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INTRODUCTION

As early as 1939 T; C. Barnes (1) observed that the elec-
trical potential across frog skip is reduced when hyperosmotic solu-
tions bathe the epidermal surface. More recently, investigators
(2,3,4,5) have shown tﬁat the electrical resistance of the skin de-
creases as well as the electrical potential. Further, these investi-
gations have shown that these decreases result from an increase in
the passive flux of both sodium ions and several anions (2,4,5). As
a result the net influx of Na' due to active transport is reduced by
hyperosmotic solutions on the outer surface.

It wasn't until 1966 that Ussing (5) reported another inter-
esting effect of hyperosmotic solutions on transport. He noticed that
a net influx of sucrose occurred when the Ringer's solution bathing
the outside of the frog skin was made hyperosmotic with 200 mM urea.
This is in contrast to the situation with Ringer's solution bathing
both sides of the skin, where the outflux and influx of sucrose are
equal.

A common way of expressing the relationship between tﬁe
directional fluxes across membranes is by the flux ratio which relates
the influx to the outflux as:

Influx (flux of .solute from the outside bathing solution
to the inside)

Outflux (flux of solute from the inside bathing solution(
to the outside)

Flux Ratio =

When the two directional fluxes for solutes such as urea or

sucrose are equal, as is the case when Ringer's bathes both surfaces
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of the frog skin, the flux ratio is equal to 1.0. When the infiux
is greater than the outflux the flux ratio is greater than 1.0 and
.when the influx is less than the outflux the flux ratio is less than
1.0. Ussing showed that when the outer bathing solution was made
hyperosmotic with urea; the flux ratio for sucrose‘was greater than
1.0 in spite of the fact that a chemical gradient fop the sﬁcrose
did not exist.

It appeared to Ussing that there was a posifive correlation
between the capacity of the skin to actively transport sodium ions
from the outer bathing solution to the inner solution and the rate
of net sucrose influx. Purthermore; Ussing was convinced that the
anomalous transport of sucrose could be inhibited by poisoning the
frog skin with cyanide. He therefore concluded that the hyper-
osmotically ihduced asymmetric movement of solute occurred as a result
of a loss in the selectivity of the active sodium transport mechanism.
He felt that the hyperosmotic urea solution acted to destroy the selec-
tivity barrier of the transport mechanism and consequently to allow the
sucrose to be actively transported from the outer to the inner bathing
solution.

About this same time Franz and Van Bruggen (7) found that
hyperosmotic solutions of solutes other than urea were capable of pro-
ducing asymmetric movement of solute in an inward direction. Since
there was an apparent increase in the asymmetry of the flux with in-

creasing permeability of the hyperosmotic agent and increasing size



of the solute, these investigators discounted participation of any
active transport mechanism and postulated that the asymmetry of the
observed fluxes might result from an interaction between the diffus-
ing hyperosmotic solute and the second tracér solute,

Later, Franz, Galey and Van Bfuggen (8) further excluded
participation of the active sodium transport system By showing that
the asymmetry of the osmotically induced fluxes is not destroyed
when the frog skin Nat trénsport system is inhibited by cyanide,
dinitrophenol (DNP) or ouabain.

Biber and Curran (8) have subsequently shown that the
solute flux is not«altéred by inhibition of sodium transport with
ouabain or by replacement of all Na' in the Ringer's bathing solution
by choline. They have shown further that no significant correlation
exists between the movement of the asymmetrically moved tracer,
mannitol, and the active sodium flux in toad skin; Biber and Curran
concur with the suggestion that the asymmetric transport is the result
of a éoupling between the flows of the hyperosmotic agent and the
driven solute. |

As W. D. Stein (10) has stated, the only possible forces
which can drive a net flux of a solute are: 1) the electrochemical
gradient of the solute, 2) an interac?ion of the solufe-with an
energy producing reaction, i.e., active transport, or 3) the inter-
action with the flux of some other component.

Since the work of Franz, Galey and Van Bruggen (8) and Biber



and Curran (9) has eliminated the possibility of the participation
of active transport énd since there is no known electrochemical
gradient for the asymmetrically QPiven snlute across the froé skin,
it is evident fhat a coupling of flows exists between one solute
and some other solute for which there is a chemical gradient.

This thesis will show that asymmetric solute transport
can be produced across non-biological, synthetic membranes under
conditions analogous to thése described in the studies of frog skin.
It will further be shown that the asymmetric flux of the driven
solute is due to a coupling between the flow of the diffusible
hyperosmotic agent and the driven solute.

It will also be shown that the nature of the "solute
drag'", as it will be called, is consistent with a mechanism in-
volving frictional interaction between the two solute épecies in
a porous membrane.
gggkgvbund

One of the fundamental requirements of living cells is
the maintenance of an acceptable internal environment to insure the
proper function of biochemical processes. Teleologically speaking,
nature has found encapsulation of constituents within a cellular or
plasma membrane to be a simple but effective means of maintaining
thi$ requirement. The presence of suéh a barrier about the cell
constituents gives the cell a measure of predictable composition

and buffers the cell contents from the dynamic changes in pH, ionic



strength and solute concentrations constantly occurring in the inter-
stitial fluids bathing the cell. These same cell membranes, however,
must provide for the transport of metabclites into the cell and make
it possible for metabolic wastes to be eliminated. The environment
of the internal milieu must also be controlled by processes mediated
by the cell membrane. Furthermore, a variety of cell productsbsuch
as fhe endocrine products and eéxo-enzymes must be transported out of
the‘cell through the plasﬁa membrane.

The transport of solutes in biological systems has, however,
a much broader concern that just the maintenance of the internal
environment of the cell. Some tissues such as the capillary endo-
thelium and intestinal mucosa function to move materials from one part
of the organism to the other (11,12). Neural and muscular tissues
utilize ionic transport to do work by creating electpiéal potentials
(13). In addition, solute transport in the kidney and sweat gland
is uséd to create osmotic flows of water which carry out the functional
operations of the respective organs (14,15). Hence, solute transport
across biologiéal membranes plays an important role in the maintenance
of life at the cellular, tissue, organ and organism levels.

The movement of solutes across biological membranes iIs known
to take place by three different routes, ﬁamely: 1) direct passage
through the lipoprofein membrane matrix (16), 2) pinocytosis and phago-

cytosis (17,18) and 3) transport through pores in the membrane (19,20).



Lipid-soluble substances may cross the cellular membrane
by simply dissolving in the lipoprotein matrix of the membrane itself.
In éenefal, the transport'of such lipophilic materials is dictated by
the partition coefficient of the solute‘for the membrane constituents
(21). The greater the partition coefficient or solubility in the
membrane the greater the rate of transport of the soiufe.

It is thought:tﬁat organic solutes and dissolved gases
are the only substances transported by direct passage since these
are‘fhe only solutes which have a large enough lipid-to-water partition
coefficient to dissolve in the membrane (21). However, there is good
evidence (22,23,24) thaf a substance which normally is not transported
by direct passage may pass through the membrane if it canbcombine with
a molecule within the Memﬁrane which acts as a "carrier". Such
carrier molecules are thought to be free to move within the confines
of the membrane and thus are able to associate with the transported
solute on one side of the membrane and release it on the other side.
By this process, called facilitated diffusion, éolutes having low
partition coéfficients in lipids may be transported directly through
the membrane (22).

Another mechanism by which solutes may cross Qellular mem-
branes is that of pinocytosis (17,18). In this process the transported
solute is encapsulated by an invagination of the cell membrane. Pino-
cytosis appears to be an excellent mechanism by which large solutes

may be transported, since the weight and dimensions of such molecules



would make solubilization or diffusion through the membrane difficult.
It is ﬁot known to what extent this process is used in the transport
of électrolytes and other small molecules.

The final mode by which solutes mé& cross a membrane is by
passage through pores or holes in the mémbrane matrix. The ease of
transport through such pores is largely dependent upén the size of
the solute in relation to the size of the pore rather than to a
property such as solubilitj in the membrane constituents. Indeed,
it has been.shown for many biological membranes that small molecules
pasé through cell hembranes much more rapidly than larger solutes
(19;25). These observations suggest the existence of pores in the
membrane structure. Other evidence for the existence of porous mem-
branes has also been preéented by Ussing (3,20) and others (19,26,27)
primarily by comparison of diffusive water flow to hydrostatic water
flow and by the existence of solvent drag.

The Physical-Chemical Nature of Transport

The rate at which a substance crosses a membrane is a function
of two factors. The first, which has just been discussed, deséribes
the ease with which a solute moves through the membrane. This factor
may be determined by the partition coeffipient of the solute for the
membrane, the affinity of the solute for a carrier, of Sy the size of
the solute in relation to the number, size and shape of the pores
through which it can pass. Secondly, the rate of transport is depen-

dent upon the magnitude of the force or forces acting on the solute to



produce a directional flow.
The concept of the existence of two terms as regulators
of solute transport is expressed well by a form of the Fick (28)

equation modified to describe diffusion across a membrane of unknown

thickness.
JD = -PAC (2)

This equation deécribes the flux, Jp, resulting from the
diffusion of a solute down its concentration gradient. Here P, called
the permeability coefficient, is the intrinsic term quantitating the
easé with which the solute moves across ‘a unit area of membrane. AC,
the concentration difference across the membrane, is an extrinsic term
desdribiﬁg the force on the solute created by the concentration gradient
of the solute. Hence, diffusive flow is determined by two factors, one
quantitating thé ease of penetration and the second the force available
to drive the solute.

In order to fully understand how solutes move across bio-
logical membranes it is important to know the source and nature of
the driving forces behind the transport processes. We shall now look
at how such forces might arise and how they might produce the movement
of solutes. | 7

One source of a driving force, or chemical potential, arises
from solute concentration differences between the two phases separated

by the membrane. A common form of solute movement across membranes



arising from such concentration differences is seen above in the
example of the process known as diffusion. In diffusion, a solute
having a ccacentration gradient.moves dow.: this gradient to the
phase of lower concentration, i.e., lower chemical potential.

Concentration differences across a membrane may also
" result in the creation of an osmotic force capable of causing a
flow. of solvent into the more concentrated solute solution. It
has been shown (29,30) that this osmotic flow of solvent can produce
an asymmetric flow of solute from the solution of lower osmotic
pressure into a solution of higher osmotic pressure, This process
is known as solvent drag and will be discussed later in greater
detail. |

A second source of energy which may be used in the trans-
location of.solutes is the metabolic activity of the cell. 1In the
process known as active transport chemical energy of the cell is
utilized to move a solute from one side of a membrane to another.
Recent investigations (31,32,33) indicate that sodium-potassium trans-
- port processes may be related to the activity of sodium and potassium
activated ATPase enzyme systems. While the mechanisms of such active
processes are still speculative, it has been well established that
active transport is an extremely important process, particularly in
the control of the ionic environment of the cell (34),

The third source of energy for doing the work of solute

transfer across biological membranes is electrical in nature. The
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separation of positively charged particles from their anionic counter-
parts, by active transport or other processes (35), creates an elec-
trical potential across the membrane. This potential can exert a
force on the counter ion to move it from oné4side of the membrane to
'the other so as to reduce the electrical potential.

Thus, there appear to be three primary sources of energy for
the movement of solutes across membranes:‘ 1) concentration grédients,
2) electrical gradients, and 3) energy producing reactions within the
cell, i.e., active transport. The interrelationships between these
three sources of energy are complex and the importance of any one
energy source varies from one situation to another as well as from
one cell type to another.

The studieé which are described in this thesis deal primarily
with transport processes arising from concentration differences of non-
electrolytes across inert porous membranes. As a consequence, the in-
vestigations are not directly involved with active transport or elec-

trical gradients.

Concentration—Dépendent Transport Mechanisms

| The force of diffusion is exerted by the random motion of
molecules which tends to minimize the chemical potential of a solute
by dispersing it uniformly throughout the solution (36,37,38). Thus
a solute will diffuse from a center of high concentration to one of
 low concentration even if it is separated by a membrane, provided the

membrane is permeable to the solute in question. As early as 1855
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Fick (28) postulated what is now known as Fick's First Law of Diffu-
sion. This law states that the rate of diffusion of a solute, €,

across a barrier or reference plane may be described by,

dng dcg
a*t*‘-— -Dl,(A) a‘}‘("* (2&)

dn; 3
af} expresses the rate at which solute © crosses the plane of refer-

ence or membrane. D; is the diffusion coefficient of the solute 1
and A is the area of the surface available for diffusion. %%i-is the
concentration gradient of species 7 across the plane of reference of
thickness X;.

Since the amount of solute % whiéh will cross the membrane

per unit time, g%z, is the flux of solute 7, X A, it is evident that
Fick's First Law, equation 2a, may be written in terms of Ji, see
equation 2.

When the membrane is permeable to the solvent buf not to the
solute, the concentration gradient expresses itself in the process
called osmosis. While the nature of the force causing osmosis is not
yet completely resolved (39,40) it is clear that osmosis is also the
result of the solute gradient across the membrane.

In osmosis, the solvent, usually water in the biological
systems, moves from the side having the lower solute activity into

the solution of higher solute activity. The magnitude of the force

produced by such a solute gradient may be measured by determining the
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pressure that must be applied to tﬁe solution on the side having
the higher solute concentration to block the flow of solvent into
that solution. This pressure is known as the osmotic pressure of
the solution.

Van't Hoff (41) showed in 1877 that for perfect, semi-
permeable membranes which allow solvent but not solute flow, the
osmotic pressure created may be described by

I = ACRT (3)

where I = the osmotic pressure difference across the membrane

AC = the difference in solute concentration across the membrane
R = ideal gas constant
T = temperature in degrees Kelvin

Few biological membranes are perfectly semipermeable, that
is, they allow some solute to pass thrbugh their matrix. This
tendency for the solute to move down its concentration gradient
decreases the observed osmotic pressure from that pressure calculated
by the Van't Hoff eqguation above, equation 3. The ratio of the ob-
served osmotic pressure to the predicted pressure exerted across a
perfect semipermeable membrane is known as the Staverman reflection
coefficient, o (42). The observed osmotic pressure exerted across a
"leaky'" membrane is expressed by equation Y.

Mo = gACgRT (4)
As is apparent from 4, when ¢ = 1 the membrane is not per-

meable to the osmotic solute and the measured osmotic pressure is
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equal to that predicted by equation number 3. However, when sigma
is less than one, some solute may penetrate the membrane and the
observed osmotic pressure is less than the theoretical osmotic
pressure. When o = 0 there is no osmotic pressure created by the
solute since there is no selectivity of the membrane between the
solute and solvent. |

As mentioned earlier, the osmotic flow of solvent across
the membrane into the hyperosmotic solution has been shown to be
capable of creating a flux of solute into the hyperosmotic solution
(29,30). This phenomenon, known as solvent drag, occurs when a
solute, having a reflection coefficient of less than one, is found
in the solution opposite to that having the hyperosmotic solution.
The bulk osmotic flow of solvent through the membrane is said to
"drag" with it the solute which has no inherent chemical potential
for crossing the membrane. In reality a fraction of the chemical
Agradient of the solvent is imparted to the dragged solute. 1In this
way the flow of the solvent and the flux 6f the solute are said to
- be "coupled".

It is the purpose of this thesis to present evidence for
the existence of yet another meéhanism by which solutes may be trans-
ported by the force created by differences in solute concentration
across a membrane.

This phenomena will be referred to as "solute drag'" and

depends on both the hyperosmotic solute and a second solute which is
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asymmetrically moved, both having reflection coefficients less than
unity. It will be shown that a solute which has a concentration
gradient across the membrane, but is also permeable to that membrane,
can influencé the movement of a second solute that has no chemical
potential ofrits own for crossing the membrane . In this process,

as distinguished from solvent drag, a coupling of flows exists
between the flows of thg two species rather than between the solvent
and solute flows.

Nonequilibrium Thermodynamics

In any attempt to understand and elucidate mechanisms
underlying scientific phenomena, it has been found useful to describe
processes quantitatively in terms of kinetic equations. Such equa-
tions not only preseﬁt a formal expression of the phenomenon, but aid
in formulating a visual descriptive explanation of theiprocess. How-
ever; there often arise situations in which the limited information
available prevénts the development of a kinetic description. It is
at such times that scientists have turned to the formalism of thermo-
dynamics. Although thermodynamics is unable to predict or rarély
even suggest the mechanism by wﬁich a process takes place, it provides
a formality of expression which is divorced from specific models. In
this way classical thermodynamics has made it possiblé fbr investi-
gators to learn moré about the basic nature of processes underlying
chemical and physical reactions. Classical thermodynamics, however,

is only useful in describing systems at equilibrium or undergoing
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reversible processes. Since biological systems are for the most part
irreversible, open systems in which equilibrium is seldom, if ever,
achieved, classical thermodynamics may play only a minor role in
describing the processes taking place in living organisms.

However, the development of irreversible thermodynamics
within the last decade has made it possible to formalize the non-
equilibrium biological systems in a quantitative manner.

The basic principle of nonequilibrium thermodynamics is
that any process can be considered as resulting from a force or
forces acting to create a flux of matter, whether this matter be
heat, energy, volume, mass, etc. The force which produces a flux,
J{, is known as the conjugate force of that flux and may be expressed
as X{. De Groot (43) has shown that under certain conditions the
rate of entropy production, g% is equal to the sum of the products

of the fluxes and their conjugate forces, i.e.,

S
'%{ =Y Ridg | (5)

Since irreversible procésses by their very nature produce
entropy (u44) the measurement of the rate of entropy production be-
comes a useful measure of the rate of the process being studied.

Although nonequilibrium thermod&namics as dévéioped by
Onsager (45), De Gr&ot (43) and other; (46,47) has been available
for some years, it has only recently been applied to biological pro-

cesses (23,28,49,50,51,52).
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Kedem and Katchalsky (48,49) have applied irreversible
thermodynamics to the processes of membrane permeation. In doing
so they selected two mass transfers which describe the permeation
of membranes. The total volume flow across the menmbrane is denoted
by Jy and represents the flow of solute and solvent together. Jp
is the symbol used to denote therflow of the solute relative to the
flow of solvent,

The conjugate force of the flux Jy, i.e., the force pro-
ducing the flow of solute and solvent together is the difference
in pressure across the membrane and is denoted by 4p.

The term RTACg is the conjugate force which is responsible
for the relative flow of solute and solvent, Jp. It should be
apparent that this term is analagous to the osmotic pressure equation
of Van't Hoff. See equation 3.

Kedem and Katchalsky in their 1958 paper (48) showed that
'the rate of entropy production for the trénsport of a solute across
a membrane-is given by the sum of the products of these flukes and
- their conjugate forces. Thus,

rate of entropy production = g% = JyBp + Jp RTACg (6)

In order to write equations relating the conjugate forces
to their resulting fluxes proportionality constants called phenomeno-
logical coefficients are used. The phenomenological coefficient Lp

relates the pressure difference across a membrane Ap, to the observed
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volume flow, Jy. The resulting equation at zero concentration

difference across the membrane is expressed as

Similarly, Jp, the relative velocity of solute to solvent,
is related to its conjugate force, RTACs, by the phenomenological
coefficient, Lp, at zero pressure difference across the membrane.

Thus,
Jp = Lp RTACg : (8)

If a pressure difference, Ap, is created across a membrane,
equation 7 states that a volume flux, Jy, will result. The magni-
tude of this Jy for any one pressure difference is determined by the
coefficient Lp. If the solution being forced through the membrane
by Ap contains a solute that is not permeable to the membrane, the
solute will be excluded by the membrane. This filtration creates a
flow of solute relative to the solvent or Jp. Hence a new coefficient
must be introduced which relates Ap to Jp. Such a term which relates
a force to a flow other than its own primary flow is called a cross-
coefficient or a cross-term cocefficient. The cross-coefficient which
is caused by the process just described is often called the ultra-
filtration coefficient and is denoted by Lpp or Lf.

Analagously, if a solute concentration difference is

created across a membrane, a net volume flow, Jy, results from osmosis.
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The cross~coefficient in this case is called the osmotic coeffi-
cient and is denoted by Lpp or Lp. Furthermore, it has been

éhown by Steverman (53) that the ratio of the osmotic coefficient,
LPD’ or ultrafiltration coefficient, LDp, (since they‘are equal -
see equation 11) to Lp,.the hydraulic conductivity coefficient, is

equal to the reflection coefficient o. Heﬁce,

~LoD L
g = acBD . | (9)
Lp  Lp ,

Now thét we have defined the possible sources of force
capable of creating flows, it éhould be possible to write flux
equations which take into consideration both direct and cross phe-
nonena. Consider first the total volume flow across a membrane, Jy.

If a cross-coefficient, LpD: is significant, we see that
Jy arises from differences in ACRT across a membrane as well as
differences in hydrostatic pressure, Ap, and a‘formal statement of

volume flow as derived by Kedem and Katchalsky as:
Jy = LpAp + Lpp RTACg (10)

Onsager postulated in what is known as the Onsager Recipro-
cal Relation Theorem that "If the proper choice is made of the fluxes
and forces then the cross-coefficients will be equal" (45). The

proper choice of fluxes turns out to be one in which the sum of the

products of each force and its conjugate flux is equal to the rate of
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entropy production in the irreversible process considered (43).
Thus Kedem and Katchalsky's choice of fluxes and forces insure
that these conditions are satisfied.

This means that,
Lop = Lpp. ()

‘As is obvious, these two cross—ferm coefficients are
related to the interaction between solute and solvent. Ginzbﬁrg
and Katchalsky (30) as well as Ussing (29) have shown that the amount
of interaction between solute and solvent is biologically significant
in creating sizable solute flows when solvent flow across a membrane
is present. This phenomenon, as we have previously‘mentioned, is
known as solvent drag.

The total flux of solute may be written as the sum of
fluxes which are responsible for the movement of solute., Hence, in
terms of the two fluxes, Jy and Jp which have just been described,
Jg, the total rate of flow across the membrane, can be written as

Jg = (Jy + Jp) Cg (12)

- The sum of Jy + Jp gives the total volume flow for that
part of the solution occupied by the solute. Since it is more con-
venient to measure and express the rate of flow of solutes in terms

of moles of solute crossing the membrane rather than in terms of
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volume of solute crossing, we multiply the sum Jy + Jp by Cg, the
concentration of solute in moles per unit volume. Hence Jg is
expréssed in moles of solute crossing the membrane in a given unit
of time.

Using equation 8, 9, 10, 11 and 12 one can, with little

difficulty, obtain the equation below, see Stein (54).
Jg = (1 ~0) JyCg + (Lp -02Lp)Cs RTACg (13)

The term (Lp —02Lp)Cs can be experimentally measured and
is given the symbol w and this w is called the permeability coeffi-
cient for the solute. Alternatively, (LD -02Lp)Cs RT can be replaced
by Pg, alsc called the permeability coefficient. Below we'see the

expressions for w and Pg and how the two are related. Since,

A
1

(Lp -02Lp)Cs | (14)

and

1]

Pg = (Lp -02Lp)CsRT (15)

then dividing 15 by 14,

Pg :
-~ = RT (16)
w ,
and
P_ = wRT ‘ (17)

Since Pg is also easily measured and includes the RT term

not included in w it is often the expression of choice.
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We may now substitute w or Pg into equation 13 which

becomes:

355 (1ra) Jyby & WRTACE (18)
or
Jg = (1-0) JyCs + PACs (19)

Just as hydrostafic pressure can create a flux of solute
relative to the solvent, necessitating the cross-term coefficient
LDp: the movement of one soluté, 1, may also influence the flux of
a second solute, 2, necessitating the cross-term coefficient relating
the effect of one flux of one solute on that of a second. The term
P21 is the cross-term permeability coefficient which expresses the
effect of solute 1 on the flux of solute 2, |

| If one desired to investigate the effecfvof_one solute on
the flux of a second solute, it is apparent that equation 18 or 19
would become much more formidable since new terms for the second
solute ﬁould have to be considered. It is also quite possible that
the (1 -0) Jvés term, which is responsible for solvent drag, could
mask any influence of the secona solute which may be present.

To simplify the consideration of solute-éolﬁté‘interaction,
it is apparent that'it would be advantageous to reduce the total

volume flow across the membrane, Jy, to zerc. If this is done,
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equation 6 reduces to

$ - 5 rracs " (20)

i

and provided the total volume flow, Jyv, is maintained at zero,

equations 18 and 19 for the flux of a single solute, s, become

Js = wRTACg . (21)
oxr
Js & Pl (223

In terms of Pg the equation describing the total flux of two different
solutes, 1 and 2, diffusing simultaneously under the conditions of

zero volume flow may be written as:
JT = PllACl + P22AC2 # PlQACQ + PQlACl (23)

when Jy = 0

Where JT = total solute flux

P11 = permeability coefficient of solute 1

Pypo = permeability coefficient of solute 2

Pjo = permeability coefficient of solute 1 induced by solute 2

Pp) = permeability coefficient of solute 2 induced by solute 1
AC; and ACo are the'concentration differences of solutes 1 and 2 across

the ‘membrane.
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The first two terms, P77AC; and PopACy, are the normal
expressions for the diffusion of a solute down its concentration
gradient. Pj9AC, and PpjAC) describe the solute fluxes of solute
1 created by the flow of solute 2 and the flux of solute 2 arising
from interaction with solute 1, respectively. Only when there is
coupling between the flows of the two solutes will Pip and Pp3
be different from zero.

Since in the present work it is desired to determine
whether the flux of one solute, 2, can influence the flow of another
solute, 1, it will be convenient to look at the effect of solute 2
on the total flux of solute 1 or,J;. The equation describing the

total flux of solute 1 can be written as
Jy = Jy; + J12 Jy = 0 (24)

where Jj is the total observed flux of solute 1, Jj; is the diffu-
sional flux of solute 1 alone, and J1» is the flux of solute 1
caused by the flux of solute 2. Remember that the fluxes we are

- concerned with at this time are those that take place in the absence
of any voiume flow, Jy, and in this case Jg = P ACg, equation 22.

Hence equation 24 can be written:
J1 = P114C) + P12ACH Jy = 0 {e5)

Rearranging equation 24 we see that the flux of solute 1 which is
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due to solute 2 can be expressed by
Ji2 = J; - J33 Jy = 0 ~ (26)

Since J313 is the flux experimentaily observed when solute
1 is the only solute diffusing down its concentration gradient, the
flux of solute 1 can be calculated by subtracting this value from
the total flux observedlwhén solute 2 is also present in the system.

Alternatively, if there is no concentration gradient for
solute 1, that is AC3 = 0, the observed flux of solute 1 will be

due to solute 2 interacting with solute 1. Hence,
Jy = J12 = P104Cs (27)

Provided Jy = 0 and AC3 = O.
Rearranging equation 27 we see that the cross coefficient,
P12, representing the effect of solute on the flux of solute can be

expressed as

where: AC; = 0

Jy = 0
It is this Pjo term which must be shown to be differeﬁtrfrom zero in
order to show the e#istence of solute drag.

To quantitate the magnitude of the sclute drag one can
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divide the P12 term by P22, the permeability of solute 2, diffusing
across the membrane. In this way one may show the relative
effectiveness of several number 2 solutes as a "driver" or "solute
dragger" species (55,56). Hence,

. P12
Effectiveness of interaction of solute 2 with 1 = e (29)
22
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MATERIALS AND METHODS
Membranes

The experiments described herc were carried out on four
synthetic membranes differing in physical properties and composition.
These membranes were the S & S B20 memﬁrane, the Diaflow UM-3 ultra-
filtration membrane, Union Carbide dialysis tubing, and the General
Atomic Type B desalinization membrane. A number of the physical
characteristics of these membranes are listed in Table I.

Initial studies were carried out on the Diaflow UM-3 ultra-
filtration membrane, manufactured by Amicon Corporation, Cambridge,
Massachusetts. It is an anionic, hydrated polymer ultrafilter which
is thermally and dimensioﬁally stable. The membranes are cast from
mixtures of sodium polysodium styrene sﬁlfonate and polyvinyl benzy-
trimethylammonium chloride (57). It is a "skinned" anisotropic
membrane analogous to cellulose acetate mémbranes>and_consists of a
"skin" about 1lu thick made up of consolidated layers of the poly-
electrolyte complex. Beneath this skin are thick, spongy, opaque
layers of the same polymers which give structural support to the
barrier skin layer but offer little resistance to flow (57).

The Diaflow membranes‘show a hydraulic conductivity co-
efficient, Lp, of approximately 2.0 In:_lO'lo em3 clyxxe"1 gec'l. The
procedure by which £his coefficient is determined ié described in
this section of the thesis. The effective pore radius calculated

from reflection coefficients of several different solutes by the
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mefhod of Goldstein and Solomon (19) gave values of approximately
120 X while a second UM-3 membrane gave a pore radius of approxi-
mately 400 i as measured by this method. Another method of esti-
mating the effective pore radius which depehds on the diffusive
permeability of water as compared to the hydraulic conductivity
measured by Lp was developed by Paganelll énd Solomon (27). This
method gives values of approximately 367 Z for the effective pore
radius of the membrane, which is in good agreement with the value
(¢}

of 400 A,

The second synthetic membrane investigated was the S € S
B20 cellulose acetate membrane filter available from Carl Schleicher
and Schuell Company, Keene, New Hampshire. As stéted by the manu-
facturer, these filters "have an extremely uniform micropore structure
(58) and aré approximately 100p thick." There is evidence (59) that"
cellulose acetate membranes are similar in structure to that of the
-polyelectrolyte membranes such as the Amiéon membrane described above
£57)- Riléy et al. (59) have shown by electron microscopy that cellu-
. lose acetate membranes have an extremely thin and dense surface skin
overlying a much more porous and thick backing. It is felt that the
dense skin layer is responsiblevfor the fi;tration properties of the
membrane (59) as it is for fhe Diaflow polyelectrolyte complex membrane
(57). As seen in Table I, the B20 membrane shows a Lp of 0.66 x 10"10

[+4
cmS dyne=1 sec.=l and an effective pore radius of approximately 80 A

o]
or 70 A as determined by the methods of Goldstein and Solomon and
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Paganelli and Solomon, respectively. Considering that each method
is based upon different parameters of membrane permeability the
agreement between the values obtained is quite good.

The third membrane to be investigated as a desalinization
membrane material produced by General Atomic Division of General
Dynamics, San Diego, California. The material, designated Type B
by the manufacturer, is a cellulose acetate membrane similar to
the B20 membrane and shows an Lp of 1.3 x 10710 ¢p3 dyne'l sec™t,
The measured effective pore radius of material is 20 - 25 Z as
determined by the method of Goldstein and Solomon and Paganelli
and Solomon described in this section.

Solutes.

Solutes used in this work were urea, mannitol, sucrose,
raffinose, inulin and dextran. Table II presents a compilation of
the molecular dimensions for these solutes as determined by a number
of investigators. In general, the dimensions of the solutes deter-
mined from diffusion studies are used in the calculations of this
thesis since most of the present studies are closely related to
diffusion.

Reagent grade urea and sucrose were obtained from Merck

and Co., Inc., Rahway, N, J. In most experiments 0.35 molal solutions
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of these solutes were used and each showed osmotic pressures, as
measured by freezing point depression, of ~354 # 12 milliosmoles.
Mannitol and raffinose were obtéined from Matheson Coleman and Bell
division of the Matheson Company Inc., East‘Rutherford, N. J. Both
solutes show melting points which agree with those of the pure sub-
stances (60). 0.35 molal solutions of these solutes have measured
osmolarities of 350 £ 7 and 357 # 10 milliosmoles respectively as
determined by freezing point depression.

Dextran (Type 15) obtained from Sigma Chemical Company
was stated by the supplier to have an average molecular weight of
19,900. Fifteen percent solutions of this dextran preparation were
used but osmotic pressures could not be measured accurately by
freezing point depression (61).

Inulin was not used as a hyperosmotic solute due to its
low solubiiity in water.

/All of the above solutes were checked for purity by paper
chromatography. Each solute migrated as a single spot and showed
- Rf values characteristic of the solute in the given solvent system.
Procedures used in the chromatography of both iabeled and unlabeled
solutes are described later.

Radiocactively labeled solutes were used to measure perme-
ability coefficients in the studies of solute fluxes. For such
studies, isotopié purity of the tracer is essential. If the tracer

is contaminated with a small, more permeable solute, the P value
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calculated for the solute flux will not be the true value of the
tracer of interest but will also reflect the greater permeability
of the contaminant. Similarly,-if the trucer is contaminated by
a significant amount of another larger labeled solute less perme-
able than itself, the P value determined will be lower than the true
permeability coefficient of the pure tracer solute. These discrep-
ancies arise because P values are determined by using‘the radio~
activity on the "donor" side of the membrane as a reference to which
the amount of radioactivity crossing the membrane is compared. This
calculation is based on the premise that the radiocactivity on the
donor side represents the labeled solute species which has crossed
the membrane. If this assumption is not'true, the P value calcu-
lation is invalid as a measure of flux for the single solufe. Con-
sequently, care was taken to assure the absence of radicactive con-
taminants. Since carbohydrates are'quite vulnerable to hydrolysis
>and attack-by microorganisms, particular care. was taken to detect
the presence of any hydrolysis or metabolic products.

14 labeled urea, New England Nuclear Corp., Boston, Mass.,
was dissolved in distilled water and purged with COs to drive off
luCOQVWhiCh may have contaminatéd the solute.

luC, obtained from Nuclear Research

Crystalline D-mannitol-1-
Chemicals Inc., Orlando, Florida, was dissolved in distilled water
and diluted to & known volume. An aliquot of this solution was acidi-

fied with HC1l to a pH of 3.0. This acidic solution was then warmed,

shaken, and the atmospheric pressure reduced to remove luCOQ. NaOH
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was added to obtain a pH of 8.4 and the solution diluted to a4

known volume. An appropriate aliquot was radicassayed in the Packard
3006 Liquid Scintillation Spectrometer using the Buhler ethanol-
toluene liquid scintillation media (62). I£ was found that there

was no real loss of radiocactivity during the acidification procedure,
hence a negligible amount of lL*COQ was present in the mannitol
solution. An aliquot of the dilution was assayed for lU'COQ by the
micro COjp determination of Van Bruggen and Scott (63) which showed

no luCOQ to be present. Chromatography of this mannitol is described

later. Mannitol—l—lu

C obtained from New England Nuclear Corp. was
received in 70% ethanol. This solution was taken nearly to dryness
by gentle heating on a steam bath in a stream of N, and then gquanti-
tatively tfansferred and diluted to a known volume with distilled
water. After warming and allowing to stand the solution was purged
s 1y
~with COp to remove = CO5.
.i 14 . 1u

Uniformly labeled sucrose-—'C was also assayed for ~ CO2

by the methed of Van Bruggen and Scott (63) and was shown to contain

2% 14

negligible amounts of ~ 'COp. As a precautionary measure all =~ C

labeled sucrose received was purged with CO2 before use.

Since neither 1t

C or SH labeled raffinose was commercially
available it was necessary to prepare and purify 3H raffinose. The
method of labeling raffinose chosen was the Wilzbach reaction (64,

65) in which the solute to be labeled is sealed in an ampoule with

carrier-free tritium gas. Two hundred milligrams of raffinose was
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so treated by the Wilzbach reaction for two weeks under an atﬁosphere
of 3 curies of tritium gas by the New England Nuclear Corp:, Boston,
Mass. The product, épproximateiy 1/8 of which was labeled raffinose,
was purified by Dr. Harriet Frush of the Nafional Bureau of Standards
using descending paper chromatography in a n-butanol-pyridine-Ho0-
benzene (50:30:30:4.5) solvent system on Whatman No. 17 paper. The
labeled material thus purified migrated at the same Rf as cold raf-
finose in two different solvent systems with descending paper chroma-
tography.

Inulin—carboxyl—luc and inulin—methoxy-aH were obtained
from New England Nuclear Corp., Boston, Mass: The 1tc jabeled inulin
contained little or no l"‘(102 as shown by assay before and after purg-
ing solutiops of the solute with CO02. Column chromatography of inulin-
carboxyl—luC on Sephadex G 75 showed better than 95% of the radio-
activity to be in a single peak as shown in Fig. 1. Likewise,'inulinf
methoxy—aH.showed a single peak on Sephadex G 75 chromatography with
100% of the activity in that peak (Fig. 2). It is significant that
the elution volumes of %C and 3y labeled inulin are essentially
identical.

14c 1abeled dextran of two molecular sizes were obtained
from the New England Nuclear Corp. These dextran hydrolysates were
stated by the supplier to have molecular weights of 16,000-19,000 and
60,000-90,000. Both fractions were supplied as carboxyl—luc dextran.

Solutions of these solutes were purged with COo before use to eliminate
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Figure 1

Elution profile of carboxyl-luc—inulin on a Sephadex
G 75 column. The bed dimensions were 1.5 x 90 cm, the flow rate
was 1 ml per 7 min., and the applied sample size was 1 ml. The

solvent for the sample and the eluant was 0.1 M NaCl.

Figure 2

Elution profile of ﬁethoxy~3H—inulin on a Sephadex
G 75 column. The bed dimensions'were 15 % éO cm, the-flow rate
was 1 ml per 7 min., and the applied sample size was 1 ml. The
solvent for the sample and the eluant was 0.1 M NaCl.

The similarity of the two inulin elution profiles made
it possible for either 14 or 3H inulin to be used as tracer

solutes.
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ll‘COg contamination.

Paper Chromatography of Solutes

All of the solutes used in the studies were chromatographed
as a measure of the purity. The solvent system was butanol, pyri-
dine, benzene and H50 50:30:4.5:30 (665. Descending paper chroma-
tography was cérried out on Whatman #3 paper for approkimately 18
hours. The radioactivgly labeled specie of each solute was run
with and without ﬁnlabeled‘solute as carrier and unlabeled solutes
were also run in the same system. The location of the radiocactive
material was determined by scanning the chromatogram with a Nuclear
Chicago Actograph II strip scanner and the location of non-labeled
solutes was determined by staining the chromatograms with 0.002%
sodium meta periodate and 2% p-anisidine in 5% glacial acetic acid
(67). In all cases the Rf values of the radioactively labeled
material corresponded to that of the non—iabeled éolute. All solutes
tested traveled as a single band and showed no evidence of contamin-
ation. The Rf's of the solutes used'in‘the studies are shown in
Table III along with glucose, a constituent commen to sucrose, raf-
finose énd dextran. None of these three solutes showed any contam-
ination of glucose, Hydrolysis‘products of dextran and inulin such
as glucose and fructose definifely shpw rates of migrétion different
from those of the pérent compounds. In no instance were indications
of these hydrolysis products seen in chrematography of inulin or

dextran.



Table III

Rf Values of Solutes*

Solute Rf
Mannitol 0.36
Sucrose 0.30
Raffinose 0.17
Inulin 0.05
Dextran I

M (16 - 19 x 103) 0.05
Dextran II |

MY (60 - 90 x 109) 0.05
Glucose - 0,38

*In system of 50:30:4.5:30 butanol-pyridine-

benzene and water on Whatman {3 paper.

38



39

Osmotic Pressures of Solutions and Experimental Procedures

Osmotic pressures of solutions used in the studies were
measured by freezing point depression on an Advanced Osmometer manu-
factured by Advanced Instruments, Inc., Newton Highlands, Mass.

Measurement of Solute Fluxes

Many 6f the experiments carried out consisfed'of the
measurement of a flux of tracer solute across a membrane. The
general procedure for such experiments is as follows: On one side
of the membrane is placed a solution containing the radioactive
tracer solute. To this is added unlabeled solute of the same com-
pound to make the solution 1 millimolar for the solute. The opposite
‘solution is also made one millimolar with the non-radiocactive solute.
After aﬁ initial equilibration period an aliquot of the formerly non-
radioactive solution is taken by micropipette or syringe and an equal
volume of non-labeled solution is replaced so thaf the volume of
solution remains constant. Samples are taken continuously in this
way, at regular intervals (usually 5 minutes) for from four to eight
 consecutive periods.

The permeability coefficients of solutes are detérmined by
dividing the amount of radioactive tracer moving across a unit area
of membrane in an interval of time by the concentration bf the radio-
active tracer in thé donor solution. Hence P is a rate constant with
the dimensions of L*T"1l. A more detailed description of the calcu-

lations of P, which is also equal to the flux at unit concentration,
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is given by Franz (68).

The radiocactivity of the sélutions is determined on either
a Nuclear Chicago 1043 B ;ow background zas-flow Geiger counfer or
a Packard Tri Carb series 3000 dual channel liquid seintillation
spectrometer.

Samples are prepared for the low background counter by
evaporation of the aliquot in a 1.25 inch diameter stainless steel
planchet in which a lené tiséue disc Has been placed. 1In additien
to the lens tissue 0.150 ml of a "glue'" consisting of a H20 solution
of 5% glucose, 20% ethyl alcohol, and 0.05% Aerosol is added to the
planchet prior to the sample. This glue solutioﬁ fulfills the dual
purpose of improving the spreading of the sample by decreasing the
surface tension of the solution and "gluing" the solute to the lens
tissue disc and steel planchet (69).

The majority of the radiocactivity assays'were done on the
liquid scintillation spectrometer for which the samples are prepared
in the following way. The sample to be assayed is added directly to
10 ml of scintillation fluid in special glass vials. The scintilla-
tion fluid used follows a recipe of Bray (70) and is composed of 60
.gm napthalene, 100 ml absolute methanol, 20 ml ethylene glycol, 4.0
gm 2,5-diphenyloxazole (PP0O), 0.2 grams 1;u bis-2-(5-pheyloxazolyl)-
benzene (POPOP) and dioxane in an amohnt to make the total volume up
to 1 liter. In some solutions PPO and POPOP were replaced by U4 grams

of Omnifluor (a blend of 98% PPO and 2% bis-MSB available from New



L1

England Nuclear Corp., Boston, Mass.). To this solution was added
40 grams of Cab-o-sil available from Cabot Corporation, Boston,
Mass. 'This material makes a’ thixotropic gel of the Bray's solution
and has been found extremely useful in suspeﬁding insoluble solutes
for liquid scintillation counting (71).' This "Bray's Gel", as it
is called, was ﬁsed in the assay of most of the expefiménts.
AEDératus

Experiments were.carried out in the apparatus shown in
Figures 3, 4 and 5. Each membrane was mounted as a barrier between
the two plastic chambers shown in Figs. 3 and 4. The membrane was
supported between two flattened 20 mesh stainless steel screens
held in parallel planes by metal rings. The cassette éo formed is
shown suspended between the open chamber halves in Fig. 4. The system
is closed by wing nut-applied pressure, the seai between the stain-
less steel rings of the cassette and the éhambers Being made by Neo-
prene O-rings embedded in the faces of the chambers. The solutions
bathing the membrane are stirred by small Teflon coated magnetic
bars drivenvby external magnets mounted on 600 rpm synchronous clock
motors available from Herbach and Rademan, Philadelphia, Pennsylvania.
The chambers created by the seal of the p}astic pieces to the cassette
are filled or sampled through ﬁorts in the top of each éhamber. These
ports are sealed with disposable rubber closures, Critocaps J (Clay-
Adams Inc., New York, N. Y.) and the closures are held in place by

hollow threaded plastic plugs. The drain ports in the bottom of the
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Figure 3

View of assembled chamber apparatus. On the right
is seen the microburet apparatus used in measuring volume
changes. Volume flows are determined by measuring the amount
of solution which must be added or subtracted to maintain the
£luid level in the glass capillary standpipe seen at the

center of the photograph (see also Figure H).
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Figure 4

View of apparatus in expanded form. The membrane is
held within the metal rings and restraining wire screens shown
supported in the mid line of the figure.- The chambers are
made of plastic and are tapered so as to have a minimum volume.
Teflon covered stirring.bars are held against the back .of the
chambers and stirred by the 600 RPM timer motors fitted with

magnets.
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Figure 5

View of assembled apparatus showing the essential
components. In the center is the assembled chamber, on the
right the microburet used for measuring volume changes. The
left side of the chamber is attached to a mercury pressure
device for the imposition of pressures up to 2 atm. When
greater pressures are needed the mercury device is replaced

by a compressed gas cylinder and gauge arrangément.
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chambers are sealed by metal stopcocks (Becton, Dickinson and Co.,
Rutherford, New Jer*sey).:L The other two ports toward the front

of fhe'chamber may also be sealed by metal stopcocks and are used
for the measurement of volume flow or the application of hydrostatic
pressure. ‘

The stopcock on the left chamber may be attached to a
pressure device as seen on the left of the chamber assembly in Fig.
5. This mercury manometer.device, developed for these studies, is
used to apply hydrostatic pressure to the solution on the left hand
side of the membrane. The pressure is attained by pumping air into
the mercury reservoir by a hand operated bulb or by an air line and
is measured by the height of the mercury column. Fine adjustment
of the pressure is made by the displacement of a screw driven plunger
in the barrel of a 10 ml syringe. An air tight seal between the
barrel and plunger is made by a mercury reservoir seal fashioned at
the top'of the syringe barrel. In cases where pressures greater than
150 em of mercury are used, an Ashcroft 100 pouﬁd per square inch
test gauge, Industrial Air Products, Portland, Oregon, is used to
measure the hydrostatic pressures.

To the stopcocked port on the right hand chamber is attached
a glass capillary gtandpipe with a réservoir bulb and a reference

marker corresponding to the top of the water level in the chamber.

1The metal stopcocks are joined to the chambers with the use of a
cement (Dolphan CN-1065 Epoxy Adhesive, John C. Dolph Company, Mon~
mouth Junction, New Jersey).
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A ground glass ball-joint makes the connection ﬁetween the standpipe
and a modified micropipet-buret with automatic zeroing and digital
readout (Manostat Digi-Pet 2464-Ul0, Arthur H, Thomas Co., Pﬂila-
delphia, Pa.). The total capacity of the micropipet-buret is 1 ml
iand each division on the digital readout is equal to 0.2 ul.

The apparatus just described is used to measure volume
flows across the membrane. To measure such flows the plunger of the
micfo—buret is either advaﬁced or retra;ted to bring the water menis-
cus in the standpipe to the reference point marked on the standpipe.
The amount of fluid added or removed from the system in order to
maintain the level of the meniscus in the standpipe is the net volume
.flow across the membrane and is read directly from the micro-buret.
In this way, volume flows across the membrane may be measured whether
they occur from hydrostatic or osmotic pressure.

Determination of o, the Reflection Coefficient

Reflection coefficients, or o¢'s, are important character-
istics of a membrane since they can be used to determine the effec-
tive pore radius of the membrane (19). As described earlier, the
reflection coefficient describes the effectiveness of the solute as
an osmotic agent, a perfectly semipermeable solute having a reflec-
tion coefficient of 1.0.

The reflection coefficients.of all the solutes used were
found by determining the hydrostatic pressure necessary to block

osmotic flow, in effect by measuring the osmotic pressure created by
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a known concentration of the test solute. This observed osmofic

pressure was used to calculate the reflection coefficient as:
o = GACRT

or . (30)

The determination of the observed osmotic pressure Iy is made by
placing a solution containing a known concentration of the solute
to be tested in the chamber on the left of the membrane. Distilled
water is placed in the right hand chamber and the filling ports of
both chambers are closed. Increasing amounts of pressure are then
applied to the chamber containing the test solute until the osmotic
pressure is balanced by the hydrostatic pressure and the net volume
across the membrane is zero. The observed osmotic pressure is then
used to calculate o, the reflection coefficieﬁt.

A second methéd used to determine the reflection coefficient
is based upon the ability of the solute tested to create osmotic flow.
In this method use is made of fhe fact that the reflection coeffi-
cient is the ratio of the osmotic coefficient Lpp (or ultrafiltration
coefficient) to the pressure filtration coefficient, Lp, as in the

following:

- '
= b (31)
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This relation described by Staverman (42) has been success-
fully used by Durbin (72) and Ginzburg and Katchalsky (30) as well as
others. Lpp is determined in a manner siailar to that used to deter-
mine the reflection coefficient above except that instead of blocking
the osmotic water flow, that flow is measured for several periods of
less than one minute. Since the osmotic flow of water dilutes the
solution containing the osmotic solute the flows are plotted versus
time and the resulting curve extrapolated back to time zero.

Under these conditions, where AP = 0, the relationship

between volume flow and Lpp is reduced to
Jy, = Lpp RTACg (32)

Since RTACg is easily calculated, and Jv, has been experimentally
determined,.the equation is easily solved for Lyp.

| Lp, the hydraulic conductivity of the membrane, is measured
Aby applying a known hydrostatic pressure, AP, to one side of the
membrane and by following the subsequent volume flow across the membrane.
- In this procedure there is no solute in the solutions bathing both
sides of the membrane, hence, ACRT is equal to zero and the relation-

ship becomes
Jy = Lp AP (33)

Consequently Ly is easily calculated since Ap is known and the result-

ing Jy is measured.
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The Ly of each membrane was determined for every pressure
used in experiments as a check on the effect of pressure on the
membrane. All membranes used showed constant Lp values within the
pressure ranges used in the experiments, which suggests that the
applied pressures do not effect the membrane pore size. After both
Lpp and Lp were determined, o was calculated from the equation above.

Table IV gives the numerical values of the reflection co-
efficients determined by tﬁe two procedures described on each of the
membranes. There is excellent agreement between the two procedures, and
as is to be expected, the reflection coefficients increase with in-
creasing size of the solute.

Once the reflection coefficients of a number of solutes
have been determined, the effective pore radius of the membrang can
be calculated by the method of Goldstein and Solomon (19).

v The equation,

. [2Q3-a/r)2- (1-a/r)" [1-2.104 a/r +2.09 (a/r)3 -0.95 (a/r)5]
[2(1-aw/r)2- (l-aw/r)*] [1-2.10% aw/r +2.09 (aw/r)3 -0.95] (aw/r)5

l-0 (34)
Where a = the radius of the solute molecﬁle, aw = the radius of the
water molecule, and r = the equivalent pore radius is derived by
Goldstein and Solomon from the equation of Renkin (73).
Using this equation it is possible to generate a family of
curves (1-0) as a function of the permeant molecular radius. Figure

6 shows the family of curves generated by this equation. CGratitude
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Figure 6

This figure presents a family of curves generated from
equation 34. Tﬁe abcissa is 1-o0 and the ordinate is the radius
of the probe molecules. The number at the top of each line gives
the effective pore radius in Z. The data from which these lines
were plotted were obtained by Dr. P. F. Curran, Yale University,

with a computer program written to solve equation 3k,
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is expressed to Dr. Peter J. Curran of Yale University School of
Medicine for his help in supplying computer calculated values
néceSsary for this plot. Each curve represents a single equivalent
pore radius. The equivalent pore radius of'£he membrane tested is
determined by selecting the curve which most closely fits the
experimental values of ;-0. Table I presents the effective pore
radius of the membranes used in this study. Line 3 shows the
effective radius determined by this method. Line 4 of the same
table shows the effective pore radius for the membranes determined
by the procedure which compares the diffusive flow of Ho0 across a
membrane to thekviscous flow of Hp0 across the same membrane. This
method of determining fhe effective pore radius, which has been
used by a number of investigators (27,72,30,7&); was initially

developed by Pappenheimer et al. (26) and Koefoed-Johnsen and Ussing

(Z8),
The general equation which is used is
’8 LD .
r = ._L_p__ (35)
Pw »
or
B ‘ (36)
PyRT

where n = the viscosity of water, D = the diffusion coefficient of
H20, R = the ideal gas conétant, T = absolute temperature, Lp =

hydraulic conductivity coefficient, and Py = the water permeability
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coefficient.

The hydraulic conductivity coefficient, Lp, is determined
as describel above and Py, the permeability coefficient for Hp0, is
determined by measuring the permeability of THO for the membrane.

A more accuréte form of the equation derived by Paganelli
and Solomon (27) was used in the calculations of pore radii'of the
membranes and is sho&n here in a simplifiéd form as preseﬁted by

Stein (75).

r=-1.5+ 4,5 + == = kX 145 (37)

where aw = 1.5, n = 0.36 x 1073 dyne sec cm'l, D = 2.59 x 10~ cm?

i [¢]
sec™l, and r = equivalent radius of pores in A.
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RESULTS

Studies carried out in our laboratory (8) as well as
those of other investigators.(g, 55) have\shown that hyperosmolarity
induced asymmetrical solute fluxes across frog skin are not dependent
upon active sodium transport per se. further, it has been shown
that none of the metabolic processes sensitive to DNP, CN' or ouabain
are required for the maintenance of‘asymmetric solute transport of
non-electrolytes under hyperosmotic conditions. These studies, how-
ever, do not eliminate the possibility that changes in a "dying"
biolﬁgical system such as the in vitro frog skin preparation may in
some unknown way bé responsible for the.observed phenomena. In other
words, the presence of uncontrollable variables inherent in in vitro
biological systems makeé it difficult to preclude biological parti-
cipation in the asymmetrical fluxes reported (6,7,55,76). The use
of a nonbiological membrane circumvents this probiem.‘ If asymmetrical
fluxes can be demonstrated in systems cqntaining structurally stable,
synthetic membranes, a strong argument may be made for physical rather
than for biological forces as the causative agents of the flux asym-
metry. To this end we have studied a variety of synthetic membranes
with a number of solutes as the hyperosmotic and/or the "tracer"
solute.

Initial studies were carried out with the Diaflow UM-3

membrane mounted in the chamber apparatus assembly described earlier
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in Figs. 3, #, and 5. Table V summarizes these studies. Frog
Ringer's was used in some of the experiments as bathing solution
and tracer fluxes were measured in both directions across the
membrane. The UM-3 membrane is anisotropic, and has a shiny and

a dull surface. In Table V, S » D refers to the movement of tracer
from the solution bathing the shiny surface to the solution bathing
the dull surface of the membrane.

As is to be expected, with identical solutions on both
sides of the membrane, H20, Ringer's and Ringer's-sucrose, flux
ratios of inulin-1"C were not different from one. Under such
conditions, there is no chemical gradient for the tracer solute
(i.e., driven) and the flux of the solute is equal in both directions
across thé membrane. When 0.3 moles L™} of sucrose was included
in the Ringer's on one side, (series 3) and a 115 ul hr-1 em 2 os-
motic flow into this hyperosmotic solution allowed to proceed, the
flux in the direction of flow increased while that in the direction
opposite to the H20 flow décreased, resulting in a flux ratio of 0.2.2

This means that the flux of tracer inulin was greater into the hyper-

osmotic than out of it and demonstrates the phenomenon of solvent

°The flux ratio for synthetic membrane studies is defined as

Flux of the tracer out of the hyperosmotic solution
Flux of the tracer into the hyperosmotic solution

Thus a flux ratio greater or less than one has the same meaning as
did ratios for frog skin where the influx represented movement out
of the hyperosmotic solution (see equation 1).
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drag as described by Anderson and Ussing (3) and by Ginzburg and
Katchalsky (30). It would at first glance appear that flux ratios
greater than one cannot be prodﬁced in the UM-3 membrane.

However, it must be remembered théi bulk flow of water
through a "wide-pore" membrane, such as the UM-3 (150 X), will have
a much greater effect on solute fluxes than would a comparable flow
across a '"narrow-pore" membrane such as frog skin or other biological
membranes where the pore radius is 10 Z or less (77, 78). This is
shown quite clearly by an equation first derived by Kedem and

Katchalsky (48) and rewritten here as:
Jg = PACg + Cg (1-0) Jy ' (19)

Recall that Jg, the net flux of solute s, is due to diffu-
sion descriﬁed by the first term of the equation, and bulk flow
(solvent drag) described by the second term. Notice that as o, the
.reflection coefficient of the solute, approaches 1.0 the importance
of the bulk flow term decreases. In the case of frog skin, the re-

-flection coefficients of the solutes studied closely approximate i

and the second term of the equation is very nearly zero. Thus, in
frog skin or cellular membranes, bulk flow of solvent will contribute
little to the flux of non-electrolytes such as carbohydrates. How-
ever, with the wide-pore membranes, such as the UM-3 where the ¢ for
many solutes is Small? the contribution of bulk flow to the net solute
flux becomes appreciable. As a result the presence of a process such

as solute drag may well be masked so that in order to demonstrate it,
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the 3v must be held at zero to eliminate the solvent drag effect.

In series 4 of Table V, hydrostatic heads sufficient to
decrease net volume flow to essentially zaro were imposed on the
system described in series 3. Under this condition the flux in
the direction out of tHe hyperosmotic solution increased while
that in the opposite direction decreased. These flux values yield
a flux ratio of 13.7 which is significantiy greater than 1.0. Since
in this experiment there was no net volume flow, the only obvious
force which could cause a net flux across the membrane is the gradient
created by the presence of sucrose on one side of the membrane. Thus,
a flux ratio of 13.7 illustrates in a striking way the significance
of solute interaction, for, the mere blocking of the solvent flow
increased the flux ratio some 68 fold over that where solvent flow
was allowed.

The large flux asymmetry reported above is not due to
instrumental error or the inability to hold Jy at preciseiy zero.
This is shown by the observation that a net bulk flow of 24 ul cm™2
hr=1 was required to produce a flux ratio of 12. Since such a large
volume flow was required to produce a flux ratio of 12, it is very
unlikely that the result shown in series 4% is due to the inability
to maintain the volume flow at exactly zero, especially in light of
the fact that our measurements of net volume change are equal to or
less than 2 ul cm~2 hr"l, which is some ten times less than that

required to produce the flux ratio of 12 under a hydrostatic flow.
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It was considered possible that the anisotropic nature
_of the UM-3 membrane might be responsible for the asymmetric flux
cited in series 4 qf Table V. To eliminate this possibility, the
UM-3 membrane was reversed, the hyperosmotiélsolution added to the
chamber now bathing the shiny side of the membrane, and the osmotic
flux blocked as before. This condition (series 5) is identical to
that of series % but with the membrane turned 180 degrees. It is
clear that flux ratios greater than one are obtained and that the
fluxes themselves are of the same magnitude as before. It is
acknowledged that ah additional detail was altered, for, water and
water-sucrose solutions were used in series 5 and 6 in place of
Ringer's and sucrose-Ringer's solutions. The validity of this
approach is attested to by the similarity of.the flux values obtained.
The data also suggest that an ionic charge is not involved in the
phenomenon being described since the presence or absence of elec-
trolytes had no effect on the magnitude of the flux ratios.

Having established the existence of asymmetrical solute
transport acress synthetic membranes, under conditions similar to
those producing flux asymmetry in frog skin, it was decided to in-
vestigate further the nature of the process.

If a coupling of flows occurs between the diffusing hyper-
osmotic agent and the tracer species which has no concentration
gradient, one would expect a direct relation between the amount of

hyperosmotic agent moving across the membrane and the magnitude of
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the flux ratio and net flux of the tracer solute.

Several experiments were carried out to determine the
effect of a range of sucrose concentrations on unidirectional
inulin fluxes. Fluxes were measured for at least six 5-minute
periods into and out of the hyperosmotic solution. In Fig. 7
the arithmetic means of the unidirectional fluxes are plotted
against the concentration of the hyperosmotic sucrose solution
used. The outflux values are seen to increase linearly with the
sucrose concentration while the influxes decrease, also linearly.
Notice that the slopes of the fluxes are néarly the same but of
opposite sign. This indicates that not only is fhe outflux in-
creased over some initial value by the action of the hyperosmotic
agent but that the influx of solute into the hyperosmotic solution
is decreased by approximately the same amount. Hence, the effect
of hyperosmolatity appears symmetrical with respect to the uni-
directional trans-membrane fluxes. The lines of best fit (by
regression aﬁalysis) for the experimental points intersect the y
axis at essentially the same point, suggesting that there will be,
as is observed in Fig. 8, no net flux in the absence of the hyper-
osmotic agent. This y intercept at about 8.0 is a theoretical P
value for zero concentration of sucrose. This value of 8.0 is
less than the experiméntally determined P of 10.9 x 1073 cm hr’l
found when Hp0 bathes both sides of the membrane. Presumably, the

difference between the values lies in the fact that the viscosity
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Figure 7

The effect of increasing concentration of sucrose on
one side of the S & S B20 membrane on unidirectional inulin
fluxes (P values). The points are average values of at least

eight experimental determinations and the bars represent # 1 SE.
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Figure 8

The relationship between the inulin flux ratio and
the hyperosmotic sucrose concentrationt The flﬁg.ratios fepre—
sented by éach point are calculated from the mean yalueé of at
least eight experimental determinations of unidirectional inulin

fluxes across the S & S B20 membrane.
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effects of the hypertonic soiutions are not corrected for in extra-
polating to zero sucrose concentration. As shown in Table V, P
values in 0.3 M sucrose solutions are also about 20 percent less
than those determined with Ringer's bathing both sides of the mem-
brane.

Figure 8 presents the results of two parallel series of
experiments. In one, the sucrose 1% tracer flux was measured at
various concentrations of sucrose under the same conditions as those
in series 5 of Table V. In the second series of experiments the

Y . . v
1 C flux was measured with various concentrations of sucrose.

inulin-
The net fluxes of sucrose and inulin were then calculated and plotted
with respect to the concentration of the so-called hyperosmotic agent.
The plotted points represent the arithmetic means of at
least eight experimental periods for the flux of each tracer and
correspond to sucrose concentrations of 0, 0.175, 0.35 and 0.6 moles per
kg of Ho0 from the lowest to the highest net fluxes respectively.
Clearly the inulin outflux is a linear function of the concomitant
sucrose outflux. This observation indeed suggests a coupling of the
sucrose and inulin flows and is in agreement with the observations
of Biber and Curran (55) for toad skin with mannitol as the driven
solute and urea as the hyperosmotic agent.
The relationship between the concentration of the sucrose

and the flux ratio of inulin is summarized in Fig. 8. As is to be

expected from Fig. 7, the flux ratio is not a simple, linear function
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Figure 9

The relatiénship between net sucrose outflux and net
inulin outflux onkthe S & S B20 membraﬁe. Each point repre-
sents the mean of at least eight determinations. The sucrose
concentration on the aéceptor side was in each case 0.001 M.
At Xj, X9, X3, and Xy the sucrose concentration on the donor

side was 0.001, 0.175, 0.350, and 0.600 m reépéctively.



_ | |

100

]
o o o o
w © < N

e 4y 7-WI9 ssjow 7) xnppng 8soiang

Inulin’ Qutflux (p moles c¢m 2hr'x 103)



72

of sucrose concentration. Since the flux ratio is the ratio of
. the unidirectional fluxes the equation for this curve can be

written as:

7.05% + 8.03 ' o
y = : (38)
5.78x + 8.10

Where y = inulin flux ratlo, x = hyperosmotic sucrosevconcentra—
tion and.7.05 and 5.78 are the slopes of the lines generated by
the outflux and influx values of Fig. 7; 8.03 and 8.;0 are the
extrapolated y intercepts of these same two lines from Fig. 6.

If there is indeed coupling between the flows of the
diffusible solutes, one might éxpect tﬁe effectiveness of a éolﬁte
to couple and thus create flux ratios greater than one, to vary
both with its permeability and/or its molecular size.

Consequently, it was decided to investigate solutes of
different sizes with respect to their action as both hyperosmotic
and tracer solutes. The studies were carried out on the S & S B20
‘membrane. The BQO membrane was selected for this rather extensive
study because of its small pore radius (see Table I), its reported
uniform structure (58) and, as found by experience, its relative
stability.

The following sec%ion describes the results of the studies
carried out with the-S & S B20 membrane.

Figure 10 presents the P values of the fPaceP species

when Hp0 bathes both sides of the membrane. The reported values
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Figure 10

P values and flux ratios of solutes with 1 mM aqueous
solutions of the tracer species bathing both sides of the S & S
B20 membrane. W = THO (tritiated water), M = mannitol, S =
sucrose, R = raffinose, I = inulin, D7 = 16,000-19,000 MW dextran,
and DI1 = 60,000-90,000 MW dextran. Each bar>represents the mean

of at least eight experimental periods.
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are the arithmetic means of eight or more sample periods. It is
evident from this histogram that the permeabilities of the solutes
decréase with increasing molecuiar size, just as diffusion co-
efficients decrease with increasing molecular size (79). Also,

it is likely that in a membrane having pores ﬁith a range of sizes,
the larger molecular species will have fewer pores through which
they can penetrate.

A second conclusion which may be arrived at from the
data summarized in Fig. 10 is that the flux ratios of none of the
tracer solutes are different from 1.0 as determined by "t" test
with a confidence level of 0.95 or better. These ratios indicate
that in spite of possible structural and mechanical asymnetry of
the system, symmetric fluxes are indeed obtained. Figure 11 relates
the permeability coéfficients for six of the seven tracer solutes
reported in Fig. 10 with 0.35 @ sucfose bathing both sides of the
B20 membrane. The values represent the arithmetic means of eight
or more observations. It is evident that the relative order of
"magnitude of P values seen in the system with Ho0 bathing’both
sides is retained. In other words, Pman.>Psuc.>Praf.>PI>Pdex.

It is also of interest that thé absolute magnitudes of
all the tracer permeabilities except those for tritiated Ho0 have
decreaséd, This is quite probably due to the decrease in diffusion
coefficients caused by tﬁe-more viscous hyperosmotic solution (79).

Although the P values decreased somewhat in the more concentrated
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Figure 11

P values and flux ratios of the tracer solutes with
solutions, which are 1 mM in the tracer solute ana 0.35 m in
sucrose, bathing both sides of the S & S B20 membrane. W =
tritiated wéter, M = mannitol, S = sucrose, R = raffinose,

I = inulin, Dy = 16,000-19,000 MW dextran, Dry = 60,000-90,000
'MW dextran. Each bar represents at leastAeight experimental

determinations of the P value.
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solutions, it is important that the flux ratios were again not
different from 1.0, as determined by the "t" test at a confidence
level of 0.95 or better. Although only the P values obtained for
the 0.35 m sucrose system are presented in %ig. 11, hyperosmotic
solutions of mannitol, raffinose and déxtran show éimilar effects.

In Figs. 12, 13 and 14, 0.35 m solutions of the hyper-
osmotic agent wefe placed on one side of the membrane and radio-
actively labeled tracer solute was added to an appropriate side.
Both bathing solutions were made 1 mM with the tracer solute, so
that a'concentration gradient for the tracer species was avoided.
Hydrostatic pressure was applied to the.chamberp containing the
hyperosmotic splution until the net volume flow across the membrane
was less than i 2 yl em™2 hr-1. Tracer fluxes across the membrane
were then measured into and out of the hyperosmotic soiution. The
basic experiment is analogous to series 5 of Tablé Vs

Figure 15 presents the same data obtained with 0.008 m
de#tran with aﬁ average molecular weight 16,900 as the hyperosmotic
solution. Several quite interesting findings are clearly shown in
these figures.

First notice that with any hyperosmotic agentbthe relative
order of magnitude of the P values for mannitol, sucrbsé, raffinose
and inulin seeﬁ in figs. 10 and 11 is preserved. In no case does
an influx or outflux of any one of these four tracer solutes increase

to a value larger than that of a smaller solute. Hence it appears
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vFigure 12

P values and flux ratios for tracer solutes with 0.35
M mannitol on one side of the membrane and with osmotic flow
blocked by hydrostatic preésure, i.e., Jy = 0. Flux ratios are
caléulated from the P values for outfluxes and influxes. The
P values (as cm hr~1) for the unidirectional fluxes reported
are the means of at least eight experimental periods. The
standard error of the means are seen below.

SE of mean

Outflux Influx
M = mannitel | * 6.8 £ 1945
S = sucrose £+ 4.9 4.9
R = raffinose £ 2. Gt B |
I = ipulin + 0.4 £ 0.4
Dy = 16,000~19,000 MW dextran t 0.4 + 0.4

* 0.6 + 0.4

Dy = 60,000-90,000 MW dextran
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Figure 13

P values and flux ratios for tracer solutes with 0.35
m sucrose on one side of the membrane and with osmotic flow
blocked by hydrostatic pressure, i.e., Jy = 0. Flux ratios are
calculated from the P values for outfluxes and influxes. The
P values (as cm hr~1) for the unidirectional fluxes reported
are the means of at least eight experimental periods. The
standard error of the means are seen below.

SE of mean

Outflux Influx
M = mannitol z 8.9 t 5.0
S = sucrose t 5.9 t 1.6
R = raffinose + 2.9 1.8
I = inulin + 0.5 *+ 0.13
Dr = 16,000-19,000 MW dextran + 0.2 + 0L
Dy = 60,000-90,000 MW dextran * 0.9 + 0.2

s
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Figure 1k

P values and flux ratios for tracer solutes witﬁ 0.35
gl raffinose on one side of the membrane and with osmotic flow
blocked by hydrostatic pressure, i.e., Jy = 0. Flux ratios are
calculated from the P values for outfluxes and influxes. The P
values (as cm hr~1) for the unidirectional fluxes reported are
the means of at least eight experimental periods. The standard
error of the means are seen below.

SE of mean

= iR

Outflux Influx

M = mannitol + 5.7 + 4.3
S = sucrose + 3.2 L S
R = raffinose 4,2 1 1.8
= inulin + 0.6 + 0.3
Dy = 16,000-19,000 MW dextran t l.é + 0.2
Dy = 60,000-90,000 MW dextran + 0.6 t 0.4
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‘Figure 15

P values and flux ratios for tracer solutes with
0.058 B ~16,500 MW dextran on one side of the membrane and
with osmotic flow blocked by hydrostatic pressure, i.e.,
Jy = 0. Flux ratios are calculated from the P values for
outfluxes and influxes. The P values (as cm hr~1) for the
unidirectional fluxes reported are the means of at least
eight experimental periods. The étandard error of the means
are seen below.

SE of mean

Outflux Influx
M = mannitol % 5.5 + 5.1
S = sucrose ‘ + 4.7 £ 3.5
R = raffinose £ 243 t 1.4
I = inulin + 0.7 + 0.6
D7 = 16,000-19,000 MW dextran EROWY. + 1:1
Dy = 60,000-90,000 MW dextran 0.3 0.7
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that whatever force is acting on the tracer solutes is acting
.universally on all of these solutes. In other words, molecularly
specific interaction within this group of carbohydrates does not
occur between the hyperosmotiéally induced force and a particular
solute.

However, the relative permeabilities of the tWo»dextran
tracers abpear to be reversed by the hyperosmotic mannitol and
sucrose. That is, the larger dextran becoﬁes more permeable than
the smaller dextran fraction under the conditions of the smaller
hyperosmotic solutes such as mannitol or sucrose. This observation
is not easily explained if one assumes the dextran molecules to be
spherical in shape. A possible explanation of this observation
will be presented later in this thesis.

The second interesting observation from the data presented
in Figs. 12 through 15 is that with the'0.35 M solutions of hyper-
tonic solutes the P values of the tracer mannitol, sucrose and raf-
finose never exceed those observed when H20 bathes both membrane
surfaces. It appears that in the case of the larger tracer solutes,
the force created by the hyperosmotic agent is large enough to
overcome the decrease in permeability resulting from the increased
viscosity, whereas the smallé; tracer solutes are not as greatly
influenced by this fofce. This suggests that the molecular size of
the tracer solute may be important in determining the magnitude of

the interaction between solute flows. This possibility is further
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supported by tﬁe fact that the increase in influx values for inulin
and the two dextran species become greater as the size of the hyper-
osmotic ageat increases. Further considerations of these observa-
tions are discussed at a later point.

The most obvious fact which can be seen from Figs. 12
through 15 is that the flux ratios of all tracer solutes in the
presence of any hyperosmotic agent are ali greater than 1.0. Hence,
it is evident that flux asymmetry created by the unequal distribution
of a solute across a membrane is a general property of the series of
solutes investigated rather than a specific effect of a particular
solute such as sucrose.

Perhaps the most interesting finding of all in Figs. 12,
13, 14 and 15 is that the flux ratios created by a given hyperosmotic
solute increase with the molecular size of the tracer specie. That
is, the flux ratio observed with sucrose as a tracer solute is
greater than the flux ratio observed with mannitol as the tracer,
but sméller than the flux ratio of raffinose as the tracer soluﬁe,
given any hyperosmotic agent. This is good evidence that the
mechanism by which flux asymmetry iIs created is directly related to
the size of at least the tracer solute. Notice that no matter which
hyperosmotic agent is used, dnly moderate increases in the flux ratio
are seen from mannitol to sucrose and from sucrose to raffinose as
tracer solutes. These increases correspond to increases in the
molecular radius of the solutes from about 4.4 to 5.3 to 6.1 X,(see

Table 1I). The increase in the flux ratios from raffincse to inulin
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as a tracer species corresponds to about a three-fold increase in
flux asymmetry no matter which hyperosmotic agent is used. This
large incfease in flux asymmetry is coincident with an increase in
the molecular radius from 6.1 to M15 X, the largest increase in
molecular size betweeﬁ any two consecutive solutes in the sgries.
Consequently, this observation reinforces the initial indication
that the mechanism responsible for flux ésymﬁetry is at least
dependent on the molecular size of the "tracer" solute. The flux
ratios of the two dextran species do not follow the increases in
flux ratio seen with the increasing size of the smaller tracers,
although in every case, their flux ratios are significantly greater
than 1.0. Since the three dimensional structure of the dextran
preparation is so poorly understood and the mechanism of its trans-
port under the above conditions completely unknown, the contribution
of these studies to the undefstanding of the phenomenon being in-
vestigated is limited. It is, therefore, important that the observa-
tions of more completely characterized solutes play the major role
in the interpretation of the observed phenomenon.

Table VI is a compendium of the flux ratios cobtained in
the experiments described by Figs. 11 through 14. In it we see the
flux ratios of the tracer sptcie at the bottom of each ?ertical
column with the hyperosmotic agent seen at the left of each horizontal
line. As has just been diécussed, the flux ratio resulting from any

hyperosmotic agent increases with the molecular size of the tracer
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None (H,0)
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Sucrose

Raffinose
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.32 .54 [ Fe 3.54 2.96 3.47
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solute from mannitol to inulin. Notice, however, that there is no
corresponding increase in flux asymmetry with increases in the size
of the hyperosmotic agent given.a particular tracer solute. The
observation that flux asymmetry increases with incfeasing molecular
size of the tracer solute leads one to consider the effect of in-
creasing the size of the hypérosmotic agent on the magnitude of
interaction. The net flux of a solute created by several hyper-
osmotic agents presented in the vertical columns of Table VI is not
a direct measure of the amount of interaction between the solutes
because, although a large hyperosmotic agent may interact to a
greater extent with a given tracer solute, the flgx asymmetry which
it can create is limited by its decreased permeability. In other
words, although the large hyperosmotic solute will be more effective
at "sweeping out a pore” once it-is inside thé pore, fewer of the
iarge solute molecules will be able to move through the pore in the
same interyal. Consequently, the flux ratio for a given tracer may
not inérease with increasing molecular.size‘of the hyperosmotic
- agent.

At this point it becomes profitable to apply some of the
equations derived from irreversible thermddynamics.

Recall that under the condition of zero volume flow the
ﬁet flux of a solute across a membrane in the presence of a second

solute may be described by equation

Jl = PllAC + P12AC2 (25)
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As is the case in the experimental procedure described
earlier, when there is no concentration gradient for solute 1

(the tracer solute) the flux equation reduces to
J1 = P104Co when Jy = 0 and AC; = O (27)

In this case the net flux of solute 1 is dependent solely
upon the cross-term permeability coefficient P1p. Rearranging the
equation we obtain an expression for Pj5, which quantitates the
effect of the concentration of solute 2 on the flux éf solute 1,

the tracer species.

Pyo = o ' ' (28)
ACoH Jy and AC; = 0
In other words Pjp is a measure of the flux of solute 1 produced by
a unit concentration of solute 2.

Since we are interested in the coupling of flows between
solute 1 and solute 2, the ratio of the cross'coefficient, P12, to
the straight coefficient of the diffusing hyperosmotic agent, Pso,
results in a value which reflects the effectiveness of é diffusing
hyperosmotic agent at creating4asymmetrical solute flow. Hence
we may write:

The effectiveness of a diffusing - By5 (29)
hyperosmotic at creating asymmetric flux ~ Pop

This ratio indicates the amount of asymmetric flux produced
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per unit flux of the hyperosmotic égent, hence is a good measure
of the coupling between two solute fluxes. 1In these calculations,
the‘net flux of each tracer solute, Jj, is obtained by subtracting
the tracer flux into the hyperosmotic solution from the tracer
flux out of the hyperosmotic solution. The Py value used in the
calculation of Py5/Pps is the tracer permeability coefficient of
solute 2 out of a 0.35 @ solution of itself under the hypefosmotic—
hydrostatic pressure conditions. The ACy is 350 millimolal except
for dextran which is 8 millimolal. The Pyp for the hyperosmotic
dextran specie (average = 19,900) is taken to be that of the smaller
of the two tracer dextrans. Table VII presents the calculated
values of Py, and Py,/Py, for each tracer paired with each of the
four hyperosmotic agents used in the experiments described in Figs.
12 through 15. .

Notice that for any tracer solute the ratio Py2/Ppp in-

creases with increasing size of the hyperosmotic agent.r This shows
that the asymmetric force created by the diffusible hyperosmotic is
proportional to the size of the hyperosmotic agent as well as the
size of the tracer species. Also notice that the largest increasé
in Py9/Ppo comes between raffinose and dextran, the largest increase
in molecular size between any two of the hyperosmotic agents. "This
further confirms earlier evidence that the degree of asymmetric
force is proportional to the size of the hyperosmotic agent.

It was not possible to examine the effect of a hyperosmotic
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Table VII

Pyo and P319/Po2 Values for the S35 B20 Membrane

Solutes i Cross Coefficient Interaction Ratio
Tracer Hyperosmotic
1 2 P1,x10° cm hr~l Pqp/Ppoxl0*
Mannitol M 0.127 " 6.8
S 0.151 9412
R 0.101 10.1
D* 2.59 7497
Sucrose M 0.174 9.4
S 0.170 10.3
R 0.124 12.5
D* 4,66 135.%
Raffinose M 0.123 6.6
S 0.137 8.3
R 0.124 12.5
D#* 4,85 140.6
Inulin M ©0.029 1.5
S 0.036 2.1
R 0.0u2 4.2
D% 4,64 : : 134.5
Dextran I M 0.007 0.3
S 0.026 B
R 0.038 3.8
D% l.44 y17.3
Dextran II M 0.021 1.1
S 0.0u45 2.7
R 0.032 ' 3.2
D* 0.613 | 177.6

*D = ~16,500 MW Dextran at 0.008 M
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agent larger than the effective pore of this membrane due to fhe
limited solubility of large macromolecules.

Having accumulated evidence that the magnitude of flux
asymmetry is proportional to the sizes of béth the hyperosmotic
and tracer solutes, it was considered necessary to determine the
role of another variable, the pore size of the membrane, in the
process producing flux asymmetry. For this purpose, two additional
membranes were selected for study. The first of these was another
Diaflow UM-3 membrane which had a pore radius of about 350 R,
compared to the 75 Z pore radius of the S & S B20 membrane and
the General Atomic Type "B" desalinization membrane with an effec-
tive pore radius of %2512.

As can be seen in Table VIII these membranes also show
increasing flux ratios with increasing size of the tracer solute
_given a particular hyperosmotic ageﬁt, see lines 1, 2, 3 and 10, 11,
12 for the UM-3 and the G.A. "B" membranes respectively. Here, it
is seen that with mannitol as the hyperosmotic agent, flux ratios
" increase from mannitol to sucrose to raffincse for all three mem-
branes supporting the previous observations shown in Figs. 12 through
15;

An observation of more than passing interest is seen in
Table IX, where representative flux ratios for the three membranes
are compared. Notice that.as the effective pore radius of the

membranes becomes smaller the observed flux ratio for a particular



Table VIII

P Values and Flux Ratios for UM-3 and G.A. Type B Membranes

Flux Ratio
Outflux/Influx

Tracer Outflux Influx
Solute Px103+1 SE Px103#1 SE

Hyperosmotic
Solute

Membrane

1.04
J:20
1.34

29,8 % 1.6

i 7

30.6 #
22,1 + 0.8

Mannitol

UM-3 #2

LEH £ 0.5

156.3 £ 1.0

£ 152

20.6

Sucrose

1.15
1.22

18.4 0.6

Jrold.
0.8

21.3 £
19.6

1640 % 1.2

115
1.16
1.56

24,2 + 1.4

17.3 £ 0.8

27.8 + 1.6

Raffinose

T2

20,1 ¢

3379 208

21.6 #

1.59,
2.89
2.60

139.7-4 558

222.9 £ 5.5

Mannitol

"B"

G.A.

2940 £ 1,2
27.2 £ 0.6

3.6

83.9 £

70.4 £ 1.8

1.45
3.u48

121.4 £ 5.8

176.5 £ 5.0

Sucrose

291682 i3
22.4 £ 0.9

89,6 £ 3,1

3.60

2.2

80.9 ¢

1.30
2.85
3.22

5.2

132.0 ¢

171.8 + 7.7

Raffinose

34.0 £ 1.4
29.2 £ 1,0

2,2
3.1

96,9 %

96

9u,1 ¢




Table IX

Comparison of Flux Ratios

for Three Membranes Differing in Effective Pore Radius

Solutes Flux Ratios
Hyperosmotic Tracer UM-3 S&S B20 GA "B"
Mannitol M 1.04 1.32 1.59

S 1.27 1.57 2.89
R 1.34 1.61 2.60
Sucrose M - 1.32 1.45
S 1.15 1.54 3.48
R 1.22 1.72 3.60
Raffinose M 1.15 1.20 1.30
' S 1.16 1.48 2.85
R 1.56 1.80 3.22

87
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tracer and hyperosmotic pair generally increases.

As an example, line 2 of Table IX relates the flux
ratios obtained with hyperosmotic mannitol and sucrose as the
tracer solute. The smallest flux asymmetryvfor this solute pair
is seen with the UM-3 membrane which has the largest effective
pore radius. The B20 membrane, having a smaller effective pore
radius, shows greater flux asymmetry with a flux ratio of 1.57
and the smallest pore membrane, the General Atomic "Type B", shows
an even larger flux ratio of 2.89. This progressive increase in
flux asymmetry agrees with the hypothesis that the magnitude of the
coupling between solute flows and the resulting flux asymmetry is
inversely related to the pore radius of the membrane. Indeed such
an observation would be expected if coupling between solute flows
takes place within the membrane pores since smaller pores require
the diffusing solutes to share smaller diffusional spaces, thereby
increasing the likelihood of scolute interaction.

The effectivenéss of a hyperosmotic solute at creating
- asymmetric solute flow, as measured by the Pjp/P2o term also in-
creases with smaller effective pore radii. fhis observation is
easily demonstrable from the data presented in Table X in which
P15/Poo values are presented. With only a few exceptions, as the
size of the pore decreases, a concomitant increase is seen in the
P32/Ppo values. "Again this data agrees with that expected if the

pores of the membrane influence the coupling between solute fluxes.



Table X

Comparison of P315/P22 Values for Membranes

with Differing Effective Pore Radii

PlQ/PQQ x 10%

99

Solutes

Tracer Hyperosmotic UM-3" ses 2ot G.A. "B"

Mannitol M 1.0 6.8 4.9
S - 9.2 16.5
R 4.9 10.1 12.0

Sucrose M .3 9.4 7.0
S L.o 10.3 20.3
R 3.7 12.5 17.8

Raffinose M 4.8 6.6 5.5
S 4.7 8.3 18.6
R 9.3 12.5 19.6

F3 o

" Approximate effective pore radius = 350 A

j'Approximate effective pore radius = 75 A

““Approximate effective pore radius = 25 A

xR

n u u

Mannitol
Sucrose
Raffinose
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This may be visualized by considering that if pores are relatively
large, solutes may diffuse through the membrane pores without
interacting. However, as the pores of the mgmbrane become smaller,
the solutes must use a smaller common diffusional space. Conse-
quently the diffusing hyperosmotic solute acts more effectively to
sweep out the solutes within the pore.

In this thesis the major premise advanced is thaf the
physical interaction of solutes in the presence of a concentration
gradient is sufficient to account for flux asymmetry. It has been
suggested by critics of this explanation that other mechanisms
should be considered. One of the suggestions offered was that of
the participation of convective water flow. Hence, experiments
were carried out to determine whether this convective flow of H20
could, in some way, be responsible for creating the asymmetric
‘solute flux. In these experiments tritiated water fluxes were
determined with hyperosmotic solution bathing one side of the mem-
brane, water bathing the other, and osmotic flow blocked by hydro-
static pressure. Labeled water fluxes were also determined with
the hyperosmotic solution bathing both sides of the membrane. If
convective flow of water existed across the membrane under experi-
mental conditions, one would expect the HTO fluxes to be larger
than the fluxes carried out with hyperosmotic solution bathing both
sides of the memhrane where the flow of HTO is by diffusion alone.
In no case was the tritiated water flow under the experimental con-

ditions larger than under the control conditions. In both cases the -
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flows of tritiated water were symmetrical, that is no HTO flux
asymmetry was observed. These findings suggest that there is no
significant éonvective flow acréss the membrane and reinforces the
fact that no net volume flow of water is ta?ing place under experi-

mental conditions.
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DISCUSSION

The discovery of a net flux of a solute across a non-
biological membrane, down the concentration gradient of a second
diffusible solute, is in accord with the findings on biological
membranes reported by Franz and Van Bruggen (7, 76), Ussing (6)
and confirmed by Biber and Curran (55). In the relatively wide
pore nonbiological membranes used in the experiments reported
here, the osmotic flow of water into the hyperosmotic solution
had to be countered by the imposition of a hydrostatic pressure on
this solution. This requirement is to be expected in wide pore
membranes but should not be necessary in the "narrow pore" biological
membranes where the 1 - ¢ term which is responsible for solvent drag
is small.

As a consequence of the initial experiments carried out on
"the UM-3 membrane one may con;lude that it is indeed possible for
nonelectrolyte flux asymmetry to be created uhder conditions analo-
gous to those used in the biological systems. Furthermore, there
appears to be no need to invoke the intervention of any biological
processes such as the active transport pump initially implicated by
Ussing (6).

Since the process has not only magnitude but also is
directional, it is clearly a vector quantity. Recalling Curie's

theorem (80) that a vectorial flux must be driven by a vectorial



103

force, one must conclude that the force creating flux asymmetry is
vectorial. The only source of force clearly available to the non-
biological system is that created by the unequal distribution of
the hyperosmotic solute across the membrane;

Osmotic flow of water is an unlikely candidate for the
force behind the flux asymmetry since the solvent drag which could
create flux asymmetry would tend to increase the flux of solute
into the hyperosmotic solution rather than out of it as is observed.
Furthermore, it is particularly hard to visualize how an osmotically
induced solvent flow could create flux asymmetry when the net volume
flow is held at zero as it is in the nonbiological membrane system.

As predicted by equation 9 and confirmed experimentally by
Durbin (72) osmotic and hydrostatic flow may be equated. That is,
equal amounfs of pressure, whether they be osmotic or hydrostatic,
will produce equal flows. Consequently, it should be possible to
use hydrostatic pressure to block the osmotic flow of solvent across
a membraneAwithout fear that a pressure gradient will be created.

Clearly the only remaining vectorial force which could
create the observed net flux of solute is the diffusion of the hyper-
osmotic agent down its concentfation gradient. This force, unlike
that of osmosis, would be of the proper vectorial sign to produce a
net flux of solute out of the hyperosmotic solution. Let us now
consider how this diffusion might act to produce asymmetric solute

fluxes.
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When one looks through a microscope and observes the
continuous erratic motion of small suspended particles he is observ-
ing'a visille manifestation of the mechanism of diffusion (79).

This process called Brownian movement is caused by the continuous
bombardment of the suspended particles by the molecules in the

medium in which they are suspended. A similar sight would probably
be seen if a person were able to observe sucrose molecules in a
homogéneous 0.35 M solution of sucrose through a "super microscope".
Each sucrose molecule would be seen to move randomly about in the
solution colliding with water and other sucrose molecules, then
moving off in a new direction to a different part of the solution,
all at the average speed of about 200 miles per hour (79). Although
these molecules move about from one place in the solufion te another,
the concentration of the solute at any point in the solution never
changes significantly since other sucrose molecules move into the
volume vacated by the previous ones. Jacobs.(79) has calculated,
using prébability theory, that one could expect a variatiop of only
0.000,000,012% in the concentration of the solute in a milliliter of
0.5 M sucrose at room temperature, a value clearly undetectable by
the best methods of chemical analysis. Hence, in a homogeneous
solution there is no net movement of solute to create a concentration
gradient. If we were to mix into such a sucrose solution some inulin
molecules, we would see under our hypothetical "moleculescope' that

the inulin molecules undergo the same Brownian movement as do the
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sucrose molecules and visible particles. Although there may be
interaction between the sucrose and inulin molecules, no vectorial
traﬁsfer of inulin will be obsérved, as the movement of the molecules
is completely random.

Now consider a more complicated example of the diffusion
process. If we carefully layer a solution of 0.35 M solute such as
sucrose under a volume of pure water, an interface can be formed
between the two solutions. At this beginning time, the water solu-
tion will contain essentially no sucrose. After a period of time,
if we again look at the solutions, we will find that the sucrose has
spread throughout the total volume and i1s of the same unit concentra-
tion at any point in the solution. In this instance there has been
a net flux.of the solute from the more concentrated 0.35 M sucrose
solution to the pure water. If we observed the process under our
_ hypothetical microscope, we would see the same random collisions
taking place between solute and solvent molecules. However, as we
watched, we would see that a net movement of solute took place.
Molecules moving at velocities roughly equivalent to the speed of
a rifle bullet would shoot across the solution just as they did in
the homogeneous solution, but the molecules moving into the water
from the sucrose solution would not be replaced by sucrose molecules
moving from the water, simply because there were none in the pure
water compartment of the system. Since diffusion is based on proba-

bility (79), as more sucrose molecules move into the water part of
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the system, the probability that molecules will diffuse back into
the sucrose solution increases. Eventually the sucrose would be
spréad evenly throughout the syétem and the solution would be homo-
geneous. Although the sucrose molecules wduld continue to diffuse
from one half of the system to the other, further net transport of
sucrose would not occur.

If both the sucrose and water phases were to be made 1 mM
in respect to inulin, an interesting phenomenon would occur when the
solutions were brought together. As before, the sucrose would leave
the sucrose-inulin phase and diffuse into the water-inulin phase.
Inulin, of course, could exchange between the two phases bpt no net
inulin loss or enrichment of either phase is to be expected. How-
ever, a net inulin movement will be seen to occur in the direction
of the sucrose gradient, that is, the former water-inulin solution
' will become enriched with inulin, as well as gaining sucrose., This
net inulin flux results from the interaction of the sucrose '"flow"
with the inulin. Since the sucrose is moving under the vegtorial
force of its concentration gradient its interaction with the inulin
molecules imparts a vectorial force to the inulin. As long as there
is a movement of sucrose down its concentration gradient, there will
be a net flux of inulin in the same direction. This process has been
studied for at least 10 solute pairs, including sucrose-mannitol and
raffinose-urea. In such free solution systems Albright (81), Ellerton

(82), Dunlop (83) and others (84, 85) have shown interaction of flows
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to play a significant role in the isothermal diffusion of ternary
 systems of both electrolytes and nonelectrolytes.

Diffusion in biological transport systems is further
complicated by the presence of membranes. Membranes somewhat
modify the rate of diffusion by limiting the area at the inter-
face between two solutions and by presenting relatively narrow
and sometimes tortuous paths through which the diffusing solute
must move.

For a simplified theoretical membrane sysfem, let us
consider the diffusion of solutes through a membrane with right
cylindrical water-filled pores, all with a pore radius of 10 2.

If we place on one side of the membrane a 0.35 M éolution of
sucrose (o > 0) and on the other a solution of pure water, two
processes will take place. Water will move into the sucrose
solution by osmosis and simultaneously sucrose will diffuse into
.the water solution. If this osmotic floonf water into the sucrose
solution ié blocked, the process of diffusion can be studied with-
- out the complicating effect of osmosis. Having eliminated osmotic
water flow, sucrose molecules will diffuse to the membrane and
proceed to find their way through the water-filled pore, colliding
with the walls of the pore, with water, and with other solute
molecules. As the size of the test solute increases or the radius
of the pore decreases, there will be more interaction of the solute
with the walls of the.pore, tending to decrease the solute permea-

bility.
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Now, if both bathing solutions are made 1 mM with iﬁulin,
we will observe a result similar to that observed in the free
solﬁtion studies, that is, there will be a net flux of inulin into
the water even though a concentration gradient for it does not
exist.

The process may be visualized in the following way. As
a result of random thermal diffusion an inulin molecule finds it-
self in a pore of the membrane. Here it may move back out of the
pore or it may move on through the pore, depending upon which side
it is bombarded by molecules in the medium. Inasmuch as all the
pores in the membrane are the same size, the inulin will share the
pore with the diffusing sucrose molecules. Since the sucrose is
diffusing down its concentration gradient, it will collide with the
inulin molecule, acting to push it into the inulin-water solution.
~If this inulin molecule has come fr§m the sucrose-inulin-water solu-
tion, the effect of the interaction between the sucrose and the
inulin will be to increase the flux of inulin across the membrane.
However, if the inulin molecule hasrdiffused into the pore from the
inulin-water solution, its interaction with thé diffusing sucrose
molecules will be to decrease the inulin flux into the sucrose-inulin-
water solution. As a result, there will be a net flux of inulin
into the inulin-water solution. Such a mechanism is well supported
by the observations summarized in Fig. 7 where the increase in out-

flux is approximately equal to the decrease in the influx of a tracer
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solute with an increase in hyperosmotic agent concentrations;

Solutes smaller than inulin would be affected in an
identical way but would presenf a smaller cross-sectional area
for collision with the diffusing sucrose s§ that less interaction
would take place between the two species and less asymmetry of
flux would be observed. This concept of solute movement agrees
well with observations reported in this thesis where increasing
tracer size is paralleled by increasing flux asymmetry with any
particuiar diffusing hyperosmotic agent.

As the size of the hyperosmotic agent increases with
respect to the size of the pore the rate of diffusion across the
membrane would be decreased due both to the greater degree of
frictional interaction with the walls of the pore and the decrease
in diffusion caused by the increase in molecular mass. However,
when a molecule of a larger diffusing hyperosmotic solute gets into
the pore, its effectiveness at pushing other solutes out of the pore
will be increased. - In other words, the increased cross-sectional
area and mass of a large hyperosmotic agent will make interactions
with other solute molecules more effective once the solute enters
a pore. Indeed the effectiveness of a solute as a "driver", measured
by P35/Pyo, generally increases with increasing size of a solute for
a given membrane in the experiments reported in this thesis. Further-

more, the effectiveness of any one hyperosmotic agent, again measured
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by P32/P22, increases with an increase in the ratio of its size to
the effective size of the pores of the membrane. In other words,
as the size of the solute approéches the size of membrane pores,
its effectiveness of interaction also increases.

When the hyperosmotic agent becomes larger than the pores
of the membrane, one would expect the hyperosmotic agent to fail to
produce flux asymmetry. Although such experiments were not poésible
with the membranes used in the present studies due to the limited
solubility of solutes larger than the pores of the membrane, Franz
and Van Bruggen (7) and Biber and Curran (55) have reported that
raffinose, which is relatively impermeable to frog and toad skin,
fails to produce flux asymmetry in such systems.

| If the model just presented is valid, how do we explain
the anomaloﬁs behavior seen with the dextrans as the tracer species?’

Although the molecular shapes of the dextran preparations
'used in these experiments are not agreed ﬁpon (86, 87), Ingleman and
Halling (86) have presented evidence that such preparations are rod
- shaped rather than spherical when in solution. According to their
calculations, the larger dextran (60,000 to 90,000 MW) is some three
times the length of the 16,000 to 19,000 MW fraction. The cross-
sectional area of the larger specieswill, however, be only a little
larger than that of the smaller species of dextran (see Table II).

Sell (88) has recently presented evidence that, for many

solutes, the diffusion coefficient of a solute is proportional to the
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length of the molecular specie, whereas the permeability of aAsolute
in the presence of a bulk flow of water is a function of the molecular
diaﬁetev of the molecule. He suggests that the flow of the water
through pores mediates an orientation of the solute with the longi-
tudinal axis of the solute perpendicular to the membrane surface. It
may be that the flow of diffusing hyperosmotic agent orients the large
dextran in a way similar to that of a bulk flow of water. Hence

the permeability of the large dextran fraction increases. The smaller
dextran could also be oriented in such a way but may have a greater
tendency to tumble in the flow since its length to diameter ratio is
smaller than that of the larger species, As a consequence, one might
expect the larger of the two dextrans to show a larger increase in
permeability than the smaller in the presence of a flow of hypertonic
solute across the membrane. It would also be expected that the lafgér
~the flow of solute or solvent, the greater would be the orienting
effect of the flow on the dextran molecules. Consequently, a larger
increase in permeability could be created by the causdtive flow

" whether it be solvent or solute. If this is true, the larger the
osmotic agent, and consequently the smaller the solufe flow, the smaller
would be the orienting effect of the flow.. Hence the difference in
permeability between the two dextran fractions should be decreased with
the larger hyperosmotic solutes such as raffinose and dextran. Indeed,
with raffinose as the osmotic agent, the experimental permeability co-

efficients of the two dextrans are almost equal. With dextran, a quite



112

impermeable hyperosmotic agent, the smaller dextran again beéomes
more permeable than the larger specie as is the case in pure
diffusion seen in Figs. 8 and 9. However, in this case it appears
that the limited amount of diffusion is unéble to affect the
relative permeabilities of the two tracer dextrans.

As can be seen in Figs. 12 through 15, the flux ratios
obtained with the two dextran tracers do not follow the trend of
increasing flux ratios with increasing tracer size established by
tracer mannitol through inulin. If the dextrans are rod shaped as
suggested by Ingleman and Halling, the effective area for inter-
action may not be directly proportional to the molecular weight of
the tracer molecule due to orienting effects of a solute flow. Con-
sequently;‘the degree of flux asymmetry may not be proportional to the
molecular weight of the molecule. If the orienting effect is preseﬁt,
it would probably be most effectivé when the flow of osmotic solute
is greatest. Assuming this and assuming that the interaction between
flows is frictional in nature one may expect the smaller dextran,
which has a diameter as well as length smaller than the large dextran,
to interact less with the diffusing osmotic agent, creating less flux
asymmetry. As the permeability of the osmotic agent decreases it
might be expected that the smaller dextran would be oriented less
stably and collisional interactions with the diffusing solute would
become more effective in producing large flux ratios. As can be seen

in Figs. 11, 12 and 13 and Table XI, the flux ratioc of the smaller dextran
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P” Values and Flux Ratios of Dextrans I and IT on S&S B20 Membrane

Hp0 Both * 1 SE

Hyperosmotic agent

l.

Mannitol

Outflux # 1 SE
Influx £ 1 SE

Flux Ratio

Sucrose

Outflux # 1 SE
Influx # 1 SE

Flux Ratio

Raffinose

Outflux # 1 SE
Influx # 1 SE

Flux Ratio

Dextran®

Outflux £ 1 SE
Influx # 1 SE
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is much less than that for the larger dextran tracer when the‘
extremely permeable mannifol is the hyperosmotic solute. The
fluﬁ ratio of this smaller dextfan is increased with the less
permeable sucrose osmotic agent and is actuélly larger than the
flux ratio for the large dextran when the less permeable raffinose
is the driver solute.

- To this point in the discussion, membranes have been
assumed to be homoporous, consisting entirely of right cylindrical
pores of equal size and uniform length. 1In reality, it is naive
to think of biological membranes or even the synthetic membranes
studied here as being of such a simplified construction.

The "pore", as it exists in the membrane, is probably
far from being a right cylinder or even a tube at all. Indeed, the
membrane matrix is brobably more correctly visualized as a maze of
vinterconnecting channels. These chénnels, or open spaces between
the ultrastructural components of the membrane, form continuous
tqrtuous pathways across the membrane through which solutes may
" diffuse. In membrane matrices such as these, the selectivity of the
membrane to the diffusion of solutes is determined by the size of
the spaces between the solid structural constituents of the membrane.
Small solutes may diffuse through any of the interspaces within thé
membrane matrix while larger solutes must use pathways made up of
spaces which are large enough to accept these larger molecules. As

a consequence, the permeability of larger solutes will be lower since
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the number of "pores' through which they may diffuse is smaller and
the pathway through which diffusion may take place is more tortuous.
This concept of structure has a.direct bearing upon solute inter-
action, for it may be that such an increase4in the pore length in-
creases the amount of potential interaction between solute flows by
increasing the length of time that the hYperosmotic and tracer
solutes are entrained within the membrane matrix.

The concept that a maze of open spaces between membrane
constituents makes up the pores suggests that the pores so created
will not be of uniform size and that there will thus exist a spectrum
of pore sizes of which the effective pore radius is only an approxi-
mation of the average value. Some of the pores will be larger'than
the ideal effective pore and as is suggested by the model presented
here, the magnitudebof interaction in these pores will be smaller
than the interaction in pores with the radius of the effective pore.
vConversely, there will also be pores smaller than the effective pore.
In some of these smaller pores the coupling of solute flows will be
~large while in others, no interaction between the solutes will take
place due to the fact that one or both of the solutes are excluded
from the membrane. Consequently, it is easy to see that the pore
size distribution is of paramount importance in determining the
magnitude of the flux asymmetry which may be observed in a membrane.
These reasons alone are enough to cause one to expect significant

variability in the magnitude of the flux asymmetry from one membrane
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type to another, although both may have the same effective pore

radius.

The demonstration thaf coupling of solute flows can take
place in synthetic as well as biological me%branes shows that the
phencmenon is physical in nature and must be considered as a

potential creator of solute flux in all membranes.

Hence the equation,
Jg 5 € ¢l gf Jy ¥ PpriCs (19)

developed by Kedem and Katchalsk& (48) to describe the passive flux
of solute across a membrane does not adequately describe a system
with two or more permeable solutes. For each solute, j, which may
couple flows with solute 1, a solute drag term must be added to the
equation aﬁove, whiéh as it stands includes only the contributions
of solvent drag and self difoSion.' The "cross term" expression
which may be used to describe solute drag is-PijACj. P53 is the
cross term permeability coefficient describing the permeability of
" solute 7 caused by solute j, and ACj is the conceﬁtration gradient
of solute j.

The equation which results may be written as,

n
Ji = C; (1 - a) Jy + PyghCi + ) Py5 C3 (39)
J=o
j#i
n

where PijACj quantitates the total effect of the coupling of
& .

7

e e
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solute flows on the net flux of solute Z.

The above equation suggests that for any membrane, whether
it Ee biclogical or nonbiologicél, the possibility of coupling between
solute flows exists as a possible means of creating net solute flux
if there are two or more solute species in the bathing solutions. It
may be that solute 7 will havé a concentration gradient opposite to
that of solute j. If there is interaction between the two flows the
effect of solute j will be to decrease the flux of solute 1. On the
other hand, if solute 7 has no concentrétion gradient or if the con-
centration gradient is in the same direction as solute j, the effect
of the solute interaction will be to increase the net flux of solute
1. As can be seen in equation 39, if either Pgj or AC4 is equal to
zero, there will be no solute drag effect of solute j on solute i?

Solute dfag may be important in explaining some of the
problems faced in the field of membfane transport. One of these
problems is the matter brought up by Ling (88) in which there is
concern that calculations of the amount of ATP required to drive all
active transport pumps, postulated to exist in the cell, far exceed
the ATP available. In other words it is suggésted that the cell can-
not possibly supply enough metabolic energy to do the work of actively
transporting all the solutes proposed to be actively transported

across the cell membrane. A resolution of this dilema offered by

3There is mno experimental evidence that Pj2 may be negative in the
systems which have been studied.
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this thesis is to postulate a coupling of flows between one actively
transported solute such as sodium ions and a second solute such as

a sugar or amino acid. In this.way both solutes could be transported
at the expense of a single metabolically driven pump.

Alternatively, a coupling of solute fluxes could take place
between a solute for which a doncentration gradient exists and the
second solute not having a chemical potential to diffuse. Such an
instance might be the coupling of a sugar with sodium ions which have
a gradient in which the extracellular Nat concentration is much
higher than on the inside of the cell. As the Nat diffuses into the
cell it might drag with it the sugar creating a net influx of the

carbohydrate. Hence, no matter what biological membrane system one
is concerned with, solute drag must be considered as a potentially

important transport process.
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CONCLUSION

Experiments presented in this thesis have shown that it
is possible to create, in completely nonbiclogical membranes,
hyperosmotically inducible asymmetric solute flows analogous to
those observed with bioiogical systems. Evidence has been presented
that this flux asymmetry is created by the interaction between the
diffusional flows of the hyperosmotic agent, having a concentration
gradient, and the tracer solute having no concentration gradient.
This net flux is shown to be caused both by the increase of tracer
solute flux down the concentration gradiént of the hyperosmotic
solute and a decrease in the flux of tracer solute into the hyper-
osmotic solution. Experiments carried out with solutes of varying
size as well as with membranes varying in their effective pore
radii show that the phenomenon being investigated is directly pro-
‘portional to the sizes of the solute species and inversely propor-
tional to the pore radius of the membrane.

A model has been proposed to explain the mechanism of
solute drag on the basis of frictional interaction between solute

species.
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