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INTRODUCTION

ie Potentiel Differesce and its Significance in Biology

The concept of "difference of potential®, or "potentisl differ-
ence", 1 is perhaps the most frejuently employed concept smongst ell
thoge in the field of electricity. It plays & prominent role in
practically sny and &1l considerations involving electricul theory
or electriczl instruments. This concept demands for its formuletion
& comprehension of two more primary conceptions, namely, "chsrge"
and "work”™. In terms of these primary conceptions, for adequate
stutements of which reference must be made to texts on mathematical

physics, P.D. may be defined in the following stutement:

The P.D. between two points, & and B,
is the work required to transport unit
charge between point & and poiant B.

It might ressonably be supposed that the concept of P.J. can
pley no role in biological considerations, that the phenomena in
which 1t tekes origin make no appeurance in living things. Ouch,
however, i1s distinctly not the cese. Hather, P.D.'s have been
dexzounstrated in & host of animsl snd plant forms, &s both 1) a
normel sccomyaniment of metubolism, aund 2) &8 a phenomenon
accompsnying the specific functioning of an organ system, an organ,
or & cell. 4 complete exposition of the nature and range of these
dats is not within the proper scope of this puper, but the following

tubular summarizetion is perhsps appropriate:

1. Hereinzfter, the sbbreviation "P.D.! will be employed in place
of the phruses "difference of potentisl® and "potential

difference’.



T4ABLE Il
P.D.t's Occurring in Living Hsteriuls
Orgenism | Points between Iype of B.Dy stteandant |Observer
which P.D. 1s |[Con- |[Vary~ |Tempor- Upon
measured stunt | ing ery
— e -
£ pts. on . Vision &
dan cranium Vﬁ other Geraxrd
brain ('37)
functions
burr &
dan 2 index fingers v Ovulsticn |Mussel-
mzn {'36)
Vegina and Burr,
Rzbbit abdomen — " Hill &
&llen
(135)
ian and | Fore-limb & Heert Howell
other apoosite v pulsa- (t31)
|forms hind-1imb tions
" 2 pts. along Psssuge Adrian
nerve or Péz of Herve (t52)
nerve fiber imoulse
n £ pts. on & #uscular | Howell
nuscle ‘/4 contrec— ('31)
tion
fara—- Cytoplasm & Normel Kamada
mecium external v metubol- (*z4)
caudstum | medium isin
Amebs " M buchthal
terri- v & Peterfi
cols (137)
amebe n o " Telkes
50.2 (*21)
Hydroidse | 4piczl & o " Barth
distel endsg (124)
Fir Z pts. on - Lund
tree bruanch u (1z2)
Hali— Cell sap & n Blinks
cystis external v (1z9-30)|
medium
fitella " " Uster-
4 haut
(*29-30)f
1. This summsry is not in any sense exhaustive. Thus, no attempt
has been mude to tabulate «ll known-biologically-manifested P.D.'s.
Further, only one observer is recorded, though most of the P.D.'s
have been observed by a number of investigators. The reference
under "Ubserver” refers in some instznces to a review article,
or book.
£« The "Berger Rhythm". 3. 7The so-czlled "action current”.
4. The Maction current™ of muscle.
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Theoreticesl interpretation of the biologically-manifested
P,D.'s, either conatant or varying, such &s are listed in Table I,
is a topic upon which agreement bhes not been reached. Rather,
interpretations based upon entirely distinctive conceptions have
been advanced by various investigators of biological P.D.'s. Thus,
Lund ('28) attempts to explain & constent P.D. between two points
in & living system in terms of oxidation-reduction potentiuls,
whereas Gerard ('37) postulates rhythmic discharge of masses of
neurons &S the csuse of the "Berger rhythm". Dubuisson ('34)
presents a eritigue of the various interpretutions which have been
advanced.

The studies described herein relate to P.d.'s obtaining in a
unjcellular form, Chuos chuos. 45 is indicated in Table I, & number
of studies on unicellulsr plants and anizals have previously been
reported. The significunce attaching to such single cell studies is,
therefore, & topic which may eppropriately be discussed. The writer,
it must be stated first of all, has not encountered any explicit
statement of views on this matter in the literzture of the fiela.
However, it is apparent that significance attaches to P.D., studies
on single cells becsuse of the roles such studies play in the
elucidation of fundamentslly significant blological problems. In

support of this view, the following specific citations are given:

1. Loeb &nd Cattell ('15) showed that eggs of
Fundulus immersed in KCl solution took up
sufficient amount of the salt to stop the
heart beat, snd thet the heart beat could

be restored by subseguent immersion of



the embryo in & solution of some other
salt (da halides, NeNOy, HuCHS, and
others), but that the heart pulsations
could not be restored by immersion in
distilled water. It is ressonable to
pestulate, &8 did Loeb and Cattell

('15), that the phenomene just described
are dependent upon permeability chsr-
acteristics of the envelopes of the
Fundulus egg, especially upon perme-—
ability to various ions. Now, Michaelis
('<9) nss shown, by P. D. mezsurements

as well as by chemicsl studies, that sorme
netural membranes (e.g., apple skin) and
some artificisl membrones (e.g., dried
collodion } are permeable for cations
when cations on two sides of the membrene
can be exchunged. oumwalt ('9), by P.D.

measurcments between tine chorion of the

Fundulus egg eand the external medlum, has

shown thuat the chorion behaves in & manner
closely analogous to Hicheeiis' collodion
membranes, and has thus provided an inter-
pretation of the results of Loeb and

Cattell ('15).

It has been abundantly demonstrsted that



Thythmicelly varying P.D.'s are produced by
sggregations of nervous tissue (entire brain,
spinal cord, isolated genglia, etc.) (Gerard,
'36). The interpretaution of such electrical
varietions which is &t present most widely
acecepted is thet they are due to synchronous
electrical discharge of large numbers of
neurones; in the words of Gerard ('36),

".— it is difficult to observe the perfectly
smooth, regular and large potentiel waves of
the frog olfactory bulb, obtained with & con-
centric electrode whose leads sre not separzted
over 0.2 mm., without being strongly inclined
to the belief that they correctly represent the
potenticls of nerve cells beating together in
perfect synchrony". This stutement obviously
does not cormit its author to any specific
hiypothesis concerning the nature of those
changes occurring in a single neuron which may
occasion the "peating", or rhythmic electrical
discharge. However, it does clearly indicute
the need for iavestigeticns on the electrical
phenomena occurring in a cingle cell, nunely,
the neurcn; this need is emphasized in Gersrd's
('368) further stztement, "The crucial evidence
for the existence of slow cell potentials must

come from studies cn single or small numbers of



neurons isolated in space or by the

conditions of the experiment®.

The two foregoing citations sufficiently indicete, in the
writer's view, that critical experimentsl dete on the P.D.'s which
may be penifested by single cells are, or in the future may be, of
considersble significence &s contributions towerd the comprehensien
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of distinetive and importent biological phenomens.

B. Micrurgy end 1ts applicetion to Electrical Studies on Single
Celis

Development of micrurgicsl techniyue within the past thirty
years nss mede realizable direct experimentel sttucks upon innumereble
problems of cellular morphology sznd cellular pnysiology. For, by the
use of micromanipulators, it is possible to obtuin precise control of
the movement of vurious micro-instruments in the microscoplic field,
and hence sccurstely to direct a micro-needle, micro-pipette, or
micro-eclectrode upon or into & single cell. 1 he special application
of this technijue made herein to the problem of cellulsir P.U. measure-
ments is described below (p. 42). 4t this point, aowever, it seems
appropriate to remsrk at short ilength upon the mirked advantages
accruing in particuler to the study of the electricel groperties of
cells u8 & conseyueuce of the developzent of micrurgy. OStudies on

1) protoplusmbe conductivity, and 2) cellulur P.U.'s will be

discusged, as follows:

1. &n excellent discussion of the history and preseat status of
the micrurgical technijue, in its verious aspects, is given
by Chambers znd Kopsc ('37).



Gelfan ('27), by use of the micrurgicsl
technigue, inserted two electrodes into &
single specimen, in the cuse of & number
of protozosan cells, and, by measuring the
electricul resistsnce between the two
electrode tips, was able to obtuin messure—
ments of the electricual conductivity of

the vsrious cytoplasms. This is, obviously,
a straightforward apgrosch to the problen
of cytoplasmic conductivity, and is one
maede possible, in 1ts application to the
vast majority of single cells, solely as &
consegyueance of the develapment cof weans
whereby electrical contact can be established
with cytoplasm &t some precise polnt within
a microscople cell. 4s regerds directness
and probsble eccuracy, it is decidedly
preferable to an older technigue of con-
ductivity zecsurements, exemplified by

the work of Ostermout ('<Z), in which &
stack of discs cut frow the fronds of

Luninsria is pressed beiween the surfaces

of two flat platinum electrodes.

Telkes ('21), Ramsde ('24), end buchthsl
zad Peterfi ('36-'37) have presented studies

on the P.D.'s existing between one electrode



presumsbly 1 contacting the cytoplasm end

& second electrode dippiug into the externsl
mediur environing the cell. Both electrodes
are manipulated by mezns of & micromanipulsator.
Acecurate plecement of electrodes here again

pezes pessible & direch experimental epproach

]

in the nss

m

urecent of the F.D. in guestion.

4g & technique of experimentsl stuay, it

is distinctly to be preferred to an esriier
eperoach to the preblen of celluler P.i.'s
which is exemplified by the work of Hardy
('13), in which P.D.'c betwecn cell orgenclles

were gaugad on the busls of displecenents

fom

14 B . ~
{of ccll purss) which occurred in cells

143
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exposed to electrical currents.

C.e P.D. and Electromotive Ferce

.0, is commonly smploysd «g thouogh it asere sgynoaymous with
"Llectromotive Force”, or Z.d.F. It rust be pointed out, however,
that differentiction between the Lwo terzs is necessary, and that,
furthermore, in thc prescnt investigaticn an atterpt hus been made
to meesure E.d.F.'s, rather than P.D.'s.

It is not withia the proper expound the
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basis for the distinciion between E.¥.F, and P.0.; f{ull trestments

of this toplc are aveilable in textbooks of plysics. The follow-

l. See p- 14 for reuson for this qualification.
2. See Mendennzll, Eve, wnd Keys ('35, sp. 545-47).



ing facts may apsropriately be pointed out, however:

In case current is being drewn from a
battery, sey, & voltzeter applied to the
battery reads the P.D. between the
battery terminzls. This P.D. is a
function of the current drsain snd can
in no sense be ssid to characterize the
battery. bBut if no current is drawn
from the battery, the voltmeter applied
to the battery terminslsreads the E.HU.F,
of the battery, & quantity which is
characteristic of the buttery.

The smaller the current drain imposed ugon the battery, the closer
do the voltmeter's indications come to being indications of the true
E.M.F. Obviously, evaluation of E.li.F.'s, rether then P.U.'s, is
what must be sought in measurements suech ss those herein reported on
single-celled orgenisms. 43 1s shown in apnendix €, the voltmeter
nerein employed vossesses such high input impedance that the current
drawn from the specimen can bs regarded =s negzligible. UNevertheless,
since minute current is drawn from the speecimen, it is best to spesk

of the voltmeter's indicstions &«s bsing those of P.D.



ReVIE& OF LITERaTUHE

The studies described herein desl with P.D.'s existing between
two electrodes pluced in relstionship to the protozogn,52§g§_ggggg,
one electrode being in contuct with the cyboplasm wheress the second
electrode contacts the liguid medius environing 1 the orgunism. &
Such ?.D. meesurements on this form huave not heretofore bsen reported.
However, studies on other ualcellular forms have &p-esrsd, and these
antecedent studies must now be considered.

Unicellulsr plents, particularly Velonis snd Huelicystis, heve
been studied rather extensively, due to their large size and ostensible
aizplicity of orgunization. Due, however, to differences in morphol-
ogical orgsnizatiocn &s btelween such algee and protozosn celis, these
studies are not of direct concera for the present study, snd need not
be discussed furiher. S

Studies on protozoen cells, ia which oné electrode presumsably
(pe 14) contscted the cytoplasn snd the second electrode coatacted
the externsl medium, have been reportsd by Bttisch '28) (azebs
terricola), Telkes ('31) (“sn cmeba®, not identified), Kumada ('34)
(Parszecium coudatum), ond Buchthel and Peterfi ('36-%37) (amebs

terricols snd amebs proteus). In summeriziag these studies, it is

desirsble first of &1l to state certsin pertinent experimentsl re-
guirements, fulfillmeat of which is regquisite if the results of

such studies sre to be considered trustwortihy, and to indlicate to

1. Hereinafter designated a3 M"externsl medium.

Z. Pe.lu's existing vetween such two regions, regerdless of the
experimentel orgunism in shich they cceur, will hereinsfter be
designsted w8 ®cytonlusmic Z.0.'s%. See p. 53 for snulysis.

Se For s review of these studies, see Usterhout ('3l).



what extent euch of the above-mentioned studies fulfills the specified

experimentsl requirements.

Reguirement #l: The extern:l medium must
be known, in oruer that
the results obtsined may
be susceptible of re-
examination.

Ettisch ('28) und Kemada ('34) satis-
factorily fulfill this rejuirement. Telkes
(*31), however, does nmot do so, since the
external medium employed consisted of un-
srecified volumes of various simple salt
solutions edded to unspecified volumes of
an unspecified culture medium. Buchthzl
end Peterfi ('36-'567) likewise fail to
fulfiil this rejuirement, for they employ,
&8 external medium, the sume Xnopy agar in
which thelr specimens have been cultivsted,
the sccumuluted metebolites in which render

the medium entirely unknown.

Requirement #2:t The electrolyte in the
micro-electrode tips must
be identical with the ex—
ternsl medium if an un-

known liyuid junction
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potential, &t the surface
of contact of the external
electrode 1 with the ex-
ternal medium, is to Le
cbviated.

Ettisch ('28) fails to fulfill this
demund, since the externsl mediz employed
viere "physiological KC1" snd distilled
water, whereas his micro-electrode tips
were filled with either 0.1N ACl or Q.1N
NaCl (both electrolytes being suspended
in egur}. Telites ('31) fails to fulfill
this demand, contacting various external
media (lergely unknown, &8 indiczted under
#1, above) witn micro-electrode tips which
ere filled with 1 N KClL. Xamada ('34)
nicely fulfills this reguirement, employing
micro-electrode tips filled with the ex—
ternsl medium under investigation (and of
which he employs a considerable veriety).
Buchthal and Peterfi ('36-'37) aguin fail
to meet this reguirement adeguately. For,
though they £ill their micro-electrode
tips with Knopp eger, the same medium upon

which they culture their orgenizm (imebu

l. "ixternsl electrode" designates thet electrocde contucting the
external medium; this designation will hereinafter be consistently
employed.
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terricole), they resort measurements in
which the same culture medium in which the
organism has been living serves as externzl
medium (as mentioned under #l, above); and
this is obviously objectionable becsuse of
the presence of accumuleted metsbolites in

such &n external medium.

Heyuirement #3: The electrolyte in the
internul electrode 1 must
be in direct communication
w#ith cytoplusm, obviously,
if measurements of Weyto-
plasmic P.D.'s" are to be
nade.

The difficulty here involved is that an
electrode tip stuck into & cell msy actually
not heve ruptured the ectoplesmic wall (cell
wall), but only bave indented same, £ 50
that the electrolyte in the microelectrode

tip actuslly contacts ectoplasm rether than

cytorlusm. It is impossible to determine,

"Internzl electrode® designates thzt electrode with which one
seeks to contzct the cytoplusm; this designation will hereinafter
be consistently employed.

See Chumbers ('22-'23), p. 189, who states ¢ "Pushing & pipette,
especially a compuratively large one, into an egg cell freguently
causes the surface of the cell to become inveginzted and thus
forms & deep pocket. The tip of the pipette, even if it should
finally break through the surfece, is apt to be separated from
the protoplasm of the interior by the formation of & new surface
film continucus with the original surfuce of the cell.¥
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on the basis of the published reports alone,
in what measure the results of previous
workers may be invulidated beczuse of failure
to rule out this possible source of error.
However, Telkes ('31) and Kamada ('34) evince
no awareness of this possible source of
error, nor is the technique of either such
&8 to obviate the possibility of its super-
vention, Ettisch ('25) znd Buchthal and
Peterfi ('46~'57) are aware of the diffi-
culty, however, for Ettisch and Peterfi ('25)
state:

"0f't kommt es vor, dusz man beim

4ndrucken der Elektrodenspitze die

Zellhaut nur einbuchtet, und obzwear

man bel der geringen Dicke des

Objextes im mikroskopischen Bilde

den Eindruck erhalt, wie wenn di

Llektrode bereits in der Zelle ware ——

da sle ebenso scharf eingestellt

erscheint, wie der Zellkorper

selbst —— xann sie in ¥Wirklichkeit

noch asuszerhalb der Zelle in einer

Bucht der Zellmembran liegen, die

sie vor sich hergeschoben hat.

Eine in solchen"Situatian vorgenonmnene

Messung hat naturlich keine wissen-

schaftliche Bedeutung, da ja beide

Elektroden sich in demselben iedium

befinden”.
Nevertheless, neither Ettisch ('&8) nor
Buchthzl and Peterfi €'36-'37) have em-
ployed eny technical step which unequivocally
makes for conformance with the experimental

reyquirement set forth above.



Reguirement #4:

The current drain imposed
upcn the specimen by the
voltaeter must be negligibly
smsll if the 9cytoplasmic
PeD." iessured is to ap-
proach the E.M.F. char-
acteristic of the cell.

(see pp. 3-9)

Ettisch ('28), Telkes ('31), Xemeda ('34),

and Buchthal und Peterfi ('36-'37) have ull

conformed with this reguirement, employing

either electrometers or vacuum tube volt-

meters.

Reguirement #5:

The external medium must
sustain the organism in
its normal morphological
and physiological state

if the "cytoplasmic P.D.'s"
measured are to be con-
sidered &g chsrzecteristic

of the organism.

This reguirement seems to the writer

to be sadejuately fulfilled if the crganism

manifests its churacteristic morphology &nd

physiology after &n exposure of considersble

duration (s&y, 1~2 hours) in the given ex-

ternal medium; but if the externsl medium

18



iz a fresh preparation of the szme solution
in which the orgunism hae been cultiveted,
then there cen be no doubt coacerning com-
plete fulfillment of this experimentual
requirenent.

Ettisch ('23) states thet his smeba
terricola specimens become tensely spheri-
cal (®prall kugelig") in distilled wster
and (insofar «s the text can be Judged)
likewise in physiologicel XCl snd Xnopp's
solutioa, the externsl medis he employs;
such specimens sare obvicuslyjabnormal, «nd
the experimental reyuirement is not ful-
f£illed. Telkes ('31} gives no informetion
concerning the condition of the orgenism
she studied, other than to stats tae
orgunism was killed within verious periods
of time in various externsl medis. Kunada
('34) deuxls sdeguately with this reguire-

ment, exposing Purameclum ceuduatum for

2 hours to any chosen externsl medium,
and then observing each specimen for
normaley of morphology snd physiology
before attempting & messurement on same.
Buchthal end Peterfi ('36-'37) fulfill
this experimental reguirement, employing

the culture medium in which the organism

16



hes bsen cultivated as externsl medium.
(But see #1, cbove, for objection to this

procedure.)

Requirement #6¢ The orgsnism must be
specified 1f the results
are to be considered as
a velid contribution.

Telkes ('31) alone fails to meéet this
requirement, steting merely thut she studied

%an ameba". Kameda ('34) studied Parsmecium

coudstuz. Ettisch ('28) studied Amebs terri-

cola. And Buchthal end Peterfi ('36-137)

studlied smeba terrjicole and, to.a slight
extent, Awmebs pmroteus (= Chsos diffluens,

Schseffer, presumably).

It is apperent that non-fulfillment of one or more of the ex-
perimental reguirements just set forth renders the results which are
obtained of highly questionable value. It is further eppsrent that,
except for the study mede by Kamude ('34), tbe reports of &ll previous
studies on "cytoplasmic P.D.'s" indicate non-fulfillment of one or
more of the rejuirements; the work of Ksmade ('34) is gquestioneble
only on the ground thut he offers nc cssurance of the fulfillment
of Reyuirement #3. It seems to the writer, therefore, that it is
hardly worthwhile to discuss the experimentezl results heretofore
announced at very gre:t length, and that the following tabular

summerization of these results is sdeguates



TABLE IX

Results of "Cytoplusmic P.D.% Studies

iforker Orgenisn kxternsl Hedlium Cytoplesmic P.D.
Pelarity | llagnitude
(#illivolts)
Ettisch smeba Distilled water —-— 0
(1z8) terricola Physiological
XC1 — 0
Telkeg Hot ot adeguately Cytoplasm 15
(*31) specified specified — (an average
valve)
Kamada Parsmecium Verious salt Cytoplaan 28.7
(134) caudatum solutions, of + in some | in solution
1 or more salts | solutions, of KHoPQ,,
- in NaQH, &n
others HaCl (Cyto-
plasm =)
to
19.2
in N/40
Cally (Cyto-
plesm +)
Buchthal ameba Culture Cytoplasnm 1-1.5
and terricola medium + in 50%
Peterfi (Xnopp agur) Cytoplasm
136=-157) - in 50%




HETRALAL

The orgunism employed in this study was the emebs, Chuzos chsos
(Type &) (Schaeffer, '36-'37 & '37). This is a multinucleste form
which possesses meny characteristics in common with simebe proteus,
but which differs from 4. proteus notsbly in size; thus, an aversge
figure rfor the length of 4. Jroteus is 0.6 mm., whereas Chuos chsos
often attains & length of 4-6 mm. This great size hus made rele—
tively ecsy the micromanipulative technigue involved in this study.

Chzos chaos is & form which bas been fiund very rerely in
nature (5chueffer, 156-'37). ochaeffer rediscovered the organism
in & Hew Jersey mursh in 1936, and succeeded in his attempt &t
culturing, with the highly desirable result that the orgznism is
now continuously availsble for experimentetion. 1 Schueffer &
cultures the organism in hey infusion, sdding Paramecium us food
orgsnism. Fortunately, this culture techniqyue has proved modifiable
in the sense thet & Adllute NeCl solution is exceedingly satisfactory
&8 liquid medium in place of the hey infusion. (The significance
for the present study of this simplicity of medium will be remsrked

upon below.) (p. 44) The culture technique which has accordingly

been employed is as follows:

£ watch gless (standard size, l.e.,
2" internal diameter) is thoroughly cleaned

and rinsed in double-distilled water.

1. Supplied commercially by Generzl Biological Supply House, Chlcugoe
£, Private communication, February 2, 1938.



0.C01% NsCl, made up in double-distilled
weter from C.P, HaCl, is poured into the
watch gluss, to & depth, say, of 1/8 - 1/4
inch. The amebas sre then pipetted from
their original medium into the 0.001% NalCl. 1
Paramecia from a rich culture sre then
added, as little as possible of their culture
wedium being carried over., Aafter 4 - 7
days the orgenisms must be trensferred,
presumably beczuse of the accumulation
of metsbolites in the culture fluid;
trensfer is mude, of course, into another
watch glass prepared in the manner just
described.

Ho acecurate dats on reproductive
rute have been taken, but it appesrs thet
the orguuisas reproduce &t about the rate
Scheeffer finds ® in hay infusion cultures,

i.es, & trebling of number euch three days,

Cr S0

Plate I shows the culture vessel &nd the orgunisms, which

appear &8 white threads.

l. The amebas may sppesr unhealthy when first trunsferred into the
dilute NaCl, Lut ason (174 ~ 1 hour) recover &nd sppear perfectly
normsl.

£« FPrivate copsunication, February x, 12Z8.
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APPABATUS

L., Microscopical, Hierurgicsl, and Electrical apparsatus
1. Inverted Microscope [1] N
dWicrurgy has largely been performed by use of the Thunging
drop" technigue, i.e., ihe experimental materisl is placed upon &
cover-glass in & drop of liguid medium, the cover-gless 1is then
inverted over & hole in & "moist chamber®, und the micro-instruments
sre then inserted into the sides {or front) of the chamber and up
into the experimental metericl from below (Chambers, '17). From
the cutset, this technijue sppeared faulty in its epplication to the
present resesrch. For agebes placed upon a clean cover-glass for
15 - 30 minutes would, it wus true, generselly cling to the gluas
when it was inverted, and hence would be in fuvorable condition for
insertion of & micro-instrusent frow below. But zmebas once so
plerced lost their hold on the gleso and sank to the air-water
interfuce, and could not be pierced a second time. For un emebs
floating on the air-water interfuce of ar inverted drop cun hardly
bte pierced by & micro-tip, the orgunism roliing passively off the
tip &nd, through no sctivity of its cwn, evading the micro-tip [m]
in & most exaspersting manuer. It was obvious that re-measurements
on & single individual might well be desiruble, and hence recourse
was had to & techniyue which involves use of &n inverted mlcrcscope
&nd which avoids the use of Yhanging drop" vrepsrations.

The inverted microscope, in which the objective apprcaches the

1. ANumbers or letters in bruckete refer to pieces of wupparctus, or
puarts theresof, znd correspond with the numbers znd letters
employed in Plates II, III, IV, V, & VI, «nd Figures I, 1I, &
III.
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experimental materiel from below, has been introduced into mi-
crurgical practice only in recent yeurs, and is recommended on &
number of grounds (Chazbers and Kopec, '37). &n instrument of
this type is built by Leits in eccordenue with the design of
Chumbers (Leitz peuphiet #TL76). Sincs, Lowever, this rather
expensive comercisl instrument wes not wviilable, construction
of an instrument was undertaken. It is asoenbled cidefly of
perts of & student laboratory microscope, plus twe smell priscs,

g Pollows {Plate II, & & b):

The arm [a] of & student leborutory
ricroscope (of Spencer menufucture) is
deteched from its stuge and stund, and
affixed to & svlid wooden base [b].
Attached to the body itube in place of the
nosepiece, by means of an externally~
threaded collar, is & wmetsl prism chamber
[p-cl; & lock-nut is of course provided
in crder firmly to fix the prisu~chazber
in proper position. The chanber [p—c]
is 3 1/4 in. in length, and its internal
cross-section meassures 1 sg. in.j it is
constructed of 1/8 in. sheet sluminuwa.
The prisms sre locited; of course, &t
tue opposite ewds of this chamber, Euch
orism is held in place by screws pro-

jecting into the sidass of the chamber.



neasuring 1 s¢. in. Two objoctives are
immediutely availeble, & 2 mr. lens [38]
for scanning, &ad « 18 ma. lens [18] for
the picromunipnlasicns. Gompurison of
Plate LI, & and Plate II, b shows ths
wsnaer in wialch these two objectives are
mounted on a sliding breas plabe [b-p],
which muves leagthwlse over the upper
surface of the prism-chamber [p~c]; both
objeciives screw lato iantcrnelly-tiweuded
collers aounted on the siiding bruss
plete [b-p}. Bitoer objeetive can resdily

-

¢ moved into position above the outer

o

orism merely by moving the plate [b-p]
forwerd or Luckward. The sides of the
slidiag plate [o-p] slide agelast guides,
80 as to insare Lts movement «long a
struight liae.

Iliumiautisn of the cbjectives
[16 & 32] is obtsined thru use of &

second 16 mm. objective [1l1], which is

supported in & vertically- end horizontally-

adjustatle mounting [x], ead zhich is it~
self illuminsted oy light reflected from
a small mirror [¥] mounted above it.

Tre ligat source [L] is sn crdinsry 4C watt

»}3
L



bulb. (Such i errsngement canast, of
course, quslify as Meritical illumination',
but it is wde uate for nicro-manipulationg
in the low-power microscapic field.)

The purpsses of & stage are fulfilled
by an ordinary depression slide [8]. This
1s sunported between thae viewing and 111-

uminating objectives by & glender rod which

fb] which supsoris the miceoscope arm [al.
4 short vertical guide post [11] i
convenicant for alignment of the prisz~

chamber [p-c] witha the iilumiacting ob-

jective [i1], in the svent tnc griso-
chembar {p-c

tube of the migrsscops.
I

Use of this inverted microscops is provably obvicus; however,
& few explanatory rewariks way possibiy be in order. #ith an amebea
on the stuge [S] end the illuminsting objective [il] lighted, the
32 mm. objective [3:] is focused on the stage [8] (upper surface,
of course) and the stege [S] then moved until the ameba is at the
center of this laos-gover field. The zmicro-clectrode tips [m]
are then moved into this low-power field and brought fuirly close’
to the specimen. ILmployment now of the 16 mm. sbjective [18] finds

the orguaism in & field wsith the & micrsc-electrode tips [m], reudy



for the establishrent of contect by sne or boih micro-electrode tips

[m] (PLate III, =, b).

2. Hicro-electraode [2]

Electrical conitzci between the cell under investigetion and
the voltmeter (p. %0, and spgendix C) must obviously be estublished.
The instrument directly contacting the organism is, in the event this
latter is a microscopic form, commonly known &5 & "micro—alectrode“.l

icro-electrodes have been employed by & number of investigators
(Gelfsn, '47; Ettisch snd Peterfi, '25; Buchthel and Peterfi, '36-'37;
Kopuc, '36; Telkes, '3l; Kemads, '4; etc.) &lL designs are of the
"reversible" type, i.e., they s«re non-polsrizable. Electrical conteact
with the cell is established by meuns of an electrolyte contuined in &
micro-pipette, and existing there either us pure elecirolyte or &s
electrolyte stiffened by mixing with sgar. For the present investi-
gation, accurate control of the flow of s lijuid electrolyte in the
micro-electrode tip wus desired, for reusons which eppesr below, (p. 29)
end hence & combined micro-electrode and micro-uipette was designed.
Kopae ('38) hes likewise designed o combined instrument widch is,
however, considerably different from the present one, description

of which now follows (see Fig. I): 2

Pyrex tubing is used to fabricute the

pipette body [p] snd pipette shunk {p'l.

1. but see Blinks ('30) on the preferability of the term "micro-
saltbridge®.

2. Figure I is natural size, and hence no msusursments are stated
in the written description.
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& short side-tube [t} is welded to the
oipette body {p] in order to receive a
small rubber stopper [r]. Iato the shank
{p'], neer its junction with the pipette
body [p], & small rubber disphragm [d} i
is sseled, de Khotinsky ceient being

used to fasten the rubber Lo tre glass.
Filling the lumen of the pipette body [p]
in front of the diaphregm [d] is the liquid
electrolyte [el], nemely, 0.001# LeCl.

The shznk [p'] fits closely onto the

neck [h'] turned on & center-thresded
brass heud [h]. 4 screw [s] (52 threads/in.;
6 guuge) turns in this bress head [h)] and
contsacts the rubber diaphragm [d]; this
screw [s] is furnished with & hollow
gerew—head upon which & Sulfur ® pendle [H]
hes been molded. The brass head [h] is
supperted in Sulfur a«t the center of &
sturdy bronze ring [H], roughening of

the inner surface of the ring [R] plus

knurling of the heud [h] together serving

1.

&

Tais diasphragm is werely & seciicon cut from & rubber stopper.
Sulfur is used nere, as elsewhsre thruout the assembly, because
it 1s en excellent insulator, snd becuuse of the facility with
shich it may be poured into position or molded (in psper molds).
it is poured when molten.



to preveant rotablon of the bhead [h] when
the screw [5] is turned against the
dlephragn [d]. Q its lower surfzce, the
ring {&] receives a heavy screw, by means
of which the eabire ssseubly is securely
mouated on the micromanigulebosr control
wait {3]. sdrisiag from the upper surfuce
of the ring [R], & brass tube serves us
currier of & conducting wire [Cw] which
leads off to the woltmeter (5]. The
conducting wire [Cw] is, of course, im-~
bedded in Sullur. & €-piece shield

[S¢, 8,.], fushioned of lurge-slze brass
tubing (pius flat end-pieces, of course)
is likewise supported by the ring [K].
The end-piece of the rear gecticn of the
snield [S,] allows egress of the Sulfur
nandle [H], whereas that om the front
section of the shield [Up] allows egress
of the micro-electrode tip [z]. 1 Since
the ring [R] is flxed securely to the
picromenipulutor control unit [3], and
since, farther, the control uait {31 is
"arounded”, the chield [Sp, 8] is
necesssrily &t ground potential and

serves to shieid the electrode coanlstely

[

1.

For fsbrication of micro-electroue tips,

see appendix A.
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from external electricai fields.

The small rubber stopper [r], sealed
with de Khotinsky cement I{nto the side-
tube [t], supports a most importsnt iteu,
numely, the Ag-agCl reversible electrode
[E]. This is simply a 4g wire chloridized 1
&t one end. At this chloridized end, the
electrode [E] projects into the electro-
lyte [el]; at its other end, it is soldered
to the conducting wire [Cy].

The mlero-electrode tip [m] is seeled
with de Khotinsky into the lumen of the
pirette body [p]. Its free ead is, of
course, that portiocn of the device which
comes into fmmediste contact with the
cell, or with the liguid medium environing
the cell. The micro-electrode tip [m)
mey bs fabricated with either «n open or
closed free end. If &n open-end tip is
sesled into the pipette body [pl, cupillery
attraction generslly suffices to pull the
electrolyte [el] out into the free end;
but thie ferce of capillarity occasionally
hs8 to be sugplemented by gentle pressure

sgeinst the disphragm [d] by meuns of the

Chloridized 1/2 hr. &t .05 ampere, in G.1# HCl. The AgCl deposit
is purplish-gray. The ag wire is scraped and sand-papered before
being chloridized, and is wuashed thoroughly in double-distilled

water afier chloridizing snd before mounting in the side tube [t].
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screw [s]. I, however, &« closed-end %ip
fw) is sealed into the pipette bedy [pl,
its (sealed) end may be cracked off by
rubbing gently againest the glsss stuge of
& low-power microscope, while under care-

ful obhservation.

The device just described hzs alresdy been designated as &
combined micro-electrode und micro-pipette. It is an electrode in
the sense that conduction of current 1 is possible via the dilute
electrolyte [el], reversible electrode [K], and conducting wire [Cgl.
It is also & pipette in thut, by menipulaticn of the diaphragm {d],
liguids msy be forced out of, or drawn inte, the micro-tip [w)]. This
last-nemed function of the instrument, nszely ibs functicn zs & pipette,
hag proved to be of utmost conseyuence, &s is made plain below (i« 42)2.

No correlation whatsoever has become apparent between the dia-
meter of the mouth of the micro-tip [m] und the value of the "cyto-
plasmic P.D." indiceted. PipetteShaving mouths of 10 - 40 microns
dismeter aave been employed ia the present study.

Certuin objections to the abovewieserited instrument sre deult

with in Appendix B.

8. HMicromenipulator {3,4]
4 micremenlpulator ° is an instrucent by mesns of which

micro-instruments (needles, pipettes, electrodes, etc.) may be

1. XNote, however, that current flow is negligible; see discussion
of wvoltmeter in Appendix C.

2. 4&lso, see Dubuisson ('34, p. 1¢) for stutement on the desirability
of this step.

3. For s complete list of references to micromsnipulestors, see
Chembers & Xopac ('37).
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manipulated in the field of « mlieroscope with control adeyuate for
the performance of precise operations on, say, single cells. Est-
ablishment of electrical contuct with the zmeba by meuns of electrodes
obviously demands the use of & micromenipulator.

The micromsnipulator employed is ¢ Taylor instrumsant (Teylor,
125-125). L Only two modifications worthy of mentlon proved to te
necesgery. Firstly, the control ts [3] were removed from their
original cast-iron base and mounted on & base of hurd wood [4]
(walnut) (see Plate V). 2 Secondly, there were fachicned two special
brass plates which were clamped on the control units ad which served,
in turn, as supports for the micrao-electrode assemblies (see Plete VI).

By use of the mlcromznisulator, it is possible to bring one or
both of the micro-electrode tips into contact with the specimen of

Chaos chuos with suse and precision (Plate III a, b).

4. Voltmeter [5]

4 voltmeter is an instrument for the meusurement of difference
of notenticl. 4n instrument of this cetegory, of udeyuete sensitivity
end possessed of certaln other gualifications to be specified below,
was obviously necessary for execution of the present research.

The essentisl guelificztions for an lnstrument sppliceble to
&n investigation such as the present huve been stuted by Burr, Lane,
end Nius ('36) in the following words:

#(5) The device shall have high input im-
pedance, i.e., minizsel curreant shall

1. Teylor ('c3-'25) describes general principles of employment of
the instrument.

&« 7This chenge was made chiefly in order to avold damsging the ori-
ginal base, since & number of holes would have had to be drilled
in it in order to fit it for the present investigstion.



be drawn from the specimen under test.

(b) The device shall be of high sensiti~
vity. «s & limit, a potential differ-
ence of 10 microvolts shsll be measur—
sble.

(¢) The device shall have high stability.
Random fluctustions snd generzl un-
steadiness of the zero position shell
be reduced to the lowest poasible
figure.

(d4) The device shall be widely independent
of externsl electrical disturbunces.
The speciuen under test shsall not be
tshielded'.

(e) Provision shall %e made so that po-
tentizl differences zpplied caun be
read off the instrument directly in
wicrovolts or some auvlbtiyie thereof.

(£) The sensitivlity of the device shzll
be independent within wide limits of
the resistance of the specimen under
test. This conditlon is, of course,
bound u; with condition {&) ubove.

(g) The device snwll be readily portazble.

(h) Stendsrd radio perts shell be used in
its construction as far as possible,
to keep the cost «l & low Figure."

The iretrument euwployed ia the present study conforis with the
foregoing reguireceats iz sutisfuctory degree. Specification (b) is
fulfilled in part, maxizusn seasitivity bteing 45 microvolts/mm.
Likewise specilicetiocn {¢) is nvt fuifilled Ia highest yossible
measure, bub it is fulfilled to an extent which hus been adeguate
for preseat needs. The lostrusmeat is, like ihat of Burr, Lane, and
; - . e 1 .

Hims ('28), easentially a "iheutstone bridge" ~ network in which

. . 2 .. ...
two resistsnce zrms are vacuum tudsa. Ualike the instrument

l. The term "bridge" will hereinufter freguently be employed, &s
synonymous wita fvoltueter®.
R Type 89.
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employed by Burr, Lane, and dims {!38), however, both gria electrodes
(rather then only oae) are "flosting® (i.e., at free grid potentisl).
Furtbermore, the "iynn-Willizms belance", for szubtomatic compensution
of filament buttery fluctustions, as employed by Burr, Lune, &nd
dins ('36), has not been included in the set. The present netwsr
is figured in Fig. II, &nd the srrengenent of contrcls, etc., is
presented in Plate IV. Various aspects of the theory wad employ-
rent of the feregoing network are declt with in sprendix C.
Operating procedure employed with this bridge circuit cuan best
be described in terms of Fig. II. 4Ascsuring thit «ll switches ere
either "open" (8., Sy, Sg, S;2) or ure in O position (81, Sz, Sg,
S5, Sg, Sgy S0, S11), the successive steps ere as follows:
L. 4adjust kg snd Rjp for low seasitivity.
(Tnis is & precautionsry stsp, in-
tended to protect galvenometer G
agzinst possible violent deflection.)
<. Throw &g to position X.
8. Torow S;5 to position 1.
4. Close Sg.
5. ¥%ait 15 - 20 minutes. (Time for
heaters of Ty and To to attain
equilibrium.j =
6. Close S.

7. #uit 5 - 10 ainutes. (Time for the plute
current to attsin en equilibrium value.)

8. Throw 87 to position 1 or 2. (G is,
in general, caused to deflect whea
511 1s closed, for the bridge circuit
will not generclly be "bualanced".)

S. Eulence the bridge (i.e., return G to

zero) by adjusting, firstly R, and Rg, 1

1. The dial readings for the 2 resistors, Hg & Ry, should be nearly
the same.



and, secondly, Rs, Rg, R7 (in
succession). Increuge the bridge
output to G by sdjustment of Ry and
Rip, &nd, if G deflects, continue
baleneing by adjustrent of Ry to Aq.
(Continue this procedurs until G
shows no deflection when the entire
bridge output is applied to G; the
bridge is now builanced st highest
sensitivity.)

10. 4djust Hg and Rjg for reduced sensi-
tivity. (In order to protect G
during the remeinder of the procedure.)
11l. Throw S8z to position Z.
12. Throw Sy to position 2. (G is, in
genersl, &gain caused to deflect
wiien both Sy end 8] have been thrown
to position 2, becsuse of the diff-
erence in the free grild poteaticls
charccteristic of T; and Ts.)
13. Throw Sg to position 1 or 2.
14. &sdjust Ry, Rz, und Rz, in succession,
for zero deflection of G. (If
edjustment is not obteinable, Sy has
been thrown tec wrong position, «nd
mugt be reversed.)
Steps 1 - 9 of the foregeing procedura provide a bealance of the
bridge circuit. Steps 10 - 13 compensete for difference in the free
grid potentiels of T; and Ty, thusc msking it possible to retezin a
bridge balance despite the fact that the two slightly dissimilar
grids zre connected to ore snother and sre iaterposed between
cathode &nd plate of Ty end Ty.
The further procedure relevant to &ctuzl measurement of P.D.'s
is given below (n. 44).
Since, in genersl, adjustment of the filament resistors Rfi &and

Ef, is required only infreguently, and constitutes no step in the

usual mezsurement, the theory and adjustment of same is discussed in
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aspendix C.
Celibration of the voltmeter may approcristely be cutlined &t
this point. Tne procedure is «8 follows (see Fig. II):
1. Heturn S to position £. (It has been
in position 1 during the course of &

measurement) (p. 44 ).

£. Connect the selector switch 84 with
en apgropriate ~ resistor, X,

3. Torow Sz to position 1, and observe
the iefiection of G. (If desired,
on grounds of acecuracy, reverse Bs
by throwing S5 to position &, zgein
observe deflection of G, and tuke an
aversge of the two deflectious.)

4, Throw Sz to position 1.

5, Close 512. (To "short out" grid
compensating P.D.)

6. KReud the P.D. applied to the poteatio-
meter [P].

The P.D. applied to the potentiometer [P] is, of course, merely the
PoD. ucross Rg; it is & PeD. spplied to the two grids, and it is
subject to variation in agcordance with the resistor X selected by
mesns of S5;. It is sccurstely messured by mezns of the potentiometer
[P] (step 6). However, this saze P.D. has previously (Steps 1 - 3)
been employ:d to czuse un observed deflection of G. Hence, the de-
flection of G corresponding to & given vslue of P.J. spplied between
the two gridz is known, i.e. & calibretion of the voltmeter has

been obtained, accurste to the accurzey of the potentiometer.

The adjustments of Rg and Ky are, of course, all-importent

l. &n sppropriate resistor, X, is one such that, with the sensi-
tivity employed during & current measurement, the deflection
of G following upon closure of Sz will ve, say, 1C -~ &C cm.



in determining the gualvanometer deflection correspending to & given
P.D. input. OSince, in the course of the great muajority of exoveri-
mental measurements, it was necesssry to meke some adjustments of
these resistors in order to obtzin s reazding of desireble magni-~
tude, 1 it became necessary to obtuin & celibrution reading sub-
sequent to przcticelly each experimental mecsurement. No purticuler
difficulty is occssloned on this score, however, since the cali-
bration reedings are very yuickly made.

Calibration showed the bridge to possess & maximum sensitivity —
apperent when Hg and Ijg have been adjusted for meximum sensitivity —

of approximately 45 microvolts/mm. deflection.

B. Assembly

The various apparatus described in the preceding section, i.e.,
the inverted microscope [1], micromunipulator [3,4], and voltmeter
[5], must of courss be combined into & single experimentsl unit. &

deteiled description of this uwsseubly will now be given:

1. Combination of inverted microscope [1]

with micromsnipulator [3,4] — 3
The wooden block which consti-

tutes the baze [b] of the inverted

microscope (see Plate II) is simply

screwed down to the micromenipulator

base [4], between the two control

1. Ssy, 10 - 20 cms.



units. The microscope objective [16]
is, of course, in line with the con-
trol units and aprroximately equi-
distant from both.
Combination of micro-electrodes [x]
with micromanipulator [5,4] ~——--:
4s usforementicned, two special
brass plates 1 were fushioned in
order to effect this combinstion.
The plate is clunmped into the con-
trol unit (3] in exactly the sume
nenner =5 the pipette socket described
by Taylor ('23-125). The plate 1is
drilled, znd the screw projecting
from the under side of the micro-
electrode asseubly [2] fita into
this hole. & wing-nut contributes
towaerd making the micro-electrode
asgembly readily demountable
(Plate VI).
Combination of micro-electrodes [&]

with voltmeter [5] :

a8 aforementioned, the con-
ducting wire [C,] is led from the

micro—electrode [2] in & slender

38

1.

Themlero-elecirodes (<] couid huve bsen mounted dirsctly onm the

control units [3], but this would heve required drilling the

latter.
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(brass) tube which srises from the
micro-electrode assembly. Leading
out of the voltmetsr cuse, now, sre
two brass tubes [13], l(3/8 in, in
diasm.), eech carrying & copper wire
which is supported therein ia Sulfur.
4t the distul end of the brass tube
[15] there is & hollow chumber [14]
into which the copper wire projects
«nd which is drilled on its under
side so as to receive the bruss tube
srising off the micro-electrcde
assembly. The chamber [14] is open
to the froant, so that the two wires,
one [C,] lecding from the micro-
electrode &nd the other towerd the
voltmeter {5], can be brought to-
gether and soldered. The bruss
tubes [12] leading out of the volt-
meter [5] case are, of course,
grounded.

Conductors supported in Sulfur
in grounded metsl shields, as just
described, have given no leaksage

trouble whetsoever.

1.

See Plute V & Plate VIl
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The juaction [15] provided within
the hollow chember [14] wllows adeguate
froedom of mowverant for the amlcro-
electrodes. [z}

4. &rrungement of galvenometer [G1, gal-
venometer scale [7), &nd telescope [10]:

4s zlready nentioned, g galvsaometer

sarves as iadicating instrument; this
is & Leeds & Northrup Type P instru-
nent, read by nezns of telescope &nd
scale. 1 Ths instroment is mounted on
the ecdge of & sturdy luaborztory tuble,
to which is ulso securely fustened
the work table upon which the micro-
renipulator [8,4) snd voltmeter [5)
rest. The galvancmeter [G] is sus-
pended at such hsight that 1its tele-
scope srm projects benesth the work
teble, the galvanometer scale {7]
thus being located close benezth the
top of the work table and nesr its
front edge. &n 18 in., 60 watt
Hazde Lueiline buib [9] mounted on
the under side of the work tuable
serves %o illuminate the gslveano~-

meter scale [7] uniformly and

1. Leeas & Northrup Cstulog Eb (19%6); list #2239a.



brigatly. The telescove [10] is re-
moved from the telescope arm, and in
its place there ig 2z spaclal mounting
which supperts & smaell 20° orism [8].
Tais prism (37 projects upward the
refiection cest by the galvenometer
wirror. Holeg hoving been sligned
thru the work tzble snd the micro-
manipulstor base [4] directly ubove
the prism [a s it is now poasible to
cheerve the srien [e] with the gal-
venozeter telescope [10] which is
nounted on a speclal brecket just
to the right of the microscope [1].
The arrengement thue effected s
oite of greatest desirability, on
grounds of coavenisnce as well as
zecuracy; for with the right eye it
is possible to observe galvanoneter
deflections st the same time that
the left eye observes events trsn-
spiring in the microscopic field.
The egsenticls of the above
errangement ere figured in Fig, III.
The entirs assembly is seea in
Plate V, and & close-up view of the
microranipulator units [3], inverted
microscope [1], micro-electrodes [2],

etc., is seen in Plate VI.
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ie  Selection and preperation of Cheog chuos

specimens of Chaos cheos shouwilng norzel vigorous activity were
selected at random 1 for meesurement. The criteria of Ynormal vig-
orous activity¥ ere numercus, «nd one needs scme experience witih the
organism in order to employ them. Eriefly, cne may cite 1) sctive
streaming, &) cheructeristic "shepe®, snd  3) & "good color"
(which depends upcn the presence of not too meny crystals in the
endoplusm) &s criteria for the estinetion of & given specimen’s state of
well-being. In addition, care was tuken to seiect specimens which
clung tensciously to the watch-gluss, for experience indicated that
such specimens were most likely to festen thezselves guickly and
securely to the glass stage [8] upon which the micromsnipulations
were perforumed.

The orgaunism selected for messurement wes then put thru four
successive washings of .00Ll% NeCl, £ Four thoroughly clesn wsatci-
glasses were prepsred and .CO1d BaCl was poured iato euch. The
chosen specimen was gipetted cut of its culture medium snd into the
first watch-glass, from this it wes pipetted into the second, and so
on until it had passed thru four successive baths of 001§ HaCl.

(4 different pipette wus ol course used f'or esch transfer.) From
the fourth natch-glass the cell ves pipetted into & lergs drop of
+00L% NaCl on the stege [S]. The objective of the ouccessive

washings is, of course, to place the specimen onto the stuge {s]

1. &Selection "at random™ here neans that the specimens were taken
from various culture dishese.

o C.P. NeCl, diluted with double-distl¢lfa water (second distill~
ation out of a Pyrex still.)
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in s known externsl medium, nemely, .0CL% NzCl, free from unknowns
present in the culture medium. Thet is, the washing process obviates
transfer onto the stuge {8] of unimowns in the culture uedium, as
would occur if the specimen were pipetted cut of the culture vessel
end directly ocnto the stage [S]. Of cotrse, four washings may not
cenpletely cbviate the tramsfer of such unknowns, but it is believed
that so little is transferred onto the stage [S] as to be completely
negligible. It is to be nolted that the culiure medium consists of
0.001% HaCl, and hence wnen the specimen is trunsferred inte fresh
0.001% NaCl it suffers little alteration in the neture of its external
medium; it is now in « medium, however, which is free of the metu~
bolites witich huve accumuluted in the culiure medium.

For the ready establishment of contuct by & micro—-electrode
tip [n], it is highly desirable thut the specizen be attached to the
stage [S], for, as mentioned eurlier {(p. 21), s floating umeba evedes
the micro—tip [m]. In this connection, it should then be wentioned
that specimens freguently refuse to &ttach themselves o & glass
surface which is not clean. Accordingly, the gluss stage [S] wes
Freyuently cleuned by scrubtbing with an sbrasive powder and rinsing
in deuble~distilled water. Such clesning &lso, it shouid be noted,
further insures purity cf the external medium subseyuently placed
upon the stage. 4mebus placed in & drog of .00L% NaCl upon the
stage [8] after such cleaning generally attach themselves quickly
to the gless and are then in favorable condition for the estublishment

of contact by means of the micro-tip [m] of the internzl electrode.



B, Bstablishment of zlect 1 sontact with the orgsnism
Yenipuletion of micro-instruzents by mesns sf & Taylor nicro-
panipulator is edequctely discussed by Teylor ('25-!'26), &nd need not

be enlerged upon here. It is zufficlent > reitersts «t this point
that in the present &rraungezent, due to the uge of the inverted ziero-
scope (1], the micrc~tip [m] descende upon the crganiem from above.
One zicro-electrode tip {m] i¢ brought into contset with the orgznism,
vhile the second is submerged in the externcl nedium, i.e., the
.001% RaCl environing the organism. T

43 previously expluined (p. 28) the micro-electrode herein
employed cen alsc fuaction s5 4 apicro-pipette. Becuuse of this, it
hss been possible tc euck pratopleen up ints the micro-tip [m] end
to observe intimste contact of ssme with the electrolyte [el] in the
internsl electrode. This is & teckniezl step of considersble con-
seyuence since the aree of contuct of the nrotopluse with the electro-~
lyte is microscorically observable (Plate III, a); it is significant
in that 1t sllows unejuivzeszl fulfilliment of Reguireméht #3 (p. 13.
The ectoplasm cen be ruptured by sucticn of the electrolyte [el],
wiereupon the endoplasmic grenule: wisibly comningle with the electro-
iyte [el].

Contuct (with the crgenisz) of the electrolyte [el] in ihe
internzl cleetrede hzg, for purposes of comperstive study, been
estsblished in two weys, which ure designuted us "Iype & Contact®

and "Type B Contact®:

l. The position oi tae exterual elecirode, with respect to the speci-
men, is of no importance. Thus, 1t can be roved &bout in the
microscespic field and occcaziou uoy slterstion in the velus of the
Yeytoplesmic P.0." being obzerved.



Type & Contact — The micro-tip [m] of the
internal electrode is
simply lowered upon the
cell, to & depth such
that the tip [m] appears
to indent the csll
guite extensively.

Type B Contact — The micro-tip [m] of the
internsl electrode is
lowered upon the cell,
agein to & depth such
that the tip &psears to
indent the cell exten-
sively, &nd then proto-
plasm is gently sucked
up into the micro-tip
(p. 29) (Piste III, a).
The lengtn of the
column of protojplasm
druwn into the tip can
be controlled by mani-
pulation of tne diaphregm

[d] of tne micro-elecirode.

In the cases of =11 specimens cf Chuaog chusos studied, Type 4 Contect

was first estublisned, and then, 4s soon &s bhe rejuisite data upon
the P.D. provided by this type of contact aud been observed (1 zinute,

or less), Type B Contect wuas established merely by manigulution of



the diaphragm [d] of the uiero-=

&8 hag alreedy ovesn noted (G.
for the experimsntel

serves as electirolyte [el]l. Hene

£

surface of contacet of the sxterasl

lsc

specinen 1s 0.00L56

e
»

trode [z]

40), the extermsl sediur provided

1
oG

Halle Eut t sme sclution

e, ¢ 1iyuld juactica P.D. at the

1 slecltrods with the cxternal medium

is avcided, and Reguirement 8 (5.11) is fulfilled
C. Procedure for reuding a P.D.

The procedures required far balancing the voltwmeter clrcuit {5],
and for compensabting for differances ia free grid poteatiszls, have
slready been given (1. 38). 4t tals solab, the srocedure relating
to actusl messuresent of the T.D. mway agovoprictely be introduced.

4ssume the voltmeter cirenuit [8] telaunced, the free grid P.D.

compensated, &nd the

ssue drop of .001% Hull (on the

to pesition 1 (see Fig. II), the
«CC1% Hall, wre connecied te tie

genersliy a sumell "innerent 2,0,9

s [=] izmversed in the

If, aow, 5; is thrown

Es

12 electrodas, ahunted thru

o

gride of Ty and Ty. There is
betwesn two osuch electrodes

(Brown, '34), and since thic P.U. is zppiied beiwecen the two grids,
N . N . £ o 3 oo |

it unbzlences the voltmeier circuit [5}. This electrode P.D. is now

"belenced out” by furbher sdjustment of By, Ap, snd Bz,™ 8o that

the circuilb velance iz restovrsd.

-

two micro-electrode tins L[ul, as

with the specimzn, czaia induces

’n

jL- ¥R

The degree of such unbaslance, as

-
2

any Peile now applisd between the

cantact of the internel electrode

oy
an unbelsnge of ths bridge circuit.

indicsted by the gelvanometer [G],

l. =sarely, Sg must be reversed 1

n order tu effect this adjustment.
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becomes the measure of the P.D, between the micro-electrocde tips [m].
Buring the course of &ll the measurements reported in Teble IIIX
(v 52, S5 was thrown from position 2 to position O a number of
tizes (£ ~ 8), in order to make certain thut the bridge balance had
not altered during the course of the messurement. This procedure
was hardly necessary, since, &t the low sensitivity range in which
the bridge was operated during these messuremeants, the V"zero instab-
ility" of the instrument was small (eround 4 — 5 millimeters);
nevertheless, this procedure was sdonted &s a desirable precsution.
furthermore, in order to maie certzin that the "inherent P.U."
between the £ electrodes bad not altered during the course of the
ndasurement, check was always mazde to see that the galvanometer
deflection dropred to within the "zero inmstubility® when, on com-
pletion of a "cytoplesmic P.D." mezsursment, the protoplasmic

column was ejected from the mlcro-tip [m].

D. BHecording of duration of the maintensnce of the "cytoplusmic P.D.%
The galvanometer deflections occurring as « conseguence of the

establisiment of Type B Contact were observed continuously, znd the

total duration of the observation on each specimen wuis recorded.

E, Recoriing of temperzture 1
The tempersture of the lsboratory during the measurement on each

Specimen was recorded. 4an ordinary Hg thermometer [6] was used, its

tulb being suspended in space at a point very clcse to the specimen

1. The temperature dats cannot be regarded zs significant, except
insofur &g they indicute the constuncy of this environmentsl
factor within & smsll range.



being reasured (Plate Vj.
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OBSERVATIONS AND RESULTS

A. Gualitative Observations

1. General

Chaos cheos manifests en immediate reaction to comtect of the

micro-tip [m] of the internsl electrode, as is to be expected. Lo-
comotion is immediately affected, in that streaming is temporsrily
hslted. &lso, there occurs & quick contraction of the protoplasm, a
contraction which is more intense in the immedisate environment of the
contacting micro-tip {m] than in parts of the cell body further re-
moved. Within & short time (generally, less than 1 minute), the
specimen resumes normal locomotion and appesrs normsl in &ll respects.
This quick return to normelcy obtains irrespective of whether the
micro-tip [m] contacting the cell is maintaining Type 4 Contact or
Type B Contact.

The specimens of Chuos chans were observed quite generally to
escape the contacting micro-tip [2], by virtue of their own locomotor
activity, snd this occurs irrespective of whether Type &4 Contact or
Type B Contuact is being maintained. In case the contact 1s of Type B,
the ameba can be observed to sever itself free from the column of its
protoplasm which bas ascended into the micro-tip [m], the disjunction

being effected at the mouth of the micro-tip [m]. Varying periods of

time sre reyuired for the ameba to effect such relezse froz the micro
tip [m], the shortest recorded instance belng four minutes &and the
longest iastunce being ten minutes.

When the amebs frees itself from the contacting micro-tip [m],

the P.D. which has theretofore been maintzined is guickly dissipated,
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the gelvanometer deflection guickly being reduced to near 1 Zero.
The length of the column of protoplasm in the micro-tip [m]
of the internal electrode does not influence the value of the
"cytoplasmic P.D.", i.e., the magnitude of the "cytoplasmic P.D."
observed with Type E Contact 1s independent of the amount of
protoplasm drawn into the micro~tip [mj. Thus, during the course
of an observation, it proved possible to shortean or to lengthen
the protoplesmic column and yet to occasisn no chenge in the P.D.
value Lhen being msintained.
dpecimens upon which a measurement nas been made hsve been kept
under observation for hours subseyueat to the messurement. They al-
wiys eppesr nornzl as regsards both morophologicsl snd physiological

characterlistics.

2. BHelevant to Type & Contzct

Jo special qualitative observations relative to Type 4 Contact
nave been made, other than the fact that the micrcscope does not re-
veel whether the electrolyte [el] in the micro-tip {m] of the internal
electrode is in ectusl contuct with the cytaplesm. The micro-tip [m]
presses deeply into the cell, so that portions of the cell substsance
at a focus higher than the mouth of the micro-tip [m] tend to obscure
this opening, and careful observution with & 16 mm. objective fails

to reveal the nature of the contact &t the mouth of the micro-tip [.d;

l. In & number of instsnces it was observed that if some of the
protoplesm remsined in the micro-tip fm] after the ameba hsad freed
itself, end such wes geaerally the case, then the gulvinometer
deflection might not return guite to zero, & smell deflection
(1 - 2 cm., generully) being meinteined. This observetion
remains unexplained. A4ny protoplesm left in the micro-tip can,
of course, be expelled at will.
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the electrolyte [el] mey make contact with the eytonlasm, or it mey

be separated from same by the ectoplasm (p. 13).

3. Kelevant to Iype B Contuct

The column of protoplasm which hez bsen sucked up is resdily
visible in the micro-tip {m’ (Plete III, a). By menipulstion of the
diaphrsgn [d] of the micro-electrode [2], it is possible to cause
rupture of the ectoplasmic layer covering this coluan of protoplasm,
so that the cytoplassmic granules are seen actuslly to filout free in
the electrolyte [el]. Hence, there cun be nc doubt but that the
electrelyte [ell is in intimate contzct with the cytoplasm.

Protoplesmic streaming ccours within the column of crotoplesm
which is in the micro-tip [m]. The cytoplaamlc granules flow in
both directions in the protoplasmic column, sSo thet there can be no
question but that such moverent of grenules is due to protoglasmic
activity; that is to =ay, it cannot be considered as rere passive
movement due to suction of the electrolyte [el].

The column of protoplasm which hee been drewsn inte the micro-
tip [m), end which may bave besn contzined therein over & perind of
& number of minutes, can be forced cut of the micro~tip [m]. Suech
an ejected column (from which the emeba hzs not of course previously
effected its separeticn), is rapidly filled with cytoplasm, sc thet
it asbortly (approx. 1/¢ min.) cannot be distinguished from an
ordinsry pseudopod. Since the ectoplasm of such & proteplasmic column
hus suffered rupture (z. 49), this rupture rust necessarily be heeled.
Detailed observations on this hezling process were not undertuken,

however.
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B. uantitstive Observations

“uantitative observations on 3£ specimens are recorded in
Table III, below. Establishment of Type & Contact occasioned &n
immediate deflection of the galvanometer, the magnitude, polarity,
und permanence of which are indicated (4 indicutes that the de-
flection guickly subsided to within the range of the "zero in-
stability® 1 of the voltmeter; > indicates that the deflection
was maintained for approximately 1/2 - 1 minute.) The values
recorded &8 Ymagnitude® for the deflection occasioned by the Type 4
Contuct is the maximum value of the deflection snown by the gal~
vanometer, either 1) before the deflection began to subside, or
2) during the course of the steady value mainteined for 172 - 1
minute. Esteblishment of Type B Contact occusioned a deflection
which was genersally greater than that occusioned by the Type 4
Contact; the magnitude, polarity, and duration 2 of the observation
on ssme are recorded. The deflections occasioned by Type B Contact
are not, however, constant in magnitude. Rather, there is in gen-
eral a relatively constent range 8 within which the deflection
continuously varies at random, snd from which it may deviate, in
either a negetive or positive sense, &t random. The limits of the
"Helatively Constunt Range® sre recorded, and also the upper &nd lower
limits of the deviations from within this range which were observed

during the course of the meusurement.

l. OSee appendix C.

2. In &ll cases, the deflection was maintained &s long as Type B
Contact was maintained.

5. 4ssignment of this range is, of course, somewhat arbitr.ry. It
can be stated to be merely thut runge within which the deflection
was mainteined during the major part (about 4/5) of the durztion
of the observation.

4. Observation of tne galvanometer deflections wes, of course,
continuous during eny given mezsurement.
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TABLE III
Speci-|Temp. Deflection with Deflection with
men Iyoe & Contuct Type B Contact

Permsn—~ ﬁagni—»ggzar— Dura- (Relstively Lizits Polar-

ence tude J|ity of |tiom |Constant ity of

Intern-| of Range Intern

al El- |Obser— al El-

ectrodefvation ectrodg

(°c) (Volts) (idin.)| (Volts) (Volts)

[ 2 268,01 4 .16 - 5 2048 - 053 042 & J038| -
3 4.5 X 006 | X 4 * .040 & .070| -~
4 £5.0 ¥ -004 - 5 044 ~ 047 L0589 & 048] -
5 24,0 & L0256 | - 8 086 — 048 .035 & .0587| =
6 24.5 & 081 | - 5 .049 ~ .058 .040 & .063| -~
7 £5.0 0 . 006 - 9 2041 ~ (047 L0356 & 050 -
8 25.0 & .024 - 8 <041 — .048 088 & .088| -
9 £5.0 $ l.018 | - 7 052 — 060 o043 & .066| -
10 24.8] & 010 | — 9 2054 ~ o0%6 0 -
11 24.5 4 -003 - 8 L051 — .051 0 -
12 24.5 & .039 - 4 2070 — 077 0 -
13 27.0 i .0%6 - 3 Q89 - 031 L0id & 039 =~
14 8.0 ¢ .007 - 8 <045 —~ 089 L0235 & 030 -
15 £8.5| & 081 | - 4 056 _~ .063 L0:8 & .085] ~
18 29.0 4 L018 | — 4 .08% = 085 L0857 & .035] -~
17 £9.0) v .007 | - 5 043 ~ .050 032 & .060] -
18 26.0] e« .011 - 8 065 — 070 .036 & .Q74] -~
19 £5.0] ¥ .013 - 10 .070 = .073 .063 & .078] -~
FL £5.0 L .014 - 10 2050 — .058 046 & .060] -~
2L 5.0 | 009 | - 8 2043 — 046 o0:0 & 047 -
22 6.5 4 017 | — 10 2079 - .110 0 -
£3 24.0 & 082 - 10 |.077 - .087 .091 & .045| -
24 27.5 & . 008 - 11 .082 — .G90 0 -
€S 27.5] ¢ -015 - 4 061 — 023 L019 & .023] -
6 26.0 N 2017 - 7 052 ~ .058 039 & .084] -~
27 £4.51 2017 - 8 056 — 065 +055 & .066] —
128 £4.5 W .08 - 10 <090 ~ .095 +083 & .095| -~
<9 £7.0 L L0488 | - 2 .05% ~ .06l 0 -
S0 £7.5 W 035 | - 4 055 ~ .088 0 -
31 8.0l 3 |.o1g | - 3 |.054 ~ .080 0 -

&3 28.5|] ¢« |.043 | - | 5 # 2051 & 095 -

Uymbols

Deflection quickly subsided to within the runge of the "zero
ingtability" of the voltmeter.
Deflection persisted for 1/2 — 1 minute.

Ho datum, becuuse megnitude of deflection is zero.

No datum, &8 no fiel. Uonst. hange was mznifested, deflection

drifting steudily from & low vuslue to & high value.
G = No dutum, &s no (galvanametric) deflections from within the
Rel. Const. Range occurred during the period of observetion.
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DISCUSSION

4. Concerning Originsl Observations
1. RJualitative Observatioans

Practicslly any type of bioclogical experimentation is un-
avoidably subject to the criticism thut injury is entaziled by the
experimental procedures employed, snd, hence, that the results
achieved dc not obtain for the normal organism. From an experimental
point of wview, this criticise is not velild since, as just mentioned,
there are few experimental procedures in biology aguinst which it
cannot be raised and, hence, practically no experimentel investigation
in bioclogy could be carried on if investigstors were to puuse in the
fece of this objecticn. HNevertheless, it may appropristely be pointed
out that the experimental procedures involved in the employment of
Type B Contact seem to entail little or no injury to Chuaos chsaos.
Three gualitative observations seem to the writer to constitute evi-~
dence in favor of this view. In the first place, the specimen resunmes
norm&l locsmotor sctivity generally within & minute subseyuent to
the establishment of contact by the internzl electrode. Secondly,
protoplasmic streeming occurs in the protoplesaic column within the
micro-tip [m], and protoplasmic stresming is & commonly accepted
evidence of norzeley in those forms in which it normelly occurs
(Ettisch and Peterfi, '25; Gelfan '<7; Gelfan '¢8). Lastly, there
is the fect that u protoplasmic column 1 ejected from the micro-tip

[m] will (provided, to be sure, thut the ameba hus not previcusly

1. The protoplasmic column can be variedin length (p. 2@, and yet
appear normel upon ejection. Thic indleates that the smount of
protoplesm drawn inte the micro-tip [m] does not influence the
extent of any possible injury.
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effected separation from same) rapidly fill 4ith cytoplesm end tske
on the appearence of un ordinary nseudopod. These fucts, taken to-
gether, strongly indicate that the protoplasm which is sucked into
the micro-tip [m} is not injured thereby, &nd, furthermore, that the
cell us & whole is not injured by the experimentasl meaipulations

iavolved in the use uf Type B Contuct.

2. wuantitative Observations
&. Type 4 Contact
The results on Type 4 Contact demonstrete thet it/
csuses galvanometric deflecticns which sre generslly transitory.
Becsuse of this feature alone, it secems that Type &4 Contact should
not be employed in the study of "cytoplusmic P.D.'s%, for certainly
the possibility of investiguting the durability of & Yecytoplasmic P.D,W
should not be ruled out by the exgerizental technigue itself.

It is to be observed, furtherzore, thut the deflections occesioned
by Iype & Contact zre, with few exceptions, of ccasidersbly smeller
asgnltude than those occasioned by Iype B Contuct. This fact cannot
constitute an indictment of the Type & Contact, but it does demon-
strate that employuent of the two types of contuct (Iype & and Type B)
can but lezd to exceedingly divergent results.

be Type B Contuct
Tuking into account the construction of the micro-
electrodes [2] employed (p. 25), it is obvious thut employment of
Type B Contact on Chzos chaos creates en electro-chemical chain

which can be diagrumzed as follows:
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Externzl | Cytoplasa Ectopleasm Externsl 1
~ Ag, 4gCl| Hedium of living of living MHedium #gCl, ag +
{(0.001% | Chuos cheos| Cheos chaos| (0.001%
NaCl) NaCl)
a b c &

This chain manifests what is herein designated as & “cytoplasmic P.D.",
and which is possessed of the following three characteristics:

l. It is of the same polurity in &ll specimens of Chuos chaos;
It persists (in time) in cll specimens of bn&es cheaos;

. It varies in magnitude {with time) in &ll specimens of
Chaos chzos.

[208 vl
D)

The two juanctions designated "a" in the above diegrem ers egual
in =magnitude, and are opposed; hence, they cencel. The chain then
resolves itself into thres P.D.'s, indicated as "b¥, ¥c", und "d¥,
all of which sre unknown, znd aay one or two of which muy bte zero.

The algebraic sum of these three P.D.'s maintuins a coastunt polurity,
and persists in time (in any lndividuul specimon of Ciwog chaos) as
& gquantity of varyiaog magnitude.

Variation (with %ime) in the mugnitude =f the P.U. manifested
by the above-diagrummed chain is apparently due solely to fluctuations
in the values of any one or &ll of the three P.ve.'s indicuted ms "b",
Bc", znd "d¥. Such fluctustions are, further, undoubtedly attributeble
to vitel activities. It is not pessible at present to stule with zny
degree of assurance precisely what mey be the nature of such vitul
activities underlying fluctuations in the values of ¥b®, "¢V, znd "dv,
But the mere fset that such fluctuations do occur sppesrs to be evi-

dence for the extreme variebility of the "protoplusmic systea" which

1. The writer is indepbted to Dr. J. D. Stranuthan, Physics Dep't.,
R.B., for puinting out the possible existence of the r.D. indicuted
by "c". Insofar us the writer is aware, the existence of this P.D,
hag not heretofere been postulated, though the existence of & P.D,
between nucleus and cytoplasm has often been postuleated.
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we recognize as Cheos chuos.

B. Concerning Relationships to Hesults of Previous Investigators
Previous investigations on “cytoplasmic P.D,'s® in unicellular
animals 1 have not involved employwent of Type D Contact, nor, in
the writer's view, of any other tecimigue which can provide ebsolute
agsurance that the electrolyte in the internsl electrode is in direct
contact with the cytoplasm. OUbviously, if the Y"cytoplasmic P.D.%
manifested by & given organism is to be studied, contuct of the in-
ternal electrode with the cytoplasm itself is an inescipable reguire-—
ment. Comparison, now, of Taebles II end III (p. 18 &nd p. 51 ,
respectively) brings to light the fuct that the "cytoplasuic F.D.'s"
menifested by Cheos chsos when Iype B Contaet is employed ure of &n
order of nugnitude which far exceeds thwse obtained by Telkes ('El),
Xemada ('34), and Buchthal end Peterfi ('36-'37) in the verious forms
studied by these workers. On the other hund, Teble III wlsc shows
that Type & Contact occasions P.ide's which wre generally transitory
&hd generelly smeller in megnitude than those provided by Type B
Contact. It ismt possible to conclude that the smeil vaelues obtained
by Telkes ('51), Kumada ('34), and Buchthel and Peterfi ('36-'37)
ure due to their having employed conitaci sompurstle to Type &, for
the organism employed in ihe present study is not the same us that
eamployed by aay cf the other workers; neverineless, comparison cf

the dats on Type 4 Contact and Typs B Conituct (presented in Table III)

1. Osterhcut ('<4), working with the unicellular piant, Valonia
maerophysa, hks filled the tips of his electrodes with cell sap,
the inner contents of the cell, and hence nhas employed & type of
contact similer in principle to the Type B Contact described
hereine.



indicates this as & possible explanztion for the small velues recorded
by the eurlier workers.

snother evidence beuring con this ssme point ccocurs in the report
of Buchthel and Peterfi ('36-'37, pp. 474-75). These writers state
that when their internal electrode first contacts the cell (amebs
terricole), & temporzry deflecticn ("einer momentunen, im Bruchteil
einer Sekunde sblaufenden susschlag®) occurs, znd that their voltmeter
thereupon subsequently indicates a steady value of 1 - 1 1/2 millivolts.
This result is striklngly similar to those reported herein for Type &
Contsct, except thut the deflections occasioned by the Type 4 Contuct
generally fsll to within less than the 1 ~ 1 1/2 millivoit vaiue.

The dats herein reported for Cnsos chzos demonstrate thut the
"eytoplasmic P.D." manifested by each individusl when Type B Contact
is employed persists in time (slthough verying somewhat in magnituds).
In the writer's view, & time record on euch measurement 1ls extremely
desirable, and it is regretteble that Ettisch ('28), Telkes ('31),
Kamadsa ('34), ana Buchthel and Peterfi ('38-'37) have not presented
this datum. Buchthal and Peterfi ('36-'37) do stute that the 1 - 1 1/2

]
willivolt value they obtain in Amebs terricola Maber lange Zelt konstant

ist", end Telkes ('31l) presents scattered data on the time reguired
for various selts added to the externzl medium to reduce the "cyto-
plesmic P.D." to zers; but there is no consistent record in the reports
of Ettisch ('28), Telkes ('51), Kamade (?754) or Buchthul and Peterfi
('36-'37) on the total time during which the "cytoplasmic P.D.Y was
observed in esch specimen.

The "cytoplucmic P.D." menifested by Chsos checs when Type B

Contact is muintained hus just (p. 53 ) been described =s being due

to the chain
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External | Cytoplesm Ectoplusm Externsl
- ag, 4gCl| ¥edium of living of livlng Hedium £gCL, &g +

(0.001% | Chsos chsos | Chaos chaos| (0.701%

NaCl) NaCl)

& b c d a

It has further been pointed out (p. 54 ) thst the P.D. measured is
the algebraic sum of the three P.DJ's, "b", %c®, and "d¥. This inter-
pretation 1s unconventional in thut the possible existence of a P.D.
between cytopiasm and ectoplesm, designuted as "e" in the above

diagram, is herein postuluted. Xamede ('34, p. 98) iaterprets his

resuite as & manifestution of the chain

Hon~ Exterasl Protoplasm | External |[Externzl | Hon-
polerizable | solution of Solution | solutlen | polarizable
electrode in Parausciug in electrode
Capillary Capillary
d a

end postulates (Xamada, 'Z4, p. 99) that the P.D. wmarked "a®, "which
origirates in the membrane of Parameciunm®, io greuter than the liquid
juaction P.D. marked "d®, "go thut the mecsured potential is muinly
the potentiul at 'a'“. Throughout, Xameda ('34) refors to "d% as a
"menmbrazae potentizl®, and points out the znalogies s bztween the
resulis he obtalns with waricus salts as externsl wmedium wnd those
obtuined by Michaslis ('29) on collodion membranss. In the writer's
view, it is advisable in discussing "cytoplasmic P.D.'s™ Lo recognize

the three P.D.'s indicated in the chein

Electrode| Exterazl Externzl| Electrode
fledium I Cytoplzen| Ectoplusm| Hediuh
a |~ c d a

as "b¥, Yef, and "d*, snd to ewalt further dute before atiemplting to
&ssay the coantribution made by esch to the total P.D. munifested by

the chain.



CONGLUSIONS

1. The (electrochemical) chsin

Cytoplasm Ectoplasm
- kg, AgCl | 0.001% | of living | of living | 0.001% | agCl, &g +
NaCl Chuos ghaos| Cpxos ghsos| NeCl
& b c ! a

menifests & PuDe, the sign of which iz indiceted in the disgram.

£+ The meguitude end permsnence of the P.D. menifested by the
above-diagrammed chain ere importantly conditioned by the nature of
the contact established et "b". Thus, 1f the centact &b "bY is of
Iype A, the P.D. 1g, in genersl, trensitory, aad is aluocst invariably
of sxaller megnitude than tha t manifected by the choin wien Type B

Contact is established at "h".

5. The P.D.'s msnifssted by the sbove—disgreémumed chuin when Type B
Contact is esteblished at "b" are 1) constent i{n polarity, &)
peraistent, and  3) varying {in msgnitude} with time in uny given
specimen. The last-nesmed charwcteristic of the P.D. (i.e., variaiticn
with time) cannot be correlabted with locomotor sotivitics of the

Organishie

4+ The P.D.'s nmanifested by the sbove-disgrummed chain when Type B
Contact is esteblished &t "b® ere, with few cxceptions, of grester
pagnitude than uny velues heretofore reported for "cytoplusmic P.D.'s?

in & protozo&n cell.

5. The P.D. munifested by the above-diagrummed chain when Type 4



Contect is esteblished at "d" is tec be regurded, because of its
ususl transiteriness, &8 being of little value for studies directed
toward anelysis of the "cytoplasmic P.D.". On the otber hand, the
PeDs manifested when Type B Contact is employed is to be regurded,
because of its permanence, us teing of definite importance for

further studies on the "cytoplusuic P.D.®
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PLATE I
Culture vessel and contained

Chsos chaos
(Batural Size)

The organisms uppesar ag white spots
in the wateh glass which
serves ag culture vessel.
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PLATE I
Culture vessel and contained

SLhaog cheos
(Natursl 5ize)

The orgunisms sppear as white spots
in the watch glass which
serves as culture vessel.
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PLaTE 1T
Iaverted Hicroscope [1]

(Plate II, a, shoss the 18mm. lens Els% aligned for use)
('H,,"SZH.’& - j

~ microscope ara

— » base

-  1lluminating objective
-— mirror

«= light scurce

-~ gtage

— mounting (for [K] and {11])
-= priss-ochamber

sliding (brass) plate
-—— aechanical stage

~— guide post

- weter cell

- 168 mm. lens

a B R E e8I T W o el oos
|

-~ 32 mm. lena



PLATE 1II

(b)



PlaTE IXI

Chaogs chaos, contacted by micro-electrode tip [m]

(Plate III, s, shows protoplasmic ecolumn in micro—electrode tip [m])

(Plate IIX, b, shows coatsct by two micro-electrode tips [m])

a —-— micro—electrode tip



PLATE I1I1

" Protoplasmic
column

(b)



PLATE IV

Panel of Voltmeter [5]

For symbols, see legend supplied
for Figure I1I.



PLATE IV
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PLAIE ¥

(View of Asaembly)

inverted microseope

micro-electrode

aicromanipulator coatrol unit
. base

voltameter

thermometer

telescope

input lead

hollow chamber on input lead
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o : !
PRNEVIRNESIE] [\
B T/ IGENN

\
-




PL&TE VI

{Close-up view of micromsnipulator
control units, inverted microseope,

b ok n v L EEE R EEREEE @ e o0 o

micro-electrodes, etc.)

inverted microscope
nicro-electrode
micromanipulator control unit
micromsnipulator base
thermoseter

telescope

guide post

water cell

input leud

bollow chnsmber on input lead
junction of [C,] (Fig. I) and wire in input lesd
illuminating objestive
mechanical stage

prisa chamber
xiero-elsctrode tip

inverted microscope base
mounting (for [¥] sad [11])



PLATE VI
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FIGORE I

Cross-gectlon of Combined Hicro-electrode

end Micro-pipette 4ssembly [2]

= 0
= s Trear

il

i

Pipette body

h shank

Brass hsad

(Natural Size)

Shield, froat section

Heck on brass hesd

H
E
R
C

w

m

2.

el

= Sulfur hsndle
= Reversible electrode

Ring

il

= Conducting wire

= Micro—-electrode tip

= Rubber stopper

= Diaphragm

= Screw (32 threzds/in.; 6 gauge)
= Side-tube

= Electrolyte {.001% NaCl)

i¥= Sulfur (lnsulation)

W = de Khotinsky Cement

Y

= Solder






FIGURE II

Circuit Diagram of Voltmeter [5]

Fixed Eesistors Variable Resistors Wiscellaneous

R; — 10 ohms El - x 1 4 ohms ?.0, — Input P.D. (messured)
Ry, — 105 B, — 1x10% » G  — Galvanometer
g, — 10% ® By — 1 x 10° =® T;,T,— Iype 89, Vacuun Tube
By — 10% ® By — 5x105 ® &  — 6 Volt Storege Buttery
B — 103 » By — 1 x 105 B —45 " Dry n
Ry — 10° ® fg — 1 x10% ® By,By— 11/2 " @ u
Ry — 102 v R —1x105 » S5,87,5g,815 ~— Single pole,
3 aingle throw
Ry — 1R v Hg — S x 10 " switches
7 4 a3 2 » Ie .
Ry — 10" * By —1x10" " bl,b5,88,§10 -— UOub}e,gple,
z double throw
11 — Qv " Rjg— & x 0% » switches
Xp — 3 x 10° ohms Ry, Ry, 55,595,817  — Double pole,
2 double throw
Ly MR reversing
switches
X, 108

S4 -~ Selector switch

P — Connections to
potentiometer

0 - Connections to
oscillographn
{not used in present

study)

g ~ Jirect counections
for geilvirometer.
(not used in present
study)






FIGUAE III

Disgrom of Apparutus Assembly, as seen from side

1 -- Inverted microscope

!

Control unit of micromanipulatoer
4 -— Buse of micromcnipulutor
S — Voltmeter
7 — Galvanometer scale
8 — Prism
9 — Luxmiline bulb (18 in., 60 watt)
10 — Talescope
G - Galvauometer
Hote: This figure indicctes srrangement of galvenometer [G] with
resysct to micrsscope [1] and micromunipulator [3,%}, etec.
A number of itews zbich would be eppsrent in such & side

view are omltted; for ithese, see Plates V & VI,
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~PPENDIX &

Production of micro-electrode tips [m].

for & recent discussion of methods for tiae production of micro-
needles znd micro-pipettes, Chambers wnd Kopac ('57) should be con-
sulted.
In the present work, the micro-electrode tips {m], which are
really micro-pipettes, have been produced in the following ways
1/4% Pyrex tubiang 1s thorougnly cleened
in cleaning solution ana rinsed. In un
oxygen flame, it is drawn dowa to about
1 wn. diemeter. 4 2" section of this 1 mu.
tubing is drewn very thin in the middle, by
waraning in &« cicro-fiame wnd pulling gently
&«nd carefully with the fingers. This &"
section, thinned at its mid-region, is now
mounted ia « special device which apnlies
hest (radizted from a hot Nicirome wire)
&t the thinned mid-region, at the szme tize
that it spplies teasioxn at the two ends of
tae capiilery. The capillery is thus severed
at its thinned mid-regicn, fine tips veing
aroduced &t the psiat of disjuiactioa. wuite
often, these tips are closed, in which case
they may be opened Ty beiagz rubbed agulast
a glass surface; this must be Jdone carefully,
of course, preferadly under mieroscopic

observation.



APPEADIN 3

Further discussion of micro-electrode [£].

The amicro-clectrode assembly [2] is faulty in two respects.
In the first pluce, contrsl of tue coluan of liguid electrolyte [ell,
effected by means of the action of & screw (s8] aguinst the rubber
diaphragm [d], is not sufficiently delicute for work with small
cells (as, for example, Pursmecium coudutum). OSince, homever,
the orgunism employed in the preseat study {Cheos cheos) is quite
lzrge, and since, furthermore, wouths of the micro-electrode tips
ware yuite large (10 - 49 microus), precision control of the el-
getrolyte column proved to be uanscessary. Secondly, tne fact
that the electrolyte column {[el} contucts rubber ( i.e. the rubber
of diaphrsgm [d]) und the de Khotiasky cement which holds this
rubber in plsce, is viewed &s an objectionzble featurs. To be
surs, both the rubber and the de Lnotinsky cement are laert sub-

3

stances, aond, hence, it is probsble that they do not wifect the

£

reversible electrode {E]; nevertielsss, it sould be best if wll
possitility of such zn effect were eliuinszted. In tihe present
study, error resulting from possible action of the rubber aud
cesent constituenis on the revessible electrode [E] nhus beea

guarded ageinst by frequent chsnge of the electrolyte {el] &nd

of the reversible electrode [E].



APPENDIX C©

hspects of theory snd use of the voltmeter [5].

The network of time voltmeter [5] emplsyed in the presant study
is diugreumaed in Fig. II. It is & #heatstone bridge network, in
which two srms of the bridge ares Type 89 vecuua tubes, and is
similar in design to the instrument described by Burr, Lane, and
Hiws ('36).

The threes grids of each tube ure ia electrical contuct, and
rmay be considered &s one. The grids of both tubes operute at "free
grid potential®, any difference in these "free grid notenticis¥
being compensated by a P.D. across Rb, R,, and Rz. The input P.D.
(messured) is applied to tae two "free® grids, causing « cnange in
the cathode—cnode resistunce of the tubes Tl and T,, «nd consequent
unbalance of the bridge belunce. Ths degree of such unbalance is the
mezgure of the input P.D.

The two vacuum tubes (T1 and Tz) constitute s Ymatched set'.
HMatching contributes to bridge stubility, for buttery voltage
fluctuatioas effect both tubes of & "matehed set" zimilerly, and
hence the effects of sucikx fluetuuations tend to bscome minimized.

ﬁfl and sz ape short lengths of dichrome wire, brought out
onto the control punel (see Plate IV). sdjusiment of tasse f£ila—
neat-nzater resistors causes the bridge balance to drift in cne

direction or tiae oiler, 50 thuat proper wdjustaent of both Rfl and

H

ke, practically elirzinubes all drift due to & batieory dscuy.
I
Drife of the bricdge balance dus to 3 buttery decsy is asimilurly
compenzated by edjustzeal of Ry and Hy, wire—wound vurieble re-

sistors paralleled with wire-wound fixed resistors.



Procedure for use of the instrument, as employed in the present
study, is described on pp. 3&-33, 44-45.

The input impeduance of the cireuit is AT LEAsT J X 108 onnts.

The stability of the network is not s8 great as is needed for
work in the region of the instrument's maximum sensitivity. The
Bzero instability® (i.e., random fluctustions of the gulvenometer)
is too great to allow successful employment of the bridge when ad-
justed for meximum sensitivity. Hewever, in the sensitivity range
employed in the preseant study, the "zero instability" was not
sufficiently greszt to prevent successful operation, being approx-

imately S mm.
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