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I. INTRODUCTION

One fundamental and necessary property of all living cells is
the ability to control their intermal environment in the face of a
vastly different end constantly changing external environment. Lo
standing in this respect is the cell's ionic composition in comparison
to the ionic composition of extracellular fluid. Most cells are rich
in potassium and low in sodium, although just the opposite condition
exiets outside the cell. Since thepe concentration gradients appear
to defy known laws, the phenomenon has been the object of much
research in the last few decades.

Several alternative theories have been put forth in the past to
explain this perplexing problem; the view now generally accepted was
originally presented by Dean (3). It is felt that inside the cell
there exists a sodium pump, which extrudes most of the sodium that
diffuses into the cell, thereby maintaining a low internal sodium
concentration. The movement of sodium outward via the pump creates
a potential difference across the ¢ell membrane, the inside being
relatively electronegative to the cutside. This EMF would then act
se a driving foree for potassium movement and could explain the high
intrecellular potassium concentration. According to this theory,
the potassium ion is at electrochemical equilibrium across the cell
membrane, wheress the sodium ion is nots Since it requires energy
to maintain an ion out of eguilibrium, the term active trangport is

applied to the process of sodium extrusion.



The proposal that a pump exists inside the cell immediately led
to a great deal of research and theoreticel consideration as to its
nature and operation. Progress has been slow, at least part of the
difficulty being due to the technical problems involved in working
with single eells., This problem has been pertially aided by the
discovery that frog skin has the ability to actively transport
sodium across itself from anatomical cutside to ingide. Here one
e¢an work easily with a large piece of tissue in which the transporting
cells of the epithelium are oriented and pump sodium in one direction
only. Basiecally the epithelial cells are eingle cells transporting
sodium like most other cells, but with the special feature of
direetion or polarity, which makes them unique and especially valuable
to those studying active transport. The frog skin, which is a sheet
of these oriented cells, has become a favorite tool of many in the
field today because of this special feature of polarity. Since the
digcovery of active transport in this tissue, other epithelial
structures with oriented cells tramsporting sodium have been found

end are also being studied (1, 2, b, 15).

The discovery of frog skin as a blological tocl dates back to
the pioneering investigation of du BoigeReymond (5) who, in 1857,
. showed thet a potential difference exisis acrvss living skin. It
was not until 1904 that Galeotti (7) showed the potential to be

dependent on the presence of sodium salis in the bathing media,

He also showed that a unidirectional vermeability exists for sodium



in that sodium ehloride moved only from the epithelial side dnward,
but not from the dermal side ouiward, whereas potassium chloride
woved squally well in either direction. This is s property of the
living ekin only, for the dead sitin showe no potential end is equally
permeable to sodlum in both directions.

In 1935, Huf (8) showed that the isolated slkin, bathed by
Ringer's sclution on both sides, ip eble to aceumulate ohloride in
the insdide bething soletion. Krogh (13}, ia 1937, was able to
domonstrate thet froge in need of sall take wp sodium chloride from
the bathing sclution, even when the concentimtion is only 10"5 Ko
A year later, he (14} demonstretod that this process is epeeifie for
aodive, for neither potessium nor caleium can be substituted for
sodivs. The ohloride iomn, however, can be repleced by either bromide
or biemrbonate.

Ketzin (10), in 1940, confirmed what Gsleotti had shown many
yeurs before hiw, that the wovement of sodium through the ekin in
the inwerd direetion is greater than in the outward direetion.
Theough the use of radicsetive godium be found the inlflux %o be
60 « 200L grester than the ocutflux.

Useing {23) also used radicsetive sodium and found that it
acousulated in the inner batbing svlution even though the contens
tration of sodiue outside wes 1.64% w and ingide wes 115 s, the
influx being usuelly et lemst 10 tinmes greeter thas outflux.

Becsuse of the not movement of sodium inward ageingt a cencentration



gradient, and likewise against an electrical gradient, he proposed
that the sodium ion must be aetively transported through the skin.
He also proposed that the active transport of sodium is the source
of the potential difference which exists agross the ekin, and that
it in turn acts as an attractive force for the chloride ion and thus
aceounts for the net movement of ehloride as cbserved by Huf. This
was the first time an explanation for the ekin potential involving
the active transport of sadium had been suggested, although the
previcus work cited above certainly pointed in this direction. Of
course, the possibility existed that other ions might also be
contributing to the development of the skin potential, but Ussing's
data, together with other datay was insufficient to answer this
point. In fact, the work of Meyer and Bernfeld (18), published
just a few years prior to Ussing's work, stressed the importance
of the role of hydrogen ions. Ussing, too, felt that hydrogen ions
wére important, and proposed that sodium transport might indeed be
a forced exchange of sodium for hydrogen, proceeding at a rate
sufficient to keep intracellular pi constant.

Although the proposal of Ussing certainly secmed to explain
the observations made up to that time, it remained to be shown
that his hypothesis wae quantitatively correct. In other words,
was the sodium ion the only ion tending to create a differemce in
potential across the skin, and was this potential of sufficient
magnitude to account for the net movement of chloride? These were

the gquestions which Ussing set out to anawer.



In 1951, Ussing (26) described a technique by which he was able
to demonstrate that sodium is the only ion being actively tramsported
through the skin. This is now known as the shortecireuit technigue
and it has been used extensively by meny investigators sinece his
originel deseription. Since the net movement of any ion normally
deponds on the effect of two forces, namely concentration and
¢lectrical gradients, no net movement can oceur if these gradients
are abolished. When the frog skin is mounted as a barrier beitween
two chembers, with Ringer's solution of equal strength on each side,
an electricel gradient exists across the skin with the inside being
some 20 = 120 mv positive to the outside. Concentration gradients
between the solutions are noneexistent in this case. Ussing felt that
if the electrical gradient Qauld be abolished, the net movement of any
jon would then be accountable only on the basis of a third foree,
namely active transport. The abolition of the normal transe-skin
potentiasl was achieved by passing a direct current through the
system. Since the passage of current seross a resistor, such as
the frog skin, resulis in the development of a potential across
that resistor, Ussing was able to nullify the normal trans-gkin
potential by applying a counterwpotential of equal but opposite
sign. In this condition only those jons subject to active transport
will move, and the number of ions being transported can be determined

by measuring the emount of current it tekes to maintain the skin

potential at zerc. For a condition of zero potential to exist across



the skin at a time when a current ig flowing across ity it is necw
essary to have another current of equal strength flowing in the
opposite direction. Hence, we see that the ions actively transported
through the skin c¢an be viewed ss & current flowing through the skin,
this current being matched by an equal, imposed, current flowing in
the opposite directions The net result of twe currents flowing
across the same resistor in opposite directions is, of course, zerv,
but by measuring the imposed current, the value of the internal
current is found automatically. The extermally applied current
whieh is just sufficient to drive the skin potential to zero is
referred to as the shorte-circuit current (SCC).

With the technique just desoribed, Ussing was able to measure
electrically the amount of Na being actively transported across the
skin. On these seme skins he simultaneously measured sodium influx
with radicactive sodium. When cxpressed in the same units it turns
out that sodium influx very elosely approximates the shortecircuit
current. 8ince the shortecircuit current measures the nel amount
of ions being transported, the values for sodium outflux must be
subtracted from those for sodium influx. When this is done, after
measuring these values in geparate experiments with radiocactive
sodium, the agreement between net sodium movement and shortecireuit
current is almost perfect. Thus Ussing was able to prove that sodium
is the only ion being actively transported through frog skin, in

agreement with his previous hypothesis.



The second part of Ussing's hypothesis, that the potential
difference across the skin could account for net chloride movement,
was also quantitatively substantiated a year later (11). In order
to esteblish this, Ussing (24) found it convenient to develop an
aquation relating the effetts of coneentration and electrical
gradients to ionie movement. For ions moving passively, not subject

to active transport, the following equation can be written:

z¥ g
m”in = ce . me o G‘XPW (EQ“ Ei)
Hout ci fi

vhere ﬁin is influx; M

the ion inside and outside; f£; and f  the mean activity coefficients

out Outiluxy C, and G the concentrations of
for the ion in the two solutions; E,~ By the electrical potential
difference across the membrane; z the charge on the ion, F Faraday's
number, R the gas constant; and T the absolute temperature. By
simultaneous measurement of chloride influx and outflux using the
radioactive tracers 6136 and 0158, and direct measuvement of the skin
potential, Dasing found good agreement with the above equation. Thus
he showed that chloride movement in frog skin is strictly passive.

In the study on chloride movement it was noted that there seemed
to be an inverse relationship between the spontaneous skin potential
and the net chloride influx or chloride permeability« As a general

rule, low skin potentials were associated with high chloride permeability

and high skin potentials with low chloride permesbility. It was



suggested by Ussing that the chloride ion sets as a shortecircuit of
the potential developed by active sodium transport. In other worda,
the sodium pump is capable of creating a maximum potential
difference across the skin, but this maximum ils never atteained
because the chloride ion is attracted by the potential and diffuses
across the membrane to lower it. The magnitude of the potential
developed, therefore, depends on the chloride permeability. It thus
beecomes obvious that if another ion were substituted for chloride,
an ion whose permeability approached zerc, the maximum pump potential
would be realized. The sulphate ion is relatively impermeable in
frog skin and was chosen by KoeffordeJohnson and Ussing (12) for a
study relating the dependence of the frog skin potential to the
external sodium and potassivm concentrations. In this way, the
variable of chloride permeability eould be eliminated.

It was found from such a study that the inside of the frog
skin behaved as if it were a potassium electrode, and the outside
of the skin b@ﬁnved‘aa i £t wefe a godium electrode. By this it
is meant that the transeskin potentisl changes approximately 58 mv
for a tenwfold change in concentration of potassium in the inner
bathing solution. The same relationship ogeurs relative to sodium
in the outer bathing solution, that is, no change in potential is
noted for a change in concentration of potassiunm in the outer bathing
solution or of sodium in the inner bathing solution. It was concluded

from these observations that there are two membranes in the frog skin,

these probably being the inner and the outer membranes of the cells



of the stratum germinativum, the inner one of which is selectively
permeable to potassiuvm but not sodium, and the outer one of which is
selectively permeable to sodium but not potassium.

Since the inside of the tell is normally lower in sodium than
the outside, podium will diffuse aeross the outer membrane into the
cell giving rise to a diffusiorn potential which is predictable by

the Nernst equation:

RT tﬁ&lg

Lo [iale

in
where Ry T, z, and F have their usual meanings, [Naly is the sodium
concentration in the outer bathing solution and [Nal; the modium
concentration in the cell. This eguation predicts a 58 wv change in
potential for a ten=-fold change in concentration of sodium in the
outer bathing solution, which is what was observed. At the inner
membrane a potassium diffusion potential will develop since the intrae
cellular potasgium concentration is much higher than that of the inmer
bathing solution. Again, the magnitude of the potential is given by

the Nernst eguation,

RT [Xlg
B len EK:}I

where [K]; is the potassium concentration in the cell, and [Kly the

potassium concentration iu the inner bathing soclution. The sum of
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the two diffusion potentials, sodium at the outer membrene and potassium
at the inuner membrene, will give the normal trenseskin potentisl.

It is obvious that for the frog skin potential and 8CC to
continue indefinitely, the concentration gradiente across the two
membranes must be maintained. This is the function of the sodium
pumpe By extruding sodium ioms which enter the cell, it maintains the
cellular sodium concentration at a constant low level and thus maine
tains the sodium gradient across the puter membrane. To account
for the maintenance of the potassium gradient across the inner
membrane would aleo require an active pump. Because of the known
requirement of the sodium pump for potassium, as shown in Ifrog skin
by Huf (9), Koefford-Johnson and Ussing postulated a coupled sodiume
potasgium pump, one which simultancously pumped sodium out of, and
potassium into, the cell. Thus it can be seen that the development
of the normsl trangeskin potantiél can be looked upon in two different
ways. Although the potential is the result of active sodinm trange
‘pcrt, as wes originally proposed and demonstrated by Ussing (26),
more pregisely it is the result of concentration gradients existing
within the skin. These gradients are maintained by the coupled
sodiumspotassiun pump.

The model described prodiets that the frog skin potential is
actually the sum of two diffusion potentials within the skin. This

part of the model wes tested by Engbaeek and Hoshiko (6) and found

to be true. With the use of microelectrodes they were able to
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punctﬁre the akin‘and demonstrate the existence of two"definite,
spatially sepanateé, potential changess These two, summed, equal
the normal transeskin potential. The location within the skin of
the two steps in potential, roughly corresponds to the sites of the
outer and inner membranes of the cells of the stiatum germinativum,.
With the first part of the model independently verified, it
remained for Ussing only to verify the selective pormeability
properties of the two membranes which he had postulated on the basis
of skin potential changes. This was done by studying the changes in
vulnme‘af the epithali&l\@ella in response to changes in the
composition of the two bathing solutions. and was accomplished by
diract observation of these c¢ells under the microscope (17). It
would be expected that if the outer membrane were permeable to sodium
but not to potassium, a change in the sodium concentration of the
outer solution should reeult in a change in the volume of the
epithelial cells as a new steady state between cellular and outer
bathing solution sodium is establish&é. There would be no volume
change expected if the potassium of the outer bathing solution is
varied., Just the opposite shoyld be expected with changes in the
godium and potassium concentration of the immer bathing solutiom,
since the lnner membrane was predicted to be potassium permeable and
sodium impermeable. Gﬁod agreement was found between these pre=
dictions and actual experimental observation, thus lending more
support to the general validity of the model proposed by Koefford.

Johnson and Ussing.
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The real importance of the model dimcussed above lies not so
mugh in the faect that it gives a better understanding of the sodium
transport system in frog skin, but that it points out a system used
by nature which previously had not received attention; a system of
two membranes in series, having different permeability characteristics.
This concept bas had o significant impact on current thinking and hes
allowed for new theoretieal approaches to some of the great mysteries
and ungolved problems in the field of biological transport. Examples
of these approamches are the recent artieles by Ogilvie, McIntosh and
Curran (20) and Patlek, Goldstein and Hoffman (22}.

This thesis will report on the effegct of hyperosmolarity of the
outer bathing solution on frog skin permeability. Although the
investigation originally began as a study into the possible effect of
dimethyl sulfoxide (DMSO) on frog skin permeability, it soon became
apparent that the changes obgerved on addition of DMSO to the outer
bathing solution are secondary to the increase in esmolarity and mey
be produced by other agents added in comparable amounts. These agents
will herecafter be referred to am hyperosmotic agents. The changes in
frog skin permeablility caused by these agents were comsiderable but
there was no obvious explanation for the phenomenon. It appesred
both interesting and worthwhile to attempt to elucidate the mechanism
of action of the hyperosmotic agents and to determine the site of

action within the skin.
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II. MATERIAL AND METHODS

All egperiments were performed on the non-pigmented abdominal
skin of Rana pipiens. The skiﬁ is generally mounted as a barricr
between two glass or plastic chambers with Ringer's solution of
identical composition bathing cach side, the composition beling
115 mM HaCl, 2 mM KCl, 2 mM Eﬁagﬂm&, 025 M Ga612 and 0.05 mM
NeH, PO, . The pll is edjusted to 7.9 = 8.1. Stirring is accomplished
by 1 em teflon-covered stirring bars which are rotated by extermally
mounted 600 RPM motors fitted with small permanent magnets.

The skin potential is detexmined using Beckman calomel sensing
electrodes (fiber type no. 241) mounted outside the chambers in
small beakers. Hlectrical contact is made with the chambers by
agar bridges, the tips of which are positioned so that they closely
approximate the skin surface, The beakers and agar bridges
contain Ringer's of the seame composition as used in the chambers,
thereby aveiding the creation of junction potentials. Agar bridges
are prepared by dissolving 3 gm ager in 100 ml Ringer's solution
with warming. The agar is thean dvawn by suction into polyethylene
tubing (P.E. 205), allowed to cool, and the filled tubing is cut
into appropriste lengths and checked for the presence of air bubbles
which would diarup%yel&etrical continuity.

All tracer experiments aré performed with the skin “elamped”

or "shortegircuited” at zero potentiali that is, the normal
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transe-gkin potential is driven to and held at zere. This is eaaily
accomplished automatically by a voltage clamp assembly designed and
built here. Figure 1 presents a schematic diagram for the voltage
clamp assembly. The clamp is a typical nulleseeking servo amplifier
which responds to the existence of a skin potential by passing
sufficient ewrrent through the system to negate it. Current enters
the chambers via agar bridges similar to those described above but
placed as far away from the skin as possible. The cther ends of
the two current bridges are placed in emall viales of Ringer's
solution cach containing a ceil of silver wire which is in turn
connected through standard leads to the output side of the voltage
clamp. In this way the electrode reactions associated with the
passage of current through the system take place outside the chambers
in which the skin is mounted and there is little chance for the
products of the electrode reactions to alter the experimental
conditions. The entire assembly is, for the most part, patterned
after that originally described by Ussing and Zerahn (26).

Most experiments consisted in measuring the movement (flux) of
a tracer molecule across the skin before and after the addition of
a hyperosmotic sgent to the outsr bathing solution. The general
format of such an experiment is as follows. After mounting of the
ekin, Ringer's solution is added to both sides. Then to the appropriate

side there is added a small amount of the radiocactive substance to be

studied and one hour allowed for equilibration. At the end of one hour



Figure 1

Schematic Diagram for the Voltage Clamp Assembly
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an aliquot is removed from the opposite side by micropipette or
syringe and the seme amount of nonelabeled Ringer‘'s is added so that
the volume of the chamber remains constant. At regular intervals
following this (usuaelly thirty minutes) aliquots are removed and
replaced with nonelabeled Ringer's. Following removal of the fourth
sample the hyperosmotic agent is added to the outer bathing solution
apnd sampling is continued for a final three periods.

The radiomctivity of the samples is determined on either a
Huclear~Chicago, low background, gas flow counter or a Packard Trie
Carb liguid scintillation spectrometer (3000 series). Samples are
prepared for the low background counter by evaporation of the aliquot
in shallow, 1.25 inch diameter, stainless steel planchets filled with
lens tissue discs to insure an even distribution of the material.
Samples are prepared for scintillation counting by addition of the
aliguot direetly into 10 ml of seintillation fluld contained in
special glass vials« The composition of the fluid is 66.7% toluene
and 33.3% absolute ethanol, with 0.5% 2,5-diphenyloxazole (PPO) and
0.01% 14lebise2n(S=phenyloxazolyl)=benzene (POPOP). The 10 ml of
fluid is capable of holding sliguots of up to ©.3 wl Ringer's without
separation of phases.

In a large percentage of the experimenté the fluxes of two
molecular specicg are determined simultaneously, one being labeled
with Glg. and the other with 33. The energy cpectra of these

isotopes are easily sopavable on the two channels of the liquid
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geintillation spectrometer. This type of experiment ls extremely
veluable in comparing the effect of a hyperosmotice ageant on two
different molecules since it minimizes the problem of the biologieal

variability between skins.

Although what is aetually determined in these experiments is the
tracer permeability coefficient, all resultis ave expressed as if the
tracer molecules were present at a concentration of 1 mM. This
assumes that the movement of a tracer molecule under study is simple
diffusion, that is, directly related to concentratien. It is also
assumed that a 1 mM concentration of the molecule has no effect on
the permeability of the membrane itself. Several experiments were
actually run with the congentration of the molecular species at 1 mM
on both sides of the membrane, and no difference could be seen in the
trager permeability coeffielent., Thus, the assumptions appear to be
valid up to a concentration of 1 mM.

The various agents used to produce hypercsmolarity of the outer
bathing solution were dimethyl sulfoxide (DMSO), erythritol, thiourea
and raffinose. All agents were used in amounts equimolar to 2.5%
M80. This particular level was chosen because DMSO was the first
agent to be used, and it was at this level that definite changes in
potential snd shortecircuit current were observed., The dsmalality
of normal Ringer's solution is 215 mOsm/1, whereas that of 2.5%

DMSO in Ringer's is 575 uwlsm/l as measured on & Fiske osmometer.
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The cemelalitics of the other hyperosmotie agente in Biager‘s are
ouly slightly differont from that of DMBO (:B2).

Eeveral experimenta were sun to determine the volume of net water
flow produged by the presenies of the bypercomctic agent in the outer
bathing solutions The apperetus used is shown in Figuwrs P The okin
in clamped bLetween plastic chastiers A sod B, & soul beling mede by o
WO me diameter O ringe The 11 mu flut faee of the rear of the chambers
pesmits stirring by a teflon copted bur actuated by o magnet attached
to & small GO0 AWM symohrenous clock motor mounted outeides A 116
ingh nylon plats perforeted by twenty % e holow snd foced with a fine
plantic moresn is supporied by a choulder is chasthar Be This plste
porsdte good diffusion of polution when the shin is standing freo
during operetionnd periods, yot prvesente & rigid support for the skia
CGuring the time of the reading of volume ohanges. The leveling buld
is ounnected to A and pormites the imposition of o 7 om head of water
tw fores the okin agninst the support plate and thus sllows volume
changes in chagbor B to be made with the alkin in o fiwed, reproducible
positions e resdout part of the sssembly consiste of & eapillary
ouitiet Druo By o standpipe with bulb and referonce paint, and =
terminal eopillary ball Jjeint whilch resuvives & modified micropipote
bured aesembly with digltal readout {A. H. Thomme 246AU10). Hach
seale division on the digital readout is equal to 0.2 ul.

After mmting the skin, with the cuter surfacs facing E, the
chwmbera, mide mrma, buret and loveling Ml are £illed with Ringerte



Figure 2

Apparatus Used for the Determination of Net Water Flux
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s0 that a position eorresponding to a 7 cm head in the bulb causes
fluid to rise in the standpipe to the reference point in the capillary.
The 7 cm head is then withdrawn and fluid in the ecapillary is lowered
into the bulb portion of the standpipe. This puts the fluid level in
the bulb and standpipe of the apparatus at the same level as it exists
in chambers A and B, The experiments are run in this condition. Only
at the time of reading is the 7 e¢m head imposed and fiuid in the
capillary returned to the reference point. The sensitivity of this
apparatus is +2 pl. The area of skin used is 7 cmz, and the volume
of sach chamber is 4.25 ml.

Several experiments were run to determine the total water
content and extracellular water content of the skin in normal and
hyperosmotic Ringer's containing radicactive mannitol. In these
experiments the skin is equilibrated for one and oneehalf hours in
the appropriate selution. Following this it is earefully blotted on
filter paper, put in tared 10 ml volumetric flasks, weighed and dried
for two hours at 110° C., Then after aoaiing in e dessicator, the
flask is reweighed. The difference between the two weighings
gives the waler content of the skin. The size of the extracellular
water compartment is determined from the amount of radioactive
mannitol in thé,skin. Following the last weighing, two to three
milliliters of 2 N NaOH are added to the flask and the skin is
digsolved with warming. After diluting to volume with water,

aliquots are taken for radicassey. It iz assumed that mannitol



reaches the pame concentration in skin water as exists in the bathing
solutions Sinece mannitol is too large to penetrals cell membranes,
for example see Page (21), the volume of skin water it equilibrates

with is the extracellular space.
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III. RESULTS

Phe presence of 2.5% DMSO in the outer bathing solutlon always
results in an immediate decrease in potentisl across the skin. The
effeet on shortecireuit eurrent is variable, and is related to the
season of the year. &enerally an increase in shortecireuit current is
observed. However, during the winter season when shortecireuit currents
are low, DMSO causes a decrease in curvent. Since the normal trans-
gkin potential is the resultant of two factors, net sodium transport
and chloride permeability, it is obvious that a decrease in potential
essocinted with an inerease in shortecireuit current might result
from an increase in chloride permeability. Actual measurements of
chloride movement through the skin using the isotope 6136 showed it
to be increased some P-4 times with 2.5% DMSO in the outer bathing

solution.

1n order to further define the effeet of DMSO on gkin permeablility,
it vas deciéedAta follow the flux of noneelectrolytes as was done for
¢1”. This data is presented in Table I with the noneelectrolytes
listed in decreasing order of permeability, thicurea béing the most
permeable and suerose the least permeable. The values givén mder
influx and outflux represent the mean and standard error ¢f the ncan
of three to eight experiments on ecach noneclectrolyte. The values
listed under incresse are determined by dividing the means of the

treated by the means of the control group. The flux ratio



80 (g BT UPE JO BeIY 0T X puTU-SOTON",

0> d G 913 §*9 65 9°9¢ pojwaly
co*o < 4 £*0 €1t 2*0% 9°0 0*eet T*03 £°0 TOIFueY SEOIPNG

o> 4 P 2*2% €6 6 ITF 626 pojeas]
Go*0 < 4 &0 41t §*0% £°0 oGl 0% L°0 Toxzuad 102 puneR

G0 > d 92 0*eF Lodd 0°5T% 614 posEnLy
gon<d £t FAL: FAL Il FAL ]9 0% C*y foauen BRI

Gp<d g o 663 9"y R AL 4 paywosy
So'n < 4 &0 ) 4 0'1s 2°¢ FAFA 0°1s 04 Torzuon BOIROTIL
S5053933 W % 3 ST ISAT e OTIANg  SOWGIOUT | »RULIGL  WOTITPEeD  S3A(oAio9iy
b 0]t

=Sarridesniag urHg Joag ve UMD SA°C 0 063N

AR Iy

I 219%%



2k

{inflwcfoulflux) is caleulated by dividing sither the control or the
treated inflwx by the appropriate cutilux.

It can be seen that, for the most part, the eontrel Dux ratics
of the cumpounds listed sppromch ouey 8s ia to be expecied for
pasgively diflvsing molecules under thewe conditions. No significant
difforonce between influx and outlilux exists for any of th  four,
although the retiec eof 0.5 ascen with suercse appesrs rether low.
Thin is dus to the wide variability obiserved im that partieunlar
sexrion of outfiwxen. Under the influwence of IS0, gromsly differcnt
flux valmes ave observed:. Although Yotk influx and cut{lux ers
greatly incressed over the contrel values with all four noneslegtroe
lyiens & much greater inesease in influx than outfliux is observed
with suorose, mannitel and ures. The ond result is a flux raéib
significently different then one. This some tendeney is alsc secn
with thicurea, although the difference lacks statisticel significance.

The ebove results indisete that NSO has o dramatic effect on
frog okin pormeability, That the rosulls are aecondary to hyperw
osmelarity of the cutor bathing solution rather than specific for
80 is demonpireted im Pable II. In these emperiments two other
compounds, thiourea and erythritol, were added to the outer bathing
solation in amounts equimolar to that used in the DMSO axperiaqnta.
The results are compared with those of DNSO, the DMSO figures having
beent clted in Tadle 1.

Although there mre certalnly differcuces te be noted botwsen

the offects of the three hyporommotic agents, for the most pasrt they



Table IT

Effect of Hyperosmotic Agentis

in Outer Bathing Solution.

Hon- Hyperosmotic Influx Outflux Influx
Electrolyte Agent Increase Increase Outfiux
Thiourea Erythritol 7.9 -10.% 0.8
DMSO Te2 501 1.2
Urea Thiourea 28.3 1k.1 2.6
IMS0 16.7 8.7 2.6
Mannitol Erythritol 19.1 8.5 2.2
DHSO 75.0 11.5 57
Sucrose Thiourea 141.5 8.4 2.9
Brythritol 62.4 11.1 2o
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are quite similar in that they all produce large increases in both

influx and outflux. The one common feature, a generalized increase
in skin permeability to these four noneelectrolyies, will be taken

to be the result of hyperosmolarity of the cuter bathing solution.

Differences between the agents will be discussed later.

Although the effects of the agents as reported in Table II ave
marked, the demonstration that in certain cases a flux ratio signifie
cantly greater than one is produced, is of great interest. The rate
of passive movement of a molecule through the skin should be the
same in either direction, yielding a flux ratio of one. A value
significantly different than one means that net movement in one
direction is occurringj or in other words the movement of the molecule
across the gkin in one direction is greater than that in the other
direction., This requires the use of some forece and the expenditure
of work. 8ince a1l fluxes have been unitized with respect to concene
tration & congcentrstion gradient canmot be the origin of the force.
Nor can a gradient of potential bs considered since we are dealing
only with nonwelectrolytes. Ussing and Anderson (27) have shown that
& net flux of water may, by solvent dvag, account for a flux ratio
other than one. They demonstrated that a bulk flow of water across
a membrane, produced by a difference in csmotic pressure, can speed
the movement of molecules going in the same direction, and at the
same time slow the movement of molecules going in the opposite

direction. In the experiments reported above a large osmotic
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gradient certainly exists across the skin and a net outward movement
of water is therefore to be expected; but this, if sclvent drag is to
be implicated, should produce a flux ratio (influx/outflux) of less
than one, for outflux would be increased over influx by the drag force.
Thus, it does not appear that solvent drag can account for these
findings, since net water movement is an outflux and net movement of
the noneglectrolyte is an influx.

The magnitude of the net water outflux in the above experiments
is significant. This was measured in separate experiments and the data
is presented in Table ITI. Under normal conditions, when an osmotic
gradient does not exist across the skin, there is a small influx of
approximately 30 plehr=d (4.3 ul en~2nr=l). This is probably associated
with the active transport of sedium. However, with the imposition of
the osmotic gradient from inside to oulside as in the experiments
reported above in Tables I and II, the normal influx is reversed and
an outflux of greater than 210 &l‘hr‘l ig observed, With an outilux
of water of this magnitude it is surprising that a net influx of
solute could take place at all.

Since the net movement of water is in the wrong direction to
explain the observed flux ratios, it is necessary to consider the
net movement of the hypcrosmotic agent itself. A large gradient
exists secross the skin for the hyperosmotic agent and the dircetion

for its wovement is an influx. If any interaction should occur

between the hyperosmotic agent and the tracer material, then as the
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Effect of Hyperosmotic Agents

on Bet Water Flow.

Hyperoemotic Agent Flux (p1ehr=1)
Hone -30*%

DMS0O 227
Erythritol 210
Thiourea 217
Raffinose 217

*The minus sign indicates an influx.



hyperosmotic agent moves down its large gradient, ar increase of
tracer influx might be expected. This hypothesis of solute interw
sction is easily tested since the crucial point in it is that the
hyperosmotic agent itself be permeable. If one were to use a
non-pormeable molecule as the hyperosmotic ag@ht there could be

no interaction between the fluxes of hyperosmotic agent and nonw
electrolyie, and there should be no change in the flux ratio.

The three hypervosmotic agents used to this point are all readily
permesble in frog skin as is shown in Table IV. The sucrose
permeability coefficient is shown for compariscn. Since the permesbility
of the suorose molecule in frog ekin is very low, any less permeable
solute should suffice for a nonepermeable hyperosmotic agoent.
Raffinose, being & larger molecule then sucrose, was chosen and was
used in amounte equimolar to 2.5% DMSO. The resulis of its action
on the fluxes of urea and suorose gve seen in Table V.

It can be scen thet the effect of raffinosce on skin permeability
is much less in comparison to DMSO. It is also much less than the
changes produced by erythritol and thiourea as shown in Pable IX.
But, as predicted, raffincse does not alter the flux ratio. The
ratio is essentimlly one for both urca and sucrose. The urea ouie
flux appears to be ingcreased more than the influx due to the combination
of plight nonwsignificant differemces in both the control and treated
valuese It should be kept in mind that the flux ratio is calculated
from the means of the treated values, mot the numbers giving the

inerease over control values as listed in the table,



Table IV

Pormeability Coefficients of
Various Sclutes in Frog Skin.

Solute K (emehr=})
DHSO 69.0 x 10”“
Thiourea 134 x 10™"
Urea 6.8 x 10”#
Erythritol 30 x 19"%
Manni tol 1.1 x 10“%

Sucrose G x 107



'X?able Vv

BEffect of Hyperosmotic Raffinose
in Outer Bathing Solution.

31

Mol Hyperosnotic Influx Out flux Influx

Electrolyte Agent Increase  Increase Outflux Difference

Urea Raffinoge Pl k.5 0.8 P> 0,05
DMS0 16.7 8.7 2.6 P < 0.05

Sucrose Raffinose 345 %48 j 5 P> 0.05
SO 122.0 11.3 5.4 P <001
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In order to learn more about the nature and site of action of
the hypercsmotic agents it is neceasary to investigate the changes
that are oeccurring in the skin itself. It must be remembered that
the flux experiments reported above do not measure simply the moves-
ment of a tracer from one bathing sclution across a single membrane
to the other bathing solution. The skin is a thick, complex piece
of tissue which should more proporly be treated as a third compartment
as dome by Morel (19). From this stendpoint every flux can be broken
down into two components, the movement into and the movement out of
the skine. A simple flux experiment as done above does not enable
one to learn anything of the two separate steps involved. However,

a study of the labeling of the skin itself from either bathing
solution should define these two steps and disclose changes brought
about by hyperosmolarity eof the outer bathing solution. Sinece the
most pronounced chonges in influx are noted with sucrose, this
molecule was chosen aes the one to study. First, the magnitude of

dicin labeling by G

sucrose from the ipner and outer bathing
solutions under normal conditions was determined. Then similar
experiments were performed with 2.5% DMSO in the outer bathing
solution. The results are presented in Table VI and are expressed

in terms of that fraction of the total counts present in the inner or
outer bathing solution which is found in the skin after a 1.5 hour
equilibration time. This time period is more than enough for a steady

state to be reasched between the skin and the labeled bathing solution

with respect to the comcentration of label in the skin.



Table VI

Effect of Hyperosmotic DMSO
on ﬁucrosemcli* Labeling of Skin.

Control ' Treated Difference
From Outside 3.7 x 10759  12.6 x 107% P < 0.01
From Inside 92,9 x 10°2%%  67.1 x 10°%% P < 0.05
Table VI1
Bffect of Hyperosmotic DMSO
on Skin Water Pistribution.
Control?® Proated”® Difference
Total H-0 : 120.3 pl 108.7 wd P> 0.05
Bxtracellular HoQ 55.9 pl 572.5 pl P> 0.05
Intracellular HyQ Blrobe pd 5142 ul -

sArea = 5.64 en?.

33
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Another aspect of the skin which would be expected to change
under the influence of hyperosmolarity is the water content. A
certain smount of dehydration and a possible change in the ratio of
intracellular to extracellulsr water might ocour. In order to
determine the magnitude of changes in water content and distribution
produced by outer bathing solution hypervsmolarity a study of total
skin water content and extracellular water content was undertaken.

Phe results are to be seen in Table VII. The values for intraceliunlar
water were obtained by subtracting the meen values given for exiraw
cellular water from the mean values given for total water.

Due to the great variability in the resulis from the determination
of total skin water, the difference between the means of the control
and treated groups lacked significance at the 95% confidence levels
However, it was significant at the 90% confidence level. This
difference is taken to be significeant in view of the recemi report
by Ussing (25) who, under direct microscopie ghservation, noted a
decrease in the thickness of the epithelial cells of frog skin under
the influence of outer bathing solution hyperosmolarity. The results
cited above lead to the same conclusion, with the decrease in total
skin water being due to a loss of water from the cells. HNo changes

oceur in the size of the extracellular space,
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IV. DISCUSSION

It is quite obvious from the data presented in the previous
section that hyperosmclarity of the outer bathing solution produces
o maried decrease in the resistance of the skin to the puseage of
non=clectrolytes. However, hyperosmolarity cannct explain all the
data since equimolar concentrations of different compounds do not
give the same results. Likewise, the small differences in osmolality
between the four hypercsmotic solutions (+8%) is not sufficient to
secount for the observed differences in flux. Similar resulis were
reported by Lindley, Hoshiko and Leb (16) in their study on changes
in skin potential and resistance produced by hyperosmotie spents.
They found that, although there is & linear relationship between the
decrease in skin potential and the conecentration of the hyperosmotie
agent in the outer bathing solution, different agents at the same
concentration do not produce the same decrease in potential.

Another similarity between their results and these reported here ig
that raffinose was found to be the least effective of the hyperosmotic
agents.

Of prime importance in trying to slucidate the mechanism of
action of the hyperosmotic agents is the localization of the skin
strueture that is being altered. The work of Koefford-Johnson and

Ussing (12) pointed out the existence of at least two membranes in
the skine Other work has led to the conclusion that it is the membrane

elosest to the outer bathimg solution (ontor membrane) which offers the
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major resistance to movement through the skin. MacRobbie and Ussing
(17) demonstrated that the outer membrane is twenty times less
permeable to water than is the inner membrane. Also, experiments
degigned to study the movement of trmcers out of the skin, soscalled
uyashout” experiments, have demonstrated that the rate of movement of
tracer is always greater to the inmer bathing solution than to the
outer bathing solution.

1f the outer membrane is indeed the rate limiting structure in
the skin, then it is likely to be the structure which is altered by
hyperosmotic agents. This hypothesis seems to be the most reasonable
in light of the skin labeling experiments reported above. When gkin
labeling was performed with the tracer in the outer bathing solution
the addition of a hyperosmotic agent resulted in more than a threew
fold increase in the steady state concentration of label found in the
skin indicating that the rate of entry of the tracer through the outer
membrane into the skin had been increased. When labeling was performed
with the tracer in the inner bathing solution the addition of a hypere
osmotic agent resulted in a decrease of the steady state concentration
of label in the skin. In this case the rate of exit, through the
outer membrane, had been inecremsed. Thus the experiments on skin
labeling can be easily explained on the bagis of inereased outer
membrane permeability.

The greater labeling of the skins by the inner bathing solution

may be due to the presence of the large connective tissue layer on



37

the imner surface of the skin. The water phase of this layer readily
equilibrates with the inner bathing sclution. It is diffiecult to
quantitate the effect of this layer but even if the effect is minimal,
the greater permeability of the inmer membrane would remain as a
factor in the labeling of tﬁe skine

It is also possible that the hyperosmotic agents could be
affecting the permeability of the inner membrane in addition to that
of the outer membrane., In fact, the change in solute permeability
could be either a decresse or an inerease and not alter the intere
pretation of the skin labeling data. The critical fagtor here ie
the magnitude of the change at the outer membrane. As pointed out
by Morel (19), onece the steady state has been reached the coneantration
of a tracer in the skin is determined only by the ratio of the
permeabilities of the two limiting membranes and the congentration

of tracer in the bathing solution. This may be expressed as:

Cakin fom Cokcin fim
ont sol om im in sol im on

where cakin' cout sol® and Cin sol are the concentrations of tracer
in the skin, outer bathing solution and inner bathing solution
respectively and fam and fim_are the respective fluxes across the
outer snd innmer membranes. From these equations it is more easily
seen how the permeability‘ef the inner membreme could vary in either
direction and still be compatible with the obgerved skin labeling

results. It all depends on the magnitude of the increase at the

ouber membrane.
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Evidence in favor of the hyperosmotic agents also increasing
the permeability of the inmer membrane comes from the flux data
in Table I. The sucrose influx increased 122 times with hyperosmotic
DHSO in the outer bathing solution. The increase in skin labeling
of 3.5 fold (Table VI) shoﬁld result in only a 3.5 fold increase in
the influx since flux is directly proportional to concentration.
Sinee the size of the extracellular space did not change under the
influence of DMSO (Table VII) the observed 3.5 fold increase in
skin labeling actually represents a simllar increase in trager.
concentration in the siin. Thus, in order to account for a 122
fold increase in suerose influx, with only a 3.5 fold increase in the
concentration of sucrose in the skin, an inerease in the permeability
of the inner membrane must be postulated. This need not necessarily
be a change in the structure of the membrane itself, but may represent
the work of an outside force, that same force which produces the flux
ratio for sugroge of 5.4, It is not difficult to envision how a
hyperosmotic egent could alter the physical characteristics of a
membrane when the two are in ¢lose contaect, but it is not easy to
see¢ how this change could occur when separated by other structures
including another membreme. Thus it seems likely that hyperosmotic
agents in the outer bathing solution might directly alter the
physical nature of the outer barrier, but it seems less likely that
they could have this same effect on the inner membrane, since their
congentration is not the same in the skin as it is in the cuter

bathing solution. On this basis it seems reasonabls to postulate
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the inner membrane as the site of action of an unknown force which
ig producing the high flux ratios.

The exset nature of the foree at work in the skin which is
causing influx to exceed outflux is not at gll clear. That it may
somehow be related to the movement through the skin of the hyper-
osmotic apent itself is suggested by the data in Table V where
raffinose is used as the hyperoemotic agent. Rafflnose is the only
agent used in which the flux ratio remains one and it is the only
agsnt used that does not penetrate the skin. One way to explain
these findings is to assume that there is some interaction between
the movement of the hyperosmotic sgent as it moves through the skin,
down ite concentration gradient, and the movement of the irvager nole
electrolytes, since they both move in the same direection. This
interaction may be of a frictional nature as suggested by Useing
and Andersen for solvent drag (27). If that is the case, the greatest
interaction should vecur with the larger molecules since they offer
the largest area for frictional interaction. Since the larger
molecules, sucrose and mannitol, showed a greater change in flux
ratio than did the smaller molegules, thioursa and urea, the postulated
system of interaction must be seriously considered.

However, another explanation may be offered for the greater
effect seen with sucrose and mannitol. Trans-ckin movement of both
of these molecules is confined entirely to the extragellular spacess

The faet that their flux ratios are altered to the greatest extent



may be taken as evidence that the unknown foree is at work mostly,

o

or entirely, in the extracellular spaces and that its greatest effec
is on that fraction of a molecule's flux which travels by way of the
extracellular pathway. Since 100% of the flux of the mannitol and
sucrose is through the extracellular route the greatest change in
flux ratio should occur with these two molecules. It seems reasonable
to assume that as a molecule becomes more permeable in frog skin, that
fraction of its flux which is extracellular will become smaller for
another pathway is available for its movement, the intracellular route.
Although the total amount of a tracer (more permeable than mannitol)
going through the extragellular space would be increased, when expressed
as the fraction of the total flux, it would decresse. As one studies
the flux of the more permeable moleculesy a greater amount of flux
will be found to go through the iﬁtraceliular pathway and the
fractional flux through the extracellular pathway will decrease even
more, in spite of the fact that the abeolute amount going through the
extracellnlar pathway is increasing. If these suggestions are true,
there should result an inverse relationship between the permeability
of a molecule in frog skin and the change in flux vatios produced by
the hyperoemotic agents. A review of the data in Table I shows this
to be true with the four noneelectrolytes useds

Thus, there are at least wo hypotheses which can explain why
the more permeable molecules are affected the least by the hypere

osmotic agents. In fact, there ls no reason why both theories may
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not be true. This would imply that the interaction is limited to
the extracellular spaces, is frictional in nature, and depends on
the size and permeability of the noneelectrolytes.

From the above diseussion, it is also possible to speculate as
to why differences exist among the hyperosmotic agents. If intere
aetion in the extracellular spaces is the correct answer, then the
important thing in relation to the hyperosmotic agents would be the
actual amount going through the extracellular pathway, not the
fraction. Thus there shouwld be a direct relationship between the
permeability of the hyperosmotic agents and the effect on flux ratiocs.
The data presented in Tebles II and V bear out this theory but ave not
entirely comsistent. Certainly raffinose, the least permeable, has
the least effect. But thioureca, which is much less permeable than
DMSO, seems to be as effsciive as IRMS0. Erythritol seems to fit, in
that it is less permeable than thiourea and DMSO and itz effect is
alss less. It is also more permeable than raffinose, and has a
greater effect than raffinosec. The fact that the data is nol entirely
consistent with the hypothesis leads one to suspect that all perameters
have not been considered. Perhaps, in addition to a frictional interw
action, there may also be some chemical interaction. With only the
limited number of hypercamotic agents uged this point canmot be
explored further.

1t is also diffieult to speculate on the exact pature of the
alteration produced in the outer membrane by the hyperosmotic agents.

Since all four agents, including raffinose, increase the purmeability
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of the outer membrane, the permeability of the hyperosmotic agent
itself does not secem to be the koy faeter here. Two chservations
wonld lead one to believe that the effect is of a physical nature.

One is the large amount of the hyperosmotic agent required to produce
this effect, the tonicity of the bathing solution being more than
doubleds The other observation is that the effect is readily
revergible upon removai of the sgents from the bathing solution.

(Data on the revarsibility of the hyperosmotic phenomenon are a part
of & continuing study and are not presented in this thesis.) Both of
these observations make it appear as if the altered membrane pers
meability is produced "simply" by the prescnce of the agents in high
concentrations. The mechanism may be due to dehydration of the
membrane itself or of selective areas of the membrane, a change in

the physical nature of water at or im the membrane, or to an alteration
in the configuration of lipids or proteins in the membrane itselfs The

data presented do not allow one to speculate further.



b3
V., SUMMARY AND CONCLUSIONS

This thesls reﬁorts on the effect of outer bathing scluticn
nyperosmolarity on the permeability of frog skin to veriocus none
electrolytes. The data show that large increases in skin permeability
are produced by hyperosmotic agents, and appear to be explainable on
the basis of increased permeability of the outer membrane. The movaw
ment of the hyperosmotic agent itself through the skin may also be &
factor in the inereased permeability since the passage of ures,
mannitol and sucrose through the ekin is greater in the inward
direction than in the cutward direction. Bocause the movement of the
hyperosmotic agent through the skin is alse in the inward direction,
it is suggested that its flux can affect the movement of the tracer
non~electrolytes, possibly by frictional interaction. This hypothesis
seems even more likely in view of the fact that reffinose, an ime
permeable hyperosmotic agent, is unable to produce altered flux ratios
in contrast to the other hyperosmotic agents. The exact mechanienm
of agtion of these agents is not claér at this time, and further

investigation is presently underway.



6

Te

G

10.

13a

1o

15

"

REFERINCES

Cuprren, P ¥» and Solomon, A. K¢ Ion and water fluxes in the
Ileum of ats. J. Gen. Physiol., 1957. 41, 145-168.

Curran, P s and Schwarts, Ge Fs»  Sodium, chloride, and water
{ransport by rat colon. J. Gen. Physiol., 1960. 45, 550-571.

Dean, R« B+ Theories of electrolyte equilibrimm in muscle.
Biols Symp., 194l. 3, $31-348.

Diamond, J. M. Trensport of salt and water in rebbit and pguinea
pig_ ga.ll bladder. J« Gane Phys‘.ﬁi@lu;; 1964, 48, leld.

du Bois-Reymond, E. Unbersuchungen uber dle thierische electri-
sitat. Berlin: . Reimer, 1857.

Imgbaek, L. and Hoshike, T. Electrical potential pgrediemts
through frog ekin. JActa. Physiol. Seand., 1957. 39, 3548-358.
Galeotti, G. Uber die elskiromotorischen loufie welche an der
ober{lache tierischer membrane bei der berummg nit verschiedenen
electrolyten sustande kommen. Zeitschr. Physik. Chem., 1904.
4%, 543=-562.

Huf, E. G« Versuch uber den zusammenhang swischen stoffwechsel,
potentialbildung und function der froschaut. Pilug. Arch. ges.
Pﬁyﬁiﬁlt » 1985. RIS, 6855-6%3.

Huf, Ee. Ge and ¥Wills, J. Influence of some inorganic cations on
active salt and water by isoclated frog skin. Am. J. Physiel.,
lgﬁll 16';’ 255”‘2500

Katzin, L. I« The use of radiocactive tracers in the determinstion
of irreciprocal permeabilily of biological membrenes. Bilol. Bull.,
1%40. 99, 42.

Koefford-Johneen, V.; Levi, H.; and Usaing, H. H. The mode of
pasgage of chloride ioms through the isolated frog ekin. Acta.
Physiol. Scand., 1938. 80, 150-165.

Koefford-Johnsen, V., and Ussing, H« Ho The nmature of the frog
gkin potentisl. Acta. Physiol. Scand., 1968. 48, 298-308.

Krogh, A« Osmotic repulation in the frog. Skand. Areh. Physiol.,
1937, %6, 50-94.

Krogh; A. The active adsorption of ioms in some fresimmter
snimals. Zeitschr. Vergleich. Physiol., 1938. 25, 335-3850.

leaf, A+, Anderson, J., and Page, L. Be Active sodium trensport
by the isolated toad bladder. J. Gen. Physiocl., 1958. 41, 657-668.



16,

17.

12

80«

al.

85«

86,

27.

Lmdlay, B Bi, Hﬂﬂhikﬁ; Ts ¥ and Iﬁb’ Ds Ee Effects of ga{;’ and
osmotic gredients on potential and resistance of the isolated
frog skin. J. Gen. Physiol., 1964. 4%, 773-783.

MacRobbie, e A Ce, and Ussing, H. He Osmotic behavior of the
epithelial cells of frog skin. Acta Physiol. Scand., 1961,
853, 548-360.

Meyer, K. H., and Bernfeld, P. The potentiometric amalysis of
membrans structurs and its application to livimg animal membranes.
Je Gen. Physiol., 1946. 29, 353=-378.

Morel, F« In The method of isotopic tracers applied to the study
of active ion transport. DNew York: Pergamon Press, 1859.
FDoe 155"'18‘20

Ogilvie, J+ T+, Heintosh, J« Re, and Gurren, P. Fo Volums flow in
a seriss mewbrens system. Diochim. Biophys. Acta, 1963. 646,
411-444-

Page, L» Jo Cat heart muscle in vitro. J. Gen. Physiol., 1963.
4.'53 30.}»“33 [

Patlak, C. 8., Coldstein, D+ 4., and Hoffwan, J Fs The flow of
solute and solvent across a two-membrane system. J. Theoret.
Biole, 1963. 35, 436443«

Ussing, H. Hs The use of tracers in the study of active lon
transport across anim] membranes. Cold Spring Harbor Symp.,
l948. 15, 193-200.

Ussing, He He The distinction by means of tracers between active
trapsport and diffusion. The trensfer of iodide across the iso-
lated frog skin. Acta Physiol. Scand., 1949. 19, 45-58.

Ussing, He He Relationship between osmotic reactiions and active
sodium trensport in the frog sicin epithelium. jcta Physiel.
Scand., 1965. 63, 141-15G.

Ussing, He He and Zerahn, K. Active tnﬁsport of sodium as the
sourcs of electric current in the short-cireuited isolated frog
skin. Acta Physiol. Seand., 1961. 83, 110-127. '

Ussing, H« H+ and Andersen, B. The relation between solvent drag
and active transport of ioms. Im Liebeeg, C. {Ed.) Procsedings of
the Third Internstional Congress of Biochemistry. HNew York:
Academic Press Inc., 1656, Ppe 4544400



APPENDIX

Tue Tollowing is the dals from an actual sxperiment and will

servs to illustrate the method of caleulation el gll flux experimenta.

Phiouwres Outilux SM:‘H

Time pholes .3 plioles 4.0

(miz) ¢ ) 6 e gm0’ B a0
a {;Q,Q :‘5‘1&'5‘5 - - L -

20 04,9  4,270.5 5,365.%  1,719.9 1.3 L

40 129.5  5,827.5 5057.0 1,686.5 1.87 Gab

60 158.8  7,180.0 7,058 1,773 168 49

DUSO Added

80 222.% 10,008.,0 10,23.4  3,08k.4 S.42 10.3

100 363.1  16,339.5 16,02.6 §,50ka6 74 2243

120 525.8 - 244186.8  7,847.3 &.72 26.2

The time of the first sample ig axrbitrarily referred Lo as
time zero, with all the following samples being teken at twoniye
mioute intervals. The column hoaded cpm (counts per mimute) gives
the redicsseay of sach semples BSinse the size of the sample was
0,25 ml, and the totel chamber volume was 11.J ml, the values
listed under opm must be multiplied by 46 in order to cbiain the
total oumber of counts in the chamber at the Lime of sampling, %o
obiain the net mumber of counts which have come mervss the skin im
ane twenty-miznte peried, the number of counts vhick wers prosent

in the chambar at the sgtart of that period must be subtrocted from



the number of counts prosent at the end ol the periods Although the
column under 46 gives the total mumber of eounts prossat at the end
of the period, the colusn under 45 gives the total mumber of counts
loft in the chamber following sempling bto be earried into the next
period. The number 45 is obtained by dividing the total chnnbes
volume mizus the sise of the sample (1.5 0,25 ml) by the sisze
of the sample (0.25 al). Thus, the number listed under kg for one
sample time subtrected from the number under 46 for the next sample
time, gives the net counte which came asross the skis for the
intervening twentyeminute poricd. This valus is listed in the next
eolumn, Acpm. To ccmvert counts into JMoles, the value listed uader
Acpm 4 divided Ly the specific sctivity of the oppoelite bathlng

solution (;&}. In this experimunt, the gpecific metivity was

899,575 ko=~





