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.. . VORWORT ~ - -

" * Der Wunsch, auf dem IV. Internationalen KongreB fiir Biochemierein
. eigenes Symposuim iiber die Biochemie ,des Zentmlnervensystems zu
veranstalten bedarf €iner Begriindung, weil in den letzten Jahren wieder-
" holt Kongresse mit dhnlichem Thema abgeha'lten wurden. Zu derartigen
Veranstaltungen werden Jedoch ncuerdmgs nur emgeladene Giiste zu-

gelasscn, 80 daB sich' die Beratungen einer kleinen Gruppe von Spezialisten o

- beinahe unter Ausschlu der Offentlichkeit vollziehen. ,

- Ein entschiedener Vorteil der grossen intermationalen: Kdngresse be-
steht darin, a8 einem weiten Kreis von Interessierten der neueste Stand
auf einem Wxssénsgeblet vermittelt werden kann, welches sie vielleicht
erst seit lurzem, oder nur nebenbei mteressxert, a?;r doch fiir lhre Arbeit
“von Wert ist. -

Aus diesen Griiiden wurde auch das Symposmm inhaltlich mﬁghchst
vielgeitig gmaltet und z.B. am ersten Tag ausfithrlich tiber die Kationen-
venchxebungen im Zusamimenhang mit dem Erregungsvorgang ge-
sprochen ohne daB diese Erbrterungen direkt das ZNS beriihrten. =

Um_fiir das Programm mdglichst -viele Wiinsche berucksuchtigcn 7
_ konnen, wurden frithzeitig zahlreiche Fachleute "in der ganzen Weit
_ schiiftlich. duriiber gefragt, welche. Themen sie beriicksichtigt haben

. wollten und welche Referenten sic fir geeignet hieltén. Allen diesen
" Kolegen sowie besondcrs den aktiven Teilnehmern sei fiir ihre Hilfe

hethh gedankt. Die Diskussion, die leider zeitlich zu beschrinkt war,

* kann im Folgenden nur teilweise beriicksichtigt werden :

_ Meinen besteri Dank méchte ich noch dem Verlag "Pergamon-Press
aussprechen, der nicht nur die’ Ausfihrung des vorliegenden Buches,

- sondérn auch die schon beim KongreS vorliegenden: Vombdmcke mxt
' .ngBter Sorgfalt uind in bestcr Form: besorgt hat. o

g N R F.Bgﬁgxé.A‘
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[ONIC MOVEMENTS IN CELL. MEMBRANES tIN
RELATION TO THE ACTIVITY OF THE
— ,NERVOUS SYSTEM =~

" : HANS H Ussmc
- Depaytment nf Bzologwal Isalop& Researcb Zooplzyswlogu‘al Labaratoty
: Umvemty of Copmhagm Demnark R

The sudmm theory of nervous conductxon ﬁrs; ptopoeed by Hodgkmu‘
“et al.;! and later elaborated in detail by Hodgkin and Huxley?, has made it

p/osmble to describe the eIectrxc events in the active giant nerve fibré in |

terms of a sequence of changes in permeability to sodium and potassium.
This treatinent js formally very-satisfactory indeed. When wpplemented_
with the concept of active sodium extrusion (possibly coupled with active -
potassium uptake) during recovety, a process for which notably Keynea .
has pmoented ample evidence, we have obtained a seif-Consistent picture

of ignic shifts and electric phenomena in the giant, fibre, and it seems that -

its main features can be foynd in. many other excitable tissues as weil.
.+ The relative simplicity and consistency of the theory. is, howeyer,
obtamed by ascribing to the fierve-fibre membrane a number of hlghiy
peculxar propertles It must possess certain elements or. “patéhes” which
are passively permeable to potassium but not to sodium, others which are ~
permeable to sodiura.but not to potassium, and the effective number of

both permeability eiements must vary in a characteristic manner with ths’

membrahe potential. Moreover the 'nembrane has a third kind of elemrent
‘which is caPAbIe of forcing an éxchange of mtemal sodiummgainst external
_ potagsium at the experfse of energy derived from the metabolism. For roré
of these perineability clements has 2 stnkmg arialogué beea found i

. model cxp,nments It iy therefore be pertinent to Gevoie d little time . -

to discussing the souidness of the underlying concepts. The first-require-
ment inust be that the concepts are theotetically sound, butsince mammga“‘

models are. 1nissing, such a discussion must primarily be centred around .

- the question whether a description of fonic and electric behaviour of living
systems generally can be obtained in terms of the same or sumlar entities
23 those used i the- descrxp‘uon of excitable tissues. If; as the present author ‘

: believes, the puswer s sflinnative, thei mqmry may also pmnbto expenmentalf v
N . o .

Lo~ ST S '
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objects where certain characteristics of the permeability elements can be
- studied in greater detail than is possible with nerve. S
* One point which has. given rise to much ‘controversy in the past, and
which is still being discussed, is whether or not it is necessary to assume -
the existence of an active sodium transport out of afid active potassium - -
transport into living cells. Since high' potassium and low sodium is a -
property of almost all cells, it is understandable that several workers have
found it more attractive to consider the ionic distribution a consequence
of the structure of the living cytoplasm (compare the fixed charge
" hypothesis of Ling®), so that in essence the cell would have the properties -
of a highly stlective ion-exchange resin preferring potassium to sodium. -
It is true that none of the components of cells so far isolated (proteins, ¢
phosphate esters, nucleic acids, etc.) have the required binding ability
- for potassium, and .even more mystical is the capacity to. exclude sodium
from cells into which, manifestly, this ion can beshown to penetrate, as -
~“evidenced by tracer experiments, but the advocates for the ion-exchange
:résin hypothesis can always claim ‘that the, binding properties are ‘only
characteristic of the intact cell and its specific internal structure. .
If we are to .choose between the apparently equally unreasonable
_ hypotheses of active ion transport in the membrane and selective binding { <
*, in the cytoplasm, it may be well to remember that no matter what we choose,
we have-to accept the existence of active sodium transport in many ceil
membranes anyhow, the evidence being, as far.as I can see, quite compel-
ling: In the present context we shall understand by active transport.a -
transfer which is not due to the physical forces of diffusion, electrit field
and solvent drag (that is, the friction exerted upon the species in question
- by mass flow of the solution through pages in the membrane). When these
- forces, are excluded, there is evéry reason to believe that the transport is -
due to ‘chemical reactions in-the membrane phase in which the ion in
" question is taking part. From these considerations it appears that in order
" to single out the transport processes which must be considered active,
one must be able to characterize the behaviour of an ion which is not
subject to anything but physical forces and which moves uncombined with
other moving particles. If the. existence of pores through which there is a
net flow of solvent can be ruled out or disregarded, simple passive diffusion
- through any thembrane, homogeneous or compogite, is characterized by - ..

the flux équation: |

. Muw/Mon = (cofet) xp GFE[RT) v

where M is thg inward flux, Mou the outward flux, o is the ooneentmﬁon -
- ‘of the ion in the outside solution, ¢ its coricentration in the inside solution,
" E is the potential difference between the outside and inside solutions, and

.z, F, Rand T have their usual meaning.

; ’
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If there are pores in the membrane through which there is a net flow

of water (either due to osmosis or to electro-osmiosis) there is an additional®

~ term, the magnitude of which is determined by the linear rate of flow in

the pores, the length of the pores and the diffusion coefficient of the.lon; .

in question. The magmtude of the drag term can be estimated by suit-'

able test substances; This term can be very.important in membranes -

where there is a large net tranifer of water. .
Under such conditions the flux equation becomes: -

e aFE be 1

o ln (Mm/Moue) = ln =t ®T RT + == D jd dx
Where Awis the volumc rate’gf water ﬂow throngh unit area of membrane,
D.is the free diffusion coefficient of the iory in question, 4 is the fradtion

. of the area which is available to-flow, » x ig the distance from the outude ' .
* boundary of the membrane area, and x, the total thickness of the membrane.

The value of the integral can be estimated from the behaviour of a suitable -
 test substance. In the cases discussed in the following, the drag term is of
secondary importance and can usually be disregarded,. -
" The above two equations’ déscribe the' behaviour of an ideal passive
jon. Devjations from this behaviour are .always found in_cases of active -
. transport. But deviations are also seen when the ions associate with moving
- membrane constituents {¢exchange diffusion) ot when they are interde-
pendent during the passage through the membrane (single file diffusion).
"Thus active transport is most unambigyously identified when the transport
_proceeds “‘uphill”, that i§, when it overcomes the sum of the forces of
diffusion, electric field and solvént drag. As will appear froiy the followmg,
“still another criterion of active transport may tarn out to ‘be 1mportam in
_ the future, namely that the transport is. stmchexometncally related to the .
 metabolism. Returning now to the problem of active sodium transport, let .

us first considér the giapt cells of the alga Halicystis ovalis. This organism *

" lives in the sea a,long the shores of the west coast of America. The cells are

spherical, of the size of a gooseberry, and have 1 large central vacole

~‘surrounded by a thin (about 10p thick) layer of cytoplasm. Extemally there '
is a thin cellulose wall of congiderable tensile “strength;, -

. 'As shown by Blinks*, the cell can easlly be 1mpaled with a narrow glass’

tube and the cytoplasm will heal around it. Thus it is possible to obtain

reliable measurements of.the composition of the sap as well as of the electric

" potentxal difference between the sap and the surrounding, sea water. The
sap is a dilute, watery solution of i morgamc ions, shghtly hypertomc with

. respect to the sea water. The composition is shown in Table 1. It is seen

e thatthcdonnnaung jons age K, Na and Cl. 'The chloride concentration is
. notvery different from.thzt of the surroundmgs, Na is deﬁmtely lower, and o

-~
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o ‘ . ‘jTAnLB;I R ) o
" Iowic, composition of the cell sap of Halicystis ovalis (mM)

Na Ka | Cl | Potential AU
. .. | outside zerd . ’
- 257 .| 337 | 543 80 . e

Lo

K much higher than in the sea, The table also shows the potential differ-
. ence. between sap and sea. It is seen that the sap is some 80.mV negative

relative fo the surroundings, When this is taken into account, if turps out ;
. that the potassium icne of 42p and sea water are in electrochemical equili-
“brium. Thus, by the Nernst equation we find thdt em.f. = (RZ/F) In
" (Ksop/Ksea): For the sodium ion, Lowever, there is a gross discrepancy
between the concentration required by electrochemical equilibrium and
that actually found. The same is .the case with. Cl, only that chloride is
present far in excess of the equilibrium concentration whereas stdium is
present in a concentration which is several times too low. In the tase of this
~ “cell there can be no question of specific sites being responsible for the high
potassium concentration cr for the low sodiumi. Also the potesitial measure-.
ments can be made with greater assurance than can most intracelivlar
poteniial determinations, because the effect on the activity coeflicients of
proteins and other polyelectrolytes is absent. In order to ‘explain the ionic
composition of the szp of this cell, it is thus necessary te postulate an active
" transport of sodium ions out of, and.chleride ions into the sap. ;

The existence of the two-active transport processes has been demon-
strated most beautifully by Dr. Blount from U.S8A., who for the time

_bring is working in our laboratory. In order to measure the active trans-. - g

" ports qhan,titatively, Dr. Blount used the “short-circuiting” technigue -
(compare Ussing and Zerahn®). The principle is the following: Jf identical .

solutiens are placed in contact with the two sides of a living mémbrane, -

~ and if, furthermore, the membrane potential is gotsly short-circuited,
" jons which, are not subject to active iransport should pass through the
membirane ot the same rate in both directions and cannct give rise to 2ny

_net transport of electricity, nnce a condition of ste3dy state is obtained.

A-het transfer of any iomc gpecies is, on the other hand, indication of
active transport, and by comparing the ionic currents with the total cur-
rent passing through the short-circuit it.is possible to estimate the con-
tributions of the indi‘vichal active transport processes to the total suiput of
electyicity. Diagrammatically the circuit used for shorting the cell is

“shown in Fig. 1. In order to short-circuit the Halicystis cell, it is"impaled

© by a double-barrelled micropipeite. Through the inner pipette sea water is

L 4
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tmfused whertas excess fluid i dnmed off through the outer tube. After. -
rinsing, ‘the cell tan be constantly: perfised with recirculated sea water.
The inner pipette also serves as bridge for the, potential measurement, -
-whereas the outer pipette serves as current bridge for fle shor¢-ciredit.

The ionic fluxes in the inward and outward directions can bé determined-
.with isctopes and the net ionic currents.are fornd as the differénces between
inward and outward fluxes. To mhke a long story short; it has now turnéd
out that electric current which can be drawn from the Halicystis cell can
be totally accounted for. as the sum of the active sodium transport in the
outward direction and the active chloride transport in the inward direction.

.- -/

My T
ELECTROMETER CIRCUIT ' - .

5:» ' e
L——@c— 7(—-]" '"

v SHUNT ClRCUiT

A

Fig. } A schematxc qa;«;*‘am of: the' equipment used in potenml drfference
messurements and :Jccting a short»cxrcmt between vacuole and‘cnvnronment. .

The two actvve transpotts seem to be at ezst pfmly md,vpendent since
the active sodium transport can be inhibited with DNP added to the out-
side bathing solution without any immediate effect on the’ patt 0,;‘ the
.current which is dué to aciive chloride tfansport ; '

It is.interesting that MacRobbie and Dainty’ have found corfvingin g
" evidengce for the samé two active *ransports in the giant o cella of the brt okieh
water algas Vitellopsis. Jven here there is an active/ chlo**xde- trmspozt
_ mechanigm located in the tenoplast (the cell membyane facing the v cucle)
and an active sodium teanspost in the outwatd divection {the cell mem-
" brane facing the surroundings). The potassium af the sap is in electro-
chemical equilibriurn with that of iz st ﬁ*murxdmgs Thus it appears fhat
- an intracelluler phase (thé 82p) owes its ionie coranosition to aetive ion
transports and to the potential created by these transports, whercas specific
.- _binding plays no role whatsoever. Actualh MacRobbie snd Dainty found

* the ratio Na/K to be the same in the cytoplasm and uftheeap, mdxcatmg \
. that hot even in the thm layer cf cytoplasm surmundmg the sép is there -

s
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dny measurable dmcrmnnatlon between K and Na due to spet:lﬁc binding -
. sites, The whole discrimination then must depend upon substancee and

processes located i in the outward-facing membrane.

In the giant plant cells ‘discussed above we could account for the -

electnc asymmetry on the basis of two active transport processes, one for -
.'Cl and one for Na. There is, however, a whole group of membranes -

where the active transport of sodium seems the only factor responsible for
" the production of electric energy. Thus this is the case for many epithelia: .
‘The skin of frogs, toads and .other amphlbm, the urjnary bladder of the

~toad, the mucosa of the large intestine of toad, bullfrog and rat, the.

coecum of the guinea pig, and the epithelium of the:rumen of mnunams '

Furthermore there is strong evidence that active sodium transport is one
of the major active processes in kidney, and probably most other glands.

~ Of these organs the frog skin has been studied most, exhaustively and it may
be- appropnate to recapitulate some of the mnm characteristics of t.he ion
transport in this organ, *

“The isolated frog skin will transport ‘Na, from the outside, not ‘only
when both ‘sides are bathed with. Ringer. solution, but also when the .
outside solution is quite dilute with respect to sodium. Since the inside -
solution. is positive relative to the outside ‘solutjon as long as traces of
sodium are present’in the outside solution, this means that sodium can be
transported inwardly against the combmed effects of electric potential
and concentration gradlents ‘

This behaviour .is exemplified in Table 11 {control periods). In the -
experiments in question the cutside solution was 1/10 Ringer and the in-
side solutxon nger The potentxal difference acrdss the skin (inside .

" Tasie 11 oo -
. The influence of DNP. An in- and outflux of Na through the frog shkin.
‘ Soluium bathmg the \oat.nde———l /10 Ringer. Solunon bathmg the inside—

ngcr
Mln‘ { Mout_ ' .E ' Mln/Mont i Mln/Mout ‘
(#Mcm-2he-?) - (mV) + (found) (cdcuhted)
Contr. | 034 | 0083 | 62 | - 36 | - o8’
~DNP |- 025 | 157 .-l 0.16 - 015 -
Contr. | 0445 | 0145 | 82 |- - 807 L0025
"DNP " | 0049 | 056 | -6 0.087 0128
Contr. | 0228 | 0008 | 72 285 T 0017,
DNP | 0032 | o216 | -7 o.48 | i 0as2
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L
positive relative to outsxde) is-shown in colurhn 3 It is seen that the influx
of sodium, as theasured with ®Na, is 2-3 times-larger than the outflux -

. of sedium, measured s:multaneousiy with #Na. In other words there is a-_
~ strong.net transport in the inward direction. The table also shows the
enormous discrepancy between the flux ratio found and that predicted-
for an ion with a smgle positive charge passing the' membraﬁe influenced
only by the physxcal forces of electric field and diffusion. Furthermore the °,
- table shows that the active transport of sodium is totally discontinaed
under the mﬂuence of dnutrophenol in a dose sufficient to increase slightly -
the oxygen consumption. After the addition of DNP to the'inside bathmg
solution the sodiutn iorr behaves vety nearly as should a strittly passive
* behaving ion. It is worth mentjoning that chloridé (and the other halides)
‘behave pass:vely in the frog skin-even in the absence of DNP,

The sergitivity of the active Sodium transport to (DNB and similar

uticoupling agents is particularly interesting because it points o energy- .

rich phosphates as the energy source for the transport. In passmg it should
" be mentioned, however, that the active sodium transport is also inhibited
by all agents which. interfere with oxidative metabolism, with the citric
acid cycle and with the glycolytic cycle. The experiments 36 far mentioned
indicate that sodium can be transported against its clectrochmnml potential
gradient, whereas chloride is not. Thas it was‘namral to propose that the
active sodium transport is the source of the e.xn.f. The direct praof of this -
. hypothesis was provided by the short-circuiting technique.* When /fu.lly

short-circuited (and with 1den,ncal ,solutions on.both s-des') the 'skin

produces a current which is exactly equal to the amount of sodium jons
actively transported from ‘the outside. to; the' inside bathing solution
- (sec Table 1II). The. identity of active sodiwm transport and clirrént
output holds true even when the acuve txanspart is sumulated by bormones

.S'kgrt~czrcmt current and sodiim Jlux vaines for a mmber of :hortam‘ldtod

TABLE I

1

frog skins (Rana temporaria) (Rm,ger‘: solutum on both nda)

P o kA fom? -
. _ ] Na (in) ‘Na (out) Na - ,/ é\irrent‘
1 | 200 2.4 473 178
11 oIt 1.5 8.8 88
IH 40.1 0.89 392 C 888
v 62.5 22 80.3 868
v 419 25 454 443

\

-
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and drugs and when it jis mhxblted for mstanoe by low pH Only in one

HANS H USSIN,G

cise does the equality of sodium transport and current productlon break
down: when adrenaline is added to the inside solution there is an.extra
.contribution to the electric current, provided by active transport of
-chloride in the tutward direction. Apparently this active chloride trans-
port resides in the skix glands and not in the ordinary- epithelial cells.

-

K

© TaBE IV _
Effect of partigl replacement of Na* by K+ -

(K /Na)

Influx

“Total "

) Outflux : Na Na
. -x 100 {neq. Na/hr) | (ueq. Na/hr) | (ueq. Na/hr) | current cusrent
" in solutiony T T (A (pd) .
1389 13.2 058 126 - - 339 289
35.0 9.4 081 86 230 288
1135.0 5.80 0.38. 542 145 157
35.0 6.13 0.35 . . 578 185 | 154
350 . 530 C 041 T\ 5.09 186 143
111 85.0 - 4.08 I 1.04 301 - .81 85
3801 . 530 - 1,06 . 4,24 14 116
35_;0 , 825 0.94 ; ~ ‘118 121

441

-

" Even when 22 much as ene-thu'd of the Na*t in the bathing solution i3 rep]acec ’

by K+; the total curreat generaced by the s}wrt-cxrcuzted frog skm is csrrwd by

the Na ions. Area of skin: 7

7.1 cm?,

B 1

" The active sodium trampoft of the frog skin is h:ghly specific. Even i

a large propomo*l of the cation offeréd to the skin is potassium, calcium
- or magnesicm, there is no evidence of any net transport in the inward -
du'ec*io*l "This propert)t of the frog skin is exemphf ed in-Table IV,

which shows that if 35%

short-civcuit “current consists of sodivm ong.

of the tation 4s K and the est Na, the total.

The only cation which

can to scme extent substitute for sodium is Li. But altnough this ion is
actively transported through the skin it also piles up in the epnhehum
-cells, as if the transport mechanism cannot handle as mu,:h Li as is taken
up, and this ultimately leads to total inhibition of the ion pump. *

The isolated frog skin presents an almost ideal object for, the study of
- the relatlonshxp between active transport and oxygsn consumptxcn The
“active sodium transport can be measured routinely as the short-circuit
current, and tracer expemrems or chemlcal analyses are only necessary

whenevcr a new agent is tested for its effect to ascertain: that it does not
upset the onetto-one relationship of sodium transport to' current output.

The oxygen consumption associated with the active sodium transport of .
the frog skin has been measured by Zerahn7 and Leaf and Renshaw®, The

,»/
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- _following account is based mainly upon Zerahn's workz, but in- dmost every .

respect his work was verified by Leaf and Renshaw. Two main poiats

- have emerged from this work. ‘Firstly, there must exist 2 sto:cinometnc -

relationship between the metabalic rate and the rate of active sodium

- transport. The relationship is utpressed schemat:ully in" Fig. 2, which
. shows the oxygen comumptnon 8s a functton of ‘the rate of aétm sodlum v

01

02 o4 64 0r t0  4Z,
. . L /@q/chm"/:"

Fxg 2. The reLtnon between. ne: sodmm transport and oxygen oonsumpuon ‘
- of the isolaged chort-csrcwted frog, akm Y

transpo't Clearly, even in. the absence of any: net sodium tramport, tiiere

_"must be a certain oxygen consumption. This i§ partly an expression df the -
fact, that the, transporting cells have other functions than to transport
N sodmm but also one must realize that the skin, besides the actively trans- - -

porting epithelium, contains cdnnective tissue cells, smooth muscle fibres
and gland éells, all of which must consume a certain amhount of oxygen. - -
The state of no sctive sodium transport can be brought about most simply

- by leaving out Na from the outside bathing solution. Distilled water,

MgCl:, CaCl, and KCl all’ give essentially the same result: Also 'the
active transport can be stopped simply by applying a large potenﬁal which

: opposes the sodmm pump. Some 180-200 mV ms:de pos:txve suffice to e

'
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