﬁrc’le pulses With a rise time of 10 'J,S No transient
changes in Eu;flﬁc;_reSCence sVnchronoué'tb ner‘\}e firihg'wer'e observed
by this te'c.hn'.ique;v the noise ievel was not'irripfoved over the best of
;.)revious' experiménté, partly'"because the ob_se'r'v'ed Eu-fluorescence

(in average counts/sec) was reduced by at least an order of magnitude,
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'ar.ld‘photon éounting-(withouf a reference photomultiplier) rathel." thaﬁ
ané,log electronics was used. In addition,. a ‘puzzling long-liféfime o
em'issioﬁ ﬁs;as »obseﬁred with a Ca-nerve in t{_lAlev sample holéer.‘ Later
experiments'indicated that this was probably an artifact due to‘ scattered
393 nm light: indﬁcing phosphorescent .'e_nvnission from epoxy glue.around’
the edges 'of_,;‘the Windows inthe sampleholder, with this ‘emis‘sion then scat-
tering into the viewing area. Because this iinjgering phosphorescence | o
during the. light—off'periodsfcontribute.d‘to shot noise, chopped :l_ight ex-

periments on Eu-nerve gave little ad\}antage over DC-light experiments.,

C. Transient Cha;hge‘s of Intrinsic Fluorescence

T»d check against the p.ossibil_ity i:hat changes in rare-earth .flu_o-
rescence -.rnigh-l.:- be cancelled by -equé'l_ and opposite changes in intrinsic
ﬂubrescéncéj transient cha_.ng‘é experiments Wer-e perfofi*ned on the th‘ree
int.rinsic fluorescence bands of.Ca'.-.ga.,rfish ngrve..

" To within £ 0.0'1.%, the noise 1eve1l, no transient changes in the
protein band ‘(Xa='2.86Anm, R .= 310 - 380 nm) were detected,. using un-
polarized optics and analog electronics. T'hvev static polafization of pro-
ééiﬁ luminescence was meé.-s‘ufed’usin_g P_oiafoi’d HNP'H filter povlariz‘ing
sheets in both the ‘eﬁxcitation and emission beam. There are four possi-
bl'et orientations of the two filters (polva_r‘izér éﬁd analyz'er) relative to
» the nelr'vé"s ibn‘gitudinal axis: each filter can be either parallel (II) or
,éerpend'ic;ular (1) to the nerve axis. The o.bs‘erved'intensity in each

case was as follows:
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POLARIZER  ANALYZER INTENSITY (counts/sec)

I T 8.3 X 10°
1 18x10°

I 7.0 X 10°
I 1 3.0 x 10°

(T-he two polariz'e‘d light intensities i.ncidfent on the nerve are not equal
'v'due to the pplaijiiing e.ffect‘ of the.‘.xnonochromato'r). The protein fluq—
'rescénée is clearly pblafized, indicating restricted rotational free-
~dom of‘ érypfophdn_residue's in the nanosecond time ré,nge. No tran-.
sient c':‘hﬂanges in ahy of thevse_four polarization cbnfigui-atioh_s synchro- |
. hous with firing were obs_erv.ed, té within £0.02%. ° These exper-
iments were each performed once in the analog mode, but without a |
reference photomultiplier.. In addition, the in_cident UV light inten'sity‘_
was reduced by .netl;tra,l density filters to ax}qid damé_ging the nerve' s
-excitability, Théfefore, t;he preci.sio.nv.of the results, although suffi-

_' ‘cient to discount the. pc.)ssi.billity of'a cancellation effect (due to prdteih
“ﬂuOrescence changes)l, could conceivably \‘b'e improved.‘

Since the background intrinsic fluor-eécence of most rare-earth
nerve experiments wés :p.rcv)‘bably from NADH and flavins, tranéieht
chéngeks from thése moiecuies were exaniined, “using analog electronics.
" For NADH (xag 352; \ = 400 - 480), no changes to within * 0.005% were
found on four Ca-garfish nerves. For oxidized flavins ()\a = 370’.)\; 500
nm) no changes to Within + 0.002% vwere_ found on two Ca-gérfish nerves.
Polarized light stqdie.s'»bf NADHvand flavin fluorescence were not per-
.férmed. | |

We mé.y conclude that the absence of observable ,fare-ea.-rth fluo-
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" rescence changes is not an artifact of an accidental cancellation of

intrinsic and rare-earth fluorescence changes..

"Too much of nothing can make .

.a man f_eél ill at ease,'.

;Bob Dylan B
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'CHAPTER VII
FLUORESCENCE CHANGES IN RESTING NERVE

In o.rder to help i&enfify the structures and molecules in nerve

_ to which Eu+3 binds, changes in the fluorescence of resting nerve was
o.bs'erve'd as the exf_'ernal séiﬁtion was va.ried. ‘External Ringer solu-
tiof;s‘ cc;htaining abnormal sait concentratibns, certain _éhernical é,gents,
and spécific enzymes have  known chemicai and/or. physiologi;al- effects,
and in some c‘a‘vses, these effects could be co.r‘rela't;ed with Eu.+3 binding..
Rirblger} solﬁt'ions.éontainihg two ra’re-.ea-rth ions or a transition metal
ion were ‘used to observe energy transfer as a measure of molecular
distances.

o The optical apparatus for these experimentszwas the same as
I'descr_ib'ed in ChapteerI-. The electronics (Fig_. 23) was in the analog
rhode, _wi-th thé réfefénc:-e.photo'rnultiplier i1‘1;‘1_1‘se. We were interested
in only >s1 ow time-course cha:.nges of fluorescence, the fastest of which
- would be dﬁ.e to the changeover of ‘Ringer solutions flowing through the
nerve chamber. ‘Thereforé, the differential amplifief butput was DC-
coupled ‘\.;vith a 12-sec tiﬁe.consta,ht. The filtered output was fed
through a unity gain amplifier into-a Moseley strip chart recoreder

with adjustable DC offset,

A. Uptake of Eu’>: Time Course

We monitored the X = 614 nm Eu+3.f1'uore'scence of Eu-garfish
nerve with exciting wavelength )\a': 393 nm, as a fu-ncti_oh of time. The

nerve was not fir,e'd,ubut merely bathed in the nerve chamber thr ough
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Fig. 23. Electronics for observation of fluorescence of
resting nerve. Abbreviations (additional to those of Fig. 22)
are as follows: DC OFF, DC offset; LPA, low pass filter;
SC, strip chart recorder.
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wih.ich the ’f‘l_owi'ng solution could bé ‘switched from Ca_—Ringer to Eu-
Ringer at time zero.

The _resultihg curve (Fig. 24} y presumably proportional'tov Eu+3
uptake,. shlows a fa-irljr 1ineaf rate of uptake',,_,at least for the. first 7 hr.
(The ”burnpé" in the curve are proba.bly artifacts of electronic ampli-
fier or power supply drifts or shifts in the nerve posvition due to vibra-
tions.) Flow was then stopped, and then rgstarted 18 hr later; renewed
observation showed the nerve continued to ta_k¢ up Eu'3 at an apparently
undiminished rate. |

Is this long-term éteady uptaké bf Eu,+3 by the nerve in 4F_.3u-Ringer
reversed by .bathing iﬁ Ca-Ringer (i.e., is-Eu‘+3 binding reversible on
the time scale of several ho.urs) ? Figurelzs,f a plot of EuJr3 nefve fluo-
re‘scen-ce while switching.bac'k and _fo?th between Eu- and Ca-Ringer,
._shows that Eu+3 ﬁptaké is ess'ent‘ia‘_lly‘ifrevéfsible. (The fluorescence
intensity of the ‘unbound VE>UI.+3 ion in the Ringef 's_olutionl itself. is almost
_negligible. in these studies'v..)l :

| Pérhép‘s several‘ uptake provcess.es occur sim\;;ltaneously: for
‘ éxample', a large but _very_,élbw uptake. of Eu+3_ by the a};épl_asfn or its
vor'ganevlle‘s,nvand a .much smaller but relatively rapid upéake by the axon
membrane, :In order éo- minimize the po_ssi‘bl_e axoplésniic contributions,
.th.e same uptake e;cperindehts were ,pérforrr}éd with Eu-Ringers containing
only 0.04 and 0.05 mM Eu{a rathez;v than the usual 0.5 mM Eu+3. We
hoped to’ see'va relatively rapid uptake 1n the . first few minutes, repré—
senting axon membrane uptake, -followevd bjr a long plateau when the

membrane sites are saturated. However, no consistent results were

observed; under conditions of very low [Eﬁ+3] , the Eu-nerve
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' fluorescence becomes only a small fraction of thé~ba.ckgr0und organic"
fluofesce_n_ce, and to within the drift noise limits of the experiment

- (0.5%) no clear fast initial uptake was seen.

- B. Diffusion of. External Solution into Nerve Trunk

We considered that the rate-limiting step for the gradual con-
tinual uptake of Eu.+3‘ r;night be liquid ionic diffusion into the ext.race.llu-
lar ‘spaces between the _ra.ther densely packed individual axon fibei's;
i.e., pefhaps it takes hours for all the axons to ”sée" a change of solu-
tion Wh>ich affe;:ts' at first only the -o‘ﬁter axons. - In order to find an up-
per 11m1t ‘to this diffusion time, we fneasuvr_ed the ads‘ofption of the vital
_ biol»ogic.a_lA stain trypan blue [3'1] ‘to the exteri.or..memllarane surfaces of
the nerve ,'tl“uhk'.aS'.a. fuﬂction of time. |

| Two assuxhptioné ‘arve made here: (1) Vthat tfypan blue di_f.fuses.

'as' slowly or more sa.lowlyv'l‘:han dbes Eu+3,‘:and”(2) that trypan blue binds |
rapidly to the- exterior‘ membrane surfagés ‘throughout the trunk but .
does not penetrate to the axoplasmic rteg-‘ion"s at all. The first assump-
tion is _justifi'ed because'.v trirpan blue has a’ 1érger size. and molecular
weight than »»Eu+3, 'vand the.‘ s'ééond is a -\:veli known .fa}cvt due to the large
size and lipid-inéolubility of the trypan blue molecule : |

A’dso.rpti‘on' of ‘trypah blue was monitérea by observing the ads'orp- B
tion of oraﬁge light by the whole né’r‘ve crunk as 't.he solution flow is
switched from a stain-free to staijn-contéining Ringer. 'The results of
_this experimené indicated that trypan blue diffuses completely through-

‘ou‘t, the extracellular spaces of the nerve trunk in about 45 min. .
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C. Eu'~ Uptake: Quantity

It is of interest to determ.ine an -approximate absolute measure
of the gu_antitx- of Eﬁ+3 uptake pér: qu_1it time. This was done as-'f<5110Ws.
A nerve was bathed for 48 hr in cold Eu-Ringer, rinsed briefly in Ca-
Ri’nger., and then pla.c_:‘ed in '10v.m1 of 5 mM VEIDTA (a strong chelating

3 ‘bound to the’ ne‘rv;e trunk. Ap-‘

‘agent) in orderto .Vextract all the Eu+
pro:ﬁimati_’ely 48 hr lalter, the nerve was removed and its _Eu+3_ fluores- _
c?en-ce emission s'piectrum taken as in Chapter V. There was no ev-
id‘:ence of _bound'Eu+3.réma.inihg in the nerve; bresumably, it had all
become bound to the EDTA in the bath. In fact, the fluorescence
spectrum of the .EDTA b.ath»did indeed éonfi rm the presencev of bound
Eu+3, and appropriéte calibration of the spectrum Witil known concen-
trations of Eu-EDTA sélutibn yielded a figure for the total Eu+3 orig-
inally bound tvo the nerve. This 'pé?rnitted ﬁs to calc,uiate the réte of
Eu+3 binding to the nerve, O‘».7 + 0;2 picomoles of Eu-_B/sec for a1 cm
length of .gar.fish nérire-. |

’ We did a series of simi.l.ar experiments with various Eu+3 concen-
‘trations in Ringef solution anﬁ found that, although the pfecision-of the
data was only :I:ZO%',v the Eu+3 binding rate génefally in'crleased with Eu+3
concentra:t:ipn in the Ri-nger bath and no saturation of binding could bé
found evé.n for Eu™> concentrations. of up to. 10;,0 mM We also noted

'in a separate lbut 1je'1tated. éxp‘ériment- that Eu+3 .u.ptake occurs approx-

imately three times more Vrap.idly at room temperature than at 0°C.
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D.. Effect of High[K ]

The results repox;ted in this" and the follbwing two sections are
épplicable to both fresh excitable nerve.'s and nervés_rendered inexcit-
able by repeated fifings‘or age.

” Although no transient changeé of'Eu+3 binding during firing have
been observed, it is possible that bathing the nerve in a high [K'] - low
[Na+] ﬁinger solution (sée Table I) mi'ght affect Eu+3 binding. . If, for
exa'mple,"E.u%B' binding 1s a .fur‘lcti bn of membrane p_otential,. high [K+]
will depolafize the membrane and bos s-ibly‘ind.uce a binding ch'ange.‘ Al-
ternati vely, -if the membrAane”antcts like an ion exchanger,, as suggested
by Tasaki [ 134], the high [K+] in Ithe membrane might. displace Eu’3
‘from the Ca+2__bihding sites. - ;

Using the fluorescence/Ringer flow apparatus desc.ribed é‘ariier,
we al.terriateziy switche_a st)lutibns back and forfh between '"'normal' low
]

[ K'] Eu-Ringer and 'high [ K+] Eu-Ringer, as Eu-nerve fluorescénce was

observed at X\ =393 nm.a..r.ld- £ = _614 nm. The fluo'résc-gnce intensity

' invcreas‘evd app‘foxima'tely 1% within '5"minb af.ter" introduction o\f-high [K+] ’
Eu-Ringer, r'-'elative to 16w[K+] Eu—Ri‘nger (Fig. 26a). (This increase
was suberimpdsed, bn the '_ste.>ady r'a.'te of Eu+3- ﬁptaké' reported "in Sec-
tion A).“' N'aivvely, 'tvhv.is ..w_obuldv seerﬁ to indiéate increased ii)u+3 Binding
with high [K+] , whiéh céntradicts our expectations. In order to :c-heck
for béc’kgfound fla.viri_. fluoréscencé_changes,: We performed the same ex-
periment oﬁ nerves illuminated by A= 406 nm, so that Eu'? fluores-
‘cenc;e wbtild not be excited but the broad flavin fluorescence would still

_appear. The result was that the same changes observe_d“for )\az 393 nm

(i.e., fluorescence increas.é's upon introduction of high [ K+] Ringer)
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Wére‘ also obser&ed for )\a: 406 nm,’ Suggesting fthat‘ .bac_kgro‘und flavin

_ fh‘J.oreé‘cence‘ was influenced directlir b'yl externa',li K’ concentration, | How-

‘ever, an alternative expfanation ‘prese:nted itself when, .in'stead.‘of ob-

| serving Aflltioresc_::enc,e at X = 614 nm, we examined the ‘t_irﬁe 'couA.r'se of é0°

- scattered hght at A = 393 nm Wheﬁevér.high [K_+] solution was intro-

aﬁced, fhe scattering decr.eas‘e‘cji,vby almo-st 20% (F‘i.g. 26b).A This de-

crease ‘_'ihi_scal‘:teringb might have caused the effective incident light in the

interior oﬁ'the nerve trunk to become more intense,. t_hlis | increa.sing

the observed Eu-lb3 flu.()resc':ence.. The observe'd_chan"ge in Eu'-l-3 fluores-

cence thefefore may hav'é'been an artifact due t‘o the sc'é,ttering change.
H.i,g_h [K+] .Ca-Ring-ér reversibly aboiishés the production of ac-

'tionApote’ntbia..ls; when' low [ K+]q "normal'' Ca-Ringer wa‘sv restqr:ed after

treatment of the ..nervé wi_th high [K+] Ca-Ringer, most of the axons of

the axons resumed their abiiity t,o.fire'up‘on exte.rnal_'stimulation of the

nerve trunk. .

E. Effects of Proi:ea'seé and Ngqramihidase'

‘Exp'eriments similar in form to the one describe;d above were
f)ezl-_forrn'ed to study the reiative Eu+3 binding when the solution 1s switched
‘betweervl ”_hormal" Eu-Rin_.ger‘and Eu‘—‘Ring‘e-r_ ﬁcontainiﬂg a épecific enzyme
?de-s-tructuve to membrangs. A’l;wo proteases, tr?psin (1 mg/m1l) and pro-
nase (4 mg/rhl), a.-r#d ‘the enzyme neﬁfa;min'idase (0:.1 mg/ml), which at-
‘tac.:ks tﬁe é)linga'céharidé side chains of glyco‘broteins, had no‘app.aré'nt
effect on Eu'3 binding to nerve to within £0. 5¢%. An observable ~17
'riée in ‘fluorescence dufing tr&psin treétment was 1f1_of.e-d, but this was

an artifact due to fluorescence of Eu+3 bound to trypsin in the Ringer

solution.
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F Effect of _Phosphdl’ipase-c' (Plc)

Ph‘_ospho.lipaSe-c (0.2 mg/ml), which cleaves the polar heads

groups of phospholipids from the diglc.eride' portion, has a more inter-

esting effect (Fig. 27). When Eu-PlééRinger was introduced, the rate

of increase of N = 614 fluorescence ()\'a‘z 393) became greater, possibly

"indicating more rapid Eu+3 uptake. Upon return to enzyme-free solu-

tion, the rate of increase decreasedagain but remained higher th'an it was

v

before the first introduction of enzymé_.

In order to ascertain how much of this change was an artifact of

‘some sort, we repeated the experiments with Plc using N = 406 nm, so

that only background organic fluorescence would be observed at A = 614

nm. We observed (Fig. 28) that, after a s;idden increés_e, the rate of

background fluorescence increase was greater during Eu-Plc-Ringer

flow than during ''normal'' 'Eu-Ringer flow. When "normal" Eu-Ringer

was returned, the i.n-crea‘sed rate of increase of fluorescence completely
disappeared. |

A clue to the meaning‘of these.resulfs was the obsérvation that
the Eu-Plc-Ringer was itself flubr:esc'ent at \ = 6'14 nm with Xa = 393 nm
or 406 nm, probably due to an orga_nié impurity in the enzyme prepara-

tion used here. When the Eu-Plc-Ringer entered the nerve chamber, it

vca.used ‘a sudden increase in observed fluofescence, followed by perhaps

a gradual pérmeation. of the fluorescent material into the nefve trunk.
We can now interpret the results obtained by observation at the

Eu+3 fluorescence at )\a = 393 as shown in Fig. 27, When Euv—P'lc—Ringer

“enters the chamber, we sée a sudden increase of fluorescence from two

. ca;ases: (1) Plc organic impurity fluorescence and (2) Eu+3—ion
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Fig. 27. Effect of phospholipasé-c treatment on Eu+3

fluorescence in nerve. Solution is alternated between
Eu-Ringer and Eu-Plc-Ringer. \= 6414 nm, )\az 393 nm.
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Effect of phospholipase - C
Ag= 406 nm
100
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88}
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Fig. 28. Efféct of phospholipase-c treatment on back-

~ ground fluorescence intensity in garfish nerve. -Solution
‘is alternated between Eu-Ringer and Eu-Plc-Ringer.

"N = 614 nm, Ay = 406 nm, where there is no Eut> fluores-
cence. - '
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-flulores_cencé (_)f_ the EuaP'lc-_R’inge_r. A ‘(:The Eu+3 fluo‘res_cénce in Eu-
‘Plc-Ringer is énhanced by binding of some of the Eu+3 to Ptlc.v) This
L ié folio@ed by a linear rapid inc_rea_se in fiuofescencgé, aéain from fwo
causes: (1) Pic organic impurity fluoreséenée fnateriﬂal séeping into
the nerve trunk and (2) Eu+3 ions binding to the nerve trunk at a more
‘-r_'apid rate due to £hé enzymatic action of Plc. When the Eu-Plc-Ringer
T 5
svol,utiohl i.s again replaced by "inormal"’ Eu-Plc'—Rin_gerr solution, we .
no .longer observe the Eu+?‘vﬂuorescence,‘the organié impurfty fluorés_
cence, or the gr:ad‘ualA seepage into the nervé'tfunk of. organic impufity
fiu.caresce'nc.:e. 6f the Eu-Plc-Ringer solution. The absolute intensity of.
the observed f.1u0'1.‘é‘sce:nc'e _thér»efore. drops sﬁddenly. But this is fol-
lowed by a resumptfon of fluorescence increase at a more rapid rate
than before venzyn'ie.t-reatment becaﬁée the enzyme has irreversibly
ld»ar'navgedl the axon vl_nernbra‘r;e' Which incfeases the rate‘v of E—u+3‘ ﬁptakev.
A schematic drawing shov’vingvthe interpretation of the action of Eu-
Plc-Ringer set forth in this paragraph is given in Fig. 29.
Phospholipase'-c;, was _-found to irr‘ever;:ibly a,vborlish the ability

of a garfish nerve trunk to pfopagate'action potentiais.

G. Effects of Dimethylsulfoxide (DMSO)

. Dimethyls_ulfoxide (DMS_O') is_ an organic solvent which is known
Eo_'increase the_éefineabilit’y of membranes to Wa’tef ahd aqueously sol-
vated ioné."(85). ; We'. made a 0.5 ‘mM 'Eu-R.inge,r solution confaining 80%
HZO‘and .20%‘ 'DMVSO by volume, as a solvent..-, Using the resting state

apparatus as in previous parts of this section, we found that gradual
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nerve uptaké Qf.Eu+3. was 'app_r0xi‘n.1a‘.vte1y> 2-4 t_imes. ndo;-e‘ rapid. in the
Eu-DMSO Riﬁger than in the 'normal" DMSO-free Eu-Ringe‘r. The
change was apparently‘ partially révérsibie—, but this was difficult to
‘ascertain, because re-introduction of Eﬁ-Ringev‘r after _tfea’tment b}}
DMSO Eu-Ringer aiways caused a .slight cha.nge in the mechanical prop-
ervties and optical position of the nerve. A typical strip chart record
is-” shown in Fig,30. The possibility_ of optical position 61’ background
flﬁérescence artifacts was checked, as before, by 'running.additional

V exPeril_‘ne'nts with )\é, = 406 nm ra.thér than )xa = 393 ‘nm; no chainge in

rate of increase of bé.ckground fluorescence was o“bs,eryed at Naz 406 >nm.

H. Energy Transfer between Bound Rare-Earth Ions

Resfing state fluores.cencev.experiment_s, using photon-counting
'elect‘ronics-,' in which tv;/o Ringer solutions'con_t'ain.ing different pairs of
chémically homologous ra.re—‘earth ions were a‘l_tgrnately channeled
through the nerve holder, were perfor’med‘upon l_obétér walking leg
pérves. Th__é purpose of thé‘se experiménté was to seé whether t-he rare-~
e_arth binding sites are clo_sely. s'paced enough for enéfgy transfer td occur
between ad}acent b;1t di fferent bound ioné (see Chapter_ II1). This energy
_ ‘transfe’r could be méafsured by mon_itéring pos.s..i.bll'e relative quenching of
;E_u-nervé'fluores-cence When Ringer solutions containing'equa_l concentra-
3

tions of .Eu'+3.an.d 'Lé;+ or Gd+'3'[ neither La+3 noz"Gd+3 are good energy

_ acéeptofs "_(104)] are alternated with Ringer solutions containing equal
3

Y

concentrations of Eu+3 and either Nd© s Tm'+3, or~Dy+3 (which may ac-

cept Eu+3--donated energy within a certain critical transfer distance).
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Fig. 30. Effect of DMSO on Eu-nerve fluorescence.
Aa = 393 nm, M\ = 614 nm. ' ' ‘
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Table 3 shows the percentage decrease of Eu-nerve fluores-
cence upon switching from the Ringer containing the pair of ions of

column 1 toA-thos‘_e of column 2. .

Table 3 .

Ringer 1 "Ringer 2 % Change
Eu-Gd Eu-Nd = . .= 30
Eu-Gd . Eu—_'Im _ - 25
Eu-Gd . Eu-Dy - -19

- Eu-Gd .~ Eu-La 0

These results ar,eve'xactly parallel to those found for energy

transfer between fare-éarth ions in inorganié' glas>ses'v(1'04-); i.e., ‘Nd+3,
Tm+3, D_y+3 can quench Eu+3 more efficiéntly than ¢an Gd+3‘, and
La+3 and Gd*> both have the same low quén’éhing ability,

A typical Eu+3 fluorescence vs. time ‘curve' for these exper-
imenté, that for Eu-Gd vs. Eu-Tm Rring"er 1s shown in Fig. 34. Note
that sufficient @ime was not allowed forA the Ringer solutions to reach
.équilibr_iur,n with nerbv‘e binding si‘tes, : Sc; real percentage changes are
probably even larger than those repbrted_ 5boy'é, Scattered exciting
1igh£ iriteh.sity. was ;c;imultaneously monitorec’i during'._these experiments
' as a control against artifai-cfs; none of the éxperimenté r-evealed any
Ringer-d.epen.dent scéttering Acha.lng;e-s..

We may c‘on_cludel that at least ‘somé. of the rare-earth binding
.‘sites in‘ lobster nerve ére more closely spéced th;n ébout 7TA (see Ref.

104). However, because of the likely'/ multiplicity of types of binding
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Fig. 31. Eu-lobster nerve fluorescence in Eu-Gd vs.
Eu-Tm Ringer solutions. A, =393 nm, X = 614 nm. -
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sités and the diffiéulty of pvfo_ducing quaptitativé results on this s;ruc-
tu.rlallly-complicated in. vivo system,_furthér : coﬂclusions may not be
drawﬁ. In a simpler .syrs'te'rh, the.::_gﬂe 'of fluorescence decrease from
quenching after a rapid change of solutions as above may guive informa-

tion on the kinetics of rare-earth binding.

I. .':P‘I/f'oteiri Fluorescence Quenching by Transition Metals

As dis&:us.sed’in'ChapterbIII, transition metals in éomplexes '

usualllly-quench the intll-in's_ic‘ fluore'_sceﬁcé of ligands. The protein fluo-
r.escenc'ev éf :nerve, excitedﬂa§ )\a: 285 nm and observed at A\ =310-380
nm, was monitored during alternation of Ca-Ringer with transition
metal-Ringer. Transition metals used wéré N‘i+2, Co+2 and.Mn+2..
Although many eXperimehts on both gaffish ahd lobster nerve were at-
tempted, results were not .cle‘:ar.‘ Srf'lafll {~1% ) fluorescence decreases
were occ‘asion'alily noted, but it was .dif'ficulvt to determine whether
these wére artifacts of nerve movemeﬁt or scétfering éhanges, and Ehese
. changes were not cons_istentlsy reproducible. We therefore conclude that
" transition metal b;mding doe‘svnot significantly quench n'e'rvé protein fluo-

‘r_éscvencé. 4_ ‘This cénciusion does not ne;:essarily contradict thé‘-_previous

-observatioh‘(Chapter V) of energy transfer from protein to Tp*> be-
cause (1) quenching of sdrne protein fluorescence by transition metals
may exist- but énly as a small fraction of the total protein fluorescence,

and (2) the.chemistries of Tb+3 and transition metal ions are not iden-

tical.

)
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CHAPTER VI

CONCLUSIONS AND DISCUSSION

The result that cha.nge's of Bound rare-earth fluorescence syn-
chronous _With- stirn‘p.laﬂtio'n of garfish lnerve are'less than about £0.0 i%
of the’b total rare-earth fluore.s.cence can lead to one or both of the fol-
loﬁing conclusions: (1) by far.most of the ck;emic'al biﬁding of rare-
earth..ion-s' is not related directlyI to e’:\ccitabili'ty, or (2) rare-earth
ions dob not change their -binding s;taté _'suffici.ently to -produce a fluo-
rescer:xce'vbchange, even if théy are réléfed directly to excifabil‘ity.' To-

the extent that rare-earths are a physiological substitute for Ca+2, the

same is true for-'Ca+-2.

| Altho-ugh the second c'onclusién above may be corréct, Ehe exper-v
iments using the flow- sWiﬁchipg appét'fa‘tu's on a resting nerve tend to
support'th'e first conclusion.’ These experimenﬁs are all. consistent with
' the’ intérprétation that Eu+_3 fluoréscenc¢ is due primarily to E,u‘+3
Binding to drganelles and votl.levr ,substa...nce's in the akoplasm, especially
the mitochondria, and that this- bihding is rate—lvimited by.Eu+3i per-
meation t‘hfoi;gh the axon membrane. Phosphélipase-c and dimethyl-
sulfoxide both irreversibly increase the perrheability. of »fhe membrar-le
to équeous soiutions, and therefore lead to a more rapﬁd Eu;l-3 uptake.
Appareh»tly, _trypsin, 'prohase,' and ’neuraminida_.sé do not act to break -
the main mem‘brar’ie'b‘arx.'iér to Eu+3 permeation. :

One of the main results of I‘:he. Eu-’ ana Tb-nerve fluorescence

+3

" spectrum studies (C'h.apter 'V) 1s that Eu bihdé to NADH and/br oxidized

 flavins in the nerve. This result also supports the. view that rﬁuch Eu+3
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fl‘uorescenc::_e' of Ep,.:nerve or‘iginatés in t‘he axopiasm, since little
NADH -ork oxidized flavin is believed to be.lpresent in the nerve mem-
brane,

- "The conclusion that the axoni'rr‘lem'brane is the rate limiter of
Eu+3 uptake is consistent with the c_onclusi’oh‘s» of Luxor and Yanez
[ 92], that the rate constant for Ca’? exchange across the axon mem-
brane is an order of magnitudé slowér than the association of free Ca+2‘f
with axoplasmic bif;ding‘ gites. Reynafarje ;a.nd' Lehninger [ 143)] have
shown t;hat mitochondria of rat liver have a lérge éapacity for Ca+2,
with both paséive and a.cfive uptake. Nuinerous mi-toéhondria appear
‘to exist in s'evera_l inve.i‘_teb’fa_te of axons' [ 48] as well as those of gar-
‘fiéh olefactory nerve [ 42]. ’

Is the known rate of tranéport of Ca.-{h,2 ions a;-cross the‘l.fnem- '

.bfane into the _axopiasm sufficient to account for the obsérved rate ofv_
+3

"Eu uptake ? Since no 45Ca+2 tracer studies exist as yet for garfish -

~nerve, we compare our resu‘.lts with 45Ca+2 tracer studies on squid
giant axon. The fa.te of Ca+2 inﬂﬁx in squidvgianf vaxo'n. under normal
conditidr}s is about 0.2 v'pmol'/cmz-sec [72]. Using the data obtained
in Sectiph VI for total Eu+3 ﬁptake i;1 48 hr, and the observations of
E‘a'st»on [ 42] obn the total axon membrane surface a'-1.'ea in garfish nervga;
we can calculate an uptake réte of .0.0QO7 pmol/qmz-séc for the garfish
ﬁerve. .Thu's, th.e rate of Eu+3 uptake we have observed in garfish
ﬁervg is at vléast two _ordefs of ma;g'nAitud.e smaller than the corre-
sponding rate of Ca'+2 uptake for giant squid axons, assuming tﬁat the
_ uptake is entirély transport through the membrane into the axoplasm.

Although the two figures are not really diréctl-y comparable, involving
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different ions at 'éifférent cphéentrat.ions in different in vivo systems,
they show that norrri;al Cé,+2-uptake is probably sufficient to account
for all of the observed Eu-}?’ uptake.

' The,pbs'sibility _that' the observed Eu+3 uptake represents binding
vto_, rather than permfeation through, the axonal membranes, cannot be
excluded completely, One might imaigine that the phospholipase-c treat-
ment exposes previously hidden ion binding sites on the membrane.
However, the lack of effecé.of the prétease and neuraminidase tend ‘to
Wéigh agaivnst‘ this interp‘reta.t.ion . |

The Se\n'sitivity limit.of 0.01% for transient changes is deter-
mined pfimarily by the shot noise of the total fluorescence, since the
Xe lamp fliéker is cprr_ectéd for by the reference photomultiplievr.
Reduction. of backgroﬁnd'fluoresceh‘ce‘from substances not involved in
excitation is therefore deéi-rable. However, even when the experiments
on'tzlansienl; changes were pgrforrn.ed.s_oon afiter 'bathinvg in Eu-Ringer
aﬁd béfoie much _Eu+3 would ‘ha.ve pe_rrrieaté_d into the .axo'p‘lasm, hegative
" results were still obta‘inea. Appazfently', if tfansient changes do exist,
they are hidden by the flavin fluorescence shot noise. Since bqth the
flavin balckground .fluo"re'sce_r.me and the bulk of Eu+3 binding originate in
‘the axoplasm, ithe expefriment may: be more successful on internally
per.fuvsed.‘s‘quid axclmls Sing.le.s'quid axons, on the other hand, have the
disadvantagé of smaller t'étal axon membr"ane .s'urface area than garfish
olefactory nérvé trunk, so a smaller absolut;e signal', if anymwe'r'e to
éxi_st, wotu'ld be'e‘xpé‘cted.’ N

The technique of in vivo Eu+3 substitutio.n fér C;+2 and use as a

fluorescent'probé- may still be valuable in biological systems where
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either the Ca.+2 ir_wolveme_nt is .quantita'.tively;g"réater, as in muscle,
or where one is intdrested in Ca+2'pefmeétion tfhrough membranes
or interaction with in_tracellu‘lar organelles. |

There are pz\"opert‘ievs of ra.ré-earvth ﬂu‘ore'sciencé vot};.err. than
intensities ahd waveleﬁgfhs which may be useful .in ' in‘dicatving chemical
environments in some l-)iological-systems. For exandpie, the fluores-
vc.:e__nt lifet‘ime_.of Eu+3 generally dépends on the nature of the ligands
[v1‘27] The lifetime is fairly e;.si'lyl vmeas'uxr"able since it is idng
(0.05-2'.'0.:1ns§c), and c'ury.'e-fittirig of a compound decay in a mixed sys-
tem mé.y indicate if ’Eu+3 ‘is bound to ﬁlore than one typé of ligand sys- -
tem. Use of ‘fluor'es:cent Iifetime rﬁéaéurements in systems where
‘HZO is replaced by DZQ may giVe -informatiqﬁ 6n t‘he number of water
fnolecuiés associated with the bound raré;earth [147 ] .. Rare earths
caﬁ also .'t.ra.'nsfekr exéitatio,h energy to each other [ 112, 104]. . This
- préperty,was applied her‘e_t‘o_determin-e that the sepération of'_som'e ,
rare-earth binding sites in' lobster nerve is less tha,n. TA.

The _té'chnique's reliability i'svli_.rhitédprimarﬂy" by the‘ faithful-

ness of Cé.+2-Eu+3 interchangeability. In hérv_e,' it is clear that rare

earths act like "'super-calcium', and ‘our results show that Eu+3 binding

cannot be reversed by at least the normal concentration of ca'? in Ringer

solution. Obviously, then, there is a functional chemical difference be-

tween Eu'l-3 and’ Ca+'2,

In our experiments,. it is entirely possible that ,Eu+3 replaces

Ca.+2 at the ~biridin~-g sites associated with excitability, but its perme-

ation t‘hrou'gh' the membrane and biﬁding to both the external membrane
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and axoplasmic substances differs from Ca.'+2 in quantity and spec-

ificity.

"Shall I teach you what knowledge is ?
When you know a thing, to hold that you
know it; and when you do not know a thing,
to allow that you do not know it. ~This is

‘knowledge., " —Confucius
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