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Errata ‘
Pg 31 In 10 for Cl- independent entry read Cl-independent (
Na entry.

Pg 131 In 8 for ration read ratio

Pg 135 In 21 for P

read P

0.018 cmhr ~
0.015 cmhr -1

Cl
Cl

Pg 138 In 10 for Na deprivation (zero choline)
read Na deprivation (zero Na, choline media)
Pg 143 In 28 for both unidirectional fluxes

read both unidirectional cl fluxes

Table 24 In 1 prefix » is omitted from pmoles

In 4 theophylline is mis-spelt

Fig 11 for x axis exp (_ZF?1—3/RT)

should read exp GZFYI 3/RT)

Fig 27 for y axis units_are tmoles G
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c=-ANP: cyclic 3'5! adenosinemonophoéphate

' Na-K ATPasa: Na-K adenosinetriphosphataée

2+

Ionic signs are omitted from Na+, K+, ca“’, €17, and 5042-.
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CHAPTER ONE

INTRODUCTION

General Considerations

Whilst all cells possess the ability to utilize metabolic energy
to create and maintain non-equilibfium gradients bstwsen the cyto-
plasm and the extracellular fluid, the cells of epithelia possess the
additional specialization of nat t:ansport—of gsalt, water and various
chemicals across the epithelium (Schultz and Curran (1968)).

This function of epithelia is exemplified by sméll intestins
which, in man, absorbs seven litres of fluid and ons mole of NaCl per
twenty four hours (Turnberg (1973)).

Ussing (1972) considers that epithelia may be treataed as
membranss of the seconJ order with respect to the transported species,
individual membrane-covered cells being arrangad.in membrane-like
sheats, Many studies of epithelial function consider the spithelium
as a black-box membrane (Ussing (1972); Schultz and Curran (1974)).

The second order membrans concept is embodied in the short-
circuit technique introducéd by Ussing and Zerahn in 1951 for the
study of ion-fluxes across the isolated frog ;kin. This gensral
method has now been successfully applied to a wide varisty of
epithelia including such diverse tissues as frog cornea (Zadunaisky
(1966))and frog choroid plexus (Prather and Wright (1970)).

The Ussing technique placss the isolated epithelium betwsen twoa
solutions whose thermodynamic properties are defined and controlled
within narrow limits. The electro-chemical gradient may thus be set
at any desired valus in a way that is virtually impossible for the
membranes of single cells. The net movemant of aﬁ ionic ébecies may

be measured and compared with that predicted by simple theory in
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order to establish the existence or otherwise of active transport
processass occurring within ths epithelium,*

The experiments described in this ‘thesis concern the measuremsnt
of both Na and Cl fluxes across isclated in vitro rabbit ileum by ths
use of techniques derived from those described by Ussing and Zerahn
(1951).

The usefﬁlnass of the black-box membrane or second order membrans
concept is limited in a study of transintestihal ion flux, since in
reality net ion fluxes are determined by flux across at least éwo
cellular membranss arranged in ssries. Leaky epitheiia such as
intestine are also characterized by leakage or shunt pathways for ion
flows which circumﬁont the cellular membranass, (Fromter (1972);
Fromter and Diamond (1972); Frizzell and Schultz (1972)).

The interpretatioa.of ion flows in terms of unidirectional fluxss
across ths two individual epithelial cell membraﬁea is ths primary

objective of this work.

Jon permeation in rabbit terminal ileum®*

1. A parallel pathway model for rabbit ileum

Structurally terminal ileum is a complex tissue consisting of the

absorptive layer, ths lamina propria and the muscularis mucosae,

*Rosenbﬁrg (1948, 1954) has suggested that active transport may be
defined as one that brings about net transfer of a substance against
an electro-chemical potential difference of that substance. Although
this definition is limited (Schultz and Curran (1968)) it is adequate
for the purpose of this thesis.

**Recent reviews (Schultz and Curran (1974); Schultz, Frizzell and
Nellans (1974)) provide comprehensive treatments 6? ion péfmeation in

intestina. The following discussion emphasizes new findings.
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together with the submucosal layers of muscle. ‘The absorptive layer
consists of a single sheet of columnar epithelium cells, though the
cell population is haterogenecus. Villous crypts contain
undifferentiated cells in the process of division and maturation.
Cell maturation is concurrent with migration to the villous tip, from
where senascent cells are extruded into the intestinal luﬁen (Trier
(1968))., |

Analyéis of ion fluxes through such a complex tissue may be at
best . specu;ative. Two simplifying asspmptions}can be madae:

l, The ebsorptive layer can be functionally represented as being
compossed of a single cell layer of homogensous composition.

2. The rate-limiting step for transepithelial ion flux is trans-
fer across the absorptive layer. The statement implies that flux is
not rate-limited by the mucosal or serosal unstirred layers.. In this
respect the serosal unstirred léyer is quantitatively more importan£.*

Net transepithelial ion flux in the absence of external electro-
chemical gradients can be regarded as due to asymmetries generated in
ths absorptive layer. Two limiting cell mambranes control ion flux
across the ébsorptive layer, namely the mucosal and the basal-lateral
membranes., There is every reason to beligve that tha transport prop-

.
erties of these two membranes are different, (Schultz and Curran
(1974)).

A dual membrane model for the intestina cannot, however, be
reconciled with a large body of evidence that suggests a significant
proportion of transepithselial ion flux circumvents the limiting

membranes of the absorptive csell layer.

*
Stripping of the submucosal muscle layers is performed in all
experimants described in this thasis. This reduces the serosal

unstirred layer,
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Determinations of the transepithelial resistence®* have consist- -
ently yielded values that aré less than 200.hcm-2 (Clarkson and Tools
(1964); Clarkson (1967)) and in most instances which are less than
75J»cm-2 (Séhultz and Zalusky (1964); Field a6d McColl (1973); Field
(1971); Schultz and Curran (1974); Barry, Smyth and Wright (1965)).

These values of resistance contrast with resistance determinations
made on cell membranas ;n a variety of tissues.(Cole and Hodgkin
(1936) (squid axon); Fromter (1972) (gall-bladder epithelial cell
membrana)). Values for cell membrane resistance range from 1 to
10k Wen™2,

This difference between call membrane  resistance and the. trans-
epithelial resistance of intestine suggests that the rabbit small
intestine is effactively short-circuitsd by high conductance (low
resistance) pathways for ion movement.. Thase are in parallel to the
high resistance pathways afforded by ths limiting cell membranes of
the epithelial cell layer. Similar conclusions have been mads for
necturus gall-bladder (Fromter (1972)) and for proximal kidney
tubules (Windhager.et al (1967)).

Support for the existencs of a parallel shunt pathway for ion
. ﬁovements in ileum come Ftom the observations of Clarkson (1967);
Frizzell and Schultz (1972) and Desjsux, Tai and Curran (1974).

These authors have shown that both unidirectional (mucosal to serosal
»and serosal to mucosal) fluxes and nat fluxes of K, Na and Cl across
in vitro rat and rabbit small intestine are comprised of at least two
components. The first component varies as tha electrical potential

across the intestine is changsd in the range I 40mv, This component

* .
All resistance valuas are expressed relative to the chambsr surface

area. No corrsction for tissus morphology is mads.
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adheres strictly to fhs laws pf electrodiffusion. The second component
is insensitive to the transepithe;ial alectrical potential. These
results are entirely consistent with the existence of parallel path-
ways for ion movements across intestins.

Additional evidence suggesting the existence of a low resistancs
shunt pathway is derived from studies of the transepithelial and trans;
membrane electrical potential differences (Rose and Schultz (1971)).
The existence of an electrical potential across the mucosal membrane
of -10 to 36mv. (see below) may only be reconciled to a recorded
transepithelial potential difference of +2 to+sSmv if there exists a
high conductance pathway between the mucosal and basal-lateral-
membranes. The transmural potential difference of the sméll intestine
is knﬁwn to increase immediately after the addition of an actively
transportpd sugar into the solution bathing the mucosal surface (Barry
" at al (1964); Smith (1966)). Although the exact nature of this
potential is not fully understood, it is clear that the magnituds of
the sugar-depsndsnt change in transepithslial electrical potential is
only reconcilable with the presence of a high-conductance shunt path-
way that attenuates ths potential differsnce across either or both
membranes of the epithelial cell (Schultz and Curran (1974); Schultz
(1974)). '

Similar conclusions have besen made in other ehithalia in which
low-resiétaACB extracellular pathways occur (Maruyama and Hoshi (1972)).

The anatomical location of the shunt pathway is most probably the
'tight' or limiting junctions between the cells of the absarptive
layer. This has been shown using voltage scanning experiments in
other low-resistance epithelia, such as necturus gall-bladder
(Fromter and Diamond (1972); Fromter (1972)). The use of the

electron-dense ion lanthanum to evaluate tight-junction permeability
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has proved to be particulary useful in this respect. Lanthunum has
besn observed by electron microscqpy to easily penatrate the tight-
Jjunctions of rat proximal tubules (Tischer and Yarger (1973, 1375);
Martinez-Palomo and Erlij (1973)), amphibian kidney tubules
(uhittembury a2nd Rawlins (1971)), rabbit gall-bladder and intestine
(Machen, Erlij and Wooding (1972)). Since lanthanum has a larger ion
radius than Na or K, the transepithslial penetretion of these ions
via the tight-junction can be assumed to occur, so providing the
anatomical basis for the infaerred high-conductance pathuway.

2. The paracsllular (shunt) pathway in rabbit ileum

(i) The relative conductance of the shunt pathway compared with

the transepithelial conductance

Rose and Schultz (1971) demonstrated that the application
of a 200 pamp pulse of direct current to in vitro terminal rabbit ileum
changed both the transepithelial and the transmucosal membrans
potential differences. The obsarved.change in transepithelial P.D,
was fourteen-fold greater than the change in transmucosal membrane P.D.
This reswlt drmonstratss that tha greater part of tﬁtal tissus conduc-
tance can be ascribed to ion passage through the high-conductancs
extracellular pathway.

By assuming that ion flux through the shunt pathway obeys the
laws of electrodiffusion (i.e. the Ussing flux-ratio criterion
(Ussing 1945)), Frizzell and Schultz (1972) were abls to measure ths
total conductancs dus to Na, K and Cl through the shunt pathway in
relation to the total tissus conductance. They concluded that 85% of
tissus conductance was due to ionic diffusion through the shunt path-
way., Estimates of shunt and transcellular resistance were Wade; these
were 110 and l()[)O.l\.c‘m_2 respectively. These conclusions have recently

been confirmed (Desjeux et al (1574)).
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The significancs of these findings to the measurement of trans-
epithelial fluxes is of profound importance, particularly with regard
to cation fluxes (see below). The relatively small P.D.'s across
intestine will markedly effect paracellular ion flows. Voltage-
dependent ion drift can be eliminated by applying a short-circuiting
currsnt across the tissue (sees Chapter 2). This does nqt,-however,
effect diffusional movement through the shunt pathuway. No stétement
may ba madé concerning transcellular Fluie; unless measurements havae
been made to determine the contribution of the ﬁaracellular shunt path-
way to the measured transepithslial fluxes.

(ii) 1lon-selectivity properties of the paracsllular (shunt)

pathway

The petmeébilitias of Na, K and Cl determined by frizzell
and Schultz (1972) for the shunt pathway are 0.035, 0.04 and 0.019cm hr-l
respectively. (This is a ratio of 1.0:1.14:0.55). The free-solutioﬁ
mobility ratio for these ions is markedly different:- 1,00:1.47:1.52
(Robinson and Stokes (1965)). Rabbit ileum is, thersfore, cation-
selecgive. The ratio of Na:K psrmeability also indicates that ion
permeation follows an intermediate ion-selectivity sequence (Eisenman
(1962); Diamond and Wright (1969)). This suggests that the shunt
pathway affords a watery environment for ionic diffusion and that Na
and K traverse this pathway in their hydrated forms (Frizzell and
Schultz (1972)). Similar conclusions have besn made for rat jejenum
(Munck and Schultz (1974)).

Since the transepithelial conductance is primarily determined by
the propertiss of the shunt pathway, it follows that both dilution and
biionic potentials elicited across the spithelium will reflect the
properties of the shunt pathway with regard to ion-selectivity (Schultz

) (1972)
and Curran (1974)). Thus, Frizzell and Schultz/have shown that
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dilution of the NaCl in the mucosal bathing solution by isosmotic:
replacemanf with mannitol will elicit a large serosa negative elec~-
trical P.D. (-18mv.). This indicates that tha shunt pathway is cation
selective. Similar observations wers made by earlier workers (Smyth
and Wright (1966)) who studied streaming potentials.

In addition to mannitol replacemant the use of KCl in isosmaotic
rsplacahant of NaCl in the mucocsal soluiion elicits a small serosa
positive P;D. (Frizzell and Schultz (1972)). This demonstrates that
the ratio of ionic permeabilities for the shunt.pathway is
PK> pNa> pCl' Furthermore, by using the Goldman-Hodgkin-Katz equation
 (Goldman (1943); Hodgkin and Katz (1949)) and incorporating the valuss

of P, P and P_. that were obtained from the potential-sensitive

K’ "Na cl

flux detarminations, it was possible to obtain a qood fit between the
predicted and experimental valuss for the dilution and biionic
potentials.

Eisenman (1968) considers possible mechanisms by which cation
permeation and selactivity could be conferred on biological membranes:
l. Cation permeation could be mediated by mobile nagatively

charged carr;er molecules within the membrane phass. Examples of
electrically nsutral molecules which act as moble carriers for cations
are known - @.g. valinomycin (Kinsky (1970)).

2. Cation permeation could be mediated by trans-membrane pores
which were lined with negatively charged groups. The requiremants for
charged pores are known to ba formed by the antibiotic nystatin
(Cass, Finkslstein and Krepsi (1970); Holz and Finkelstein (1970);

. Marty and Finkelstein (1975)).

What evidance exists to differentiate between these mechanisms

for the shunt pathway of rabbit ileum? In their formulation of a

theory of ion permeation through neutral membranes Barry and Diamond
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(1971) have outlined certain experimental requireménts that allow
differsntiation between ths various alternatives.

Rabbit ileum behaves as a simpls ohmic resistor (Frizzell and
Schultz (1972); Schultz and Zalusky (1964)); that is to say there is
an instantansous current-voltage relationship. This result excludes
the possibility that ionic permeation through the shunt-bathway is
controlled by fixed negative-charges of the ion;exchangé type (Barry
and Diamond (1971)). Similarly, neutral mobile carriers would only
show a linear curranf-voltage plot for thin membranes and this should
deviate from linearity at high voltages (Szaboc et al (1969)).

Simply, we may conclude that ion permeation through the shunt-
pathway of the rabbit small intestine is controlled by fixed neutral
pores. (This point is more extensively discussed by Schultz aﬁd
Curran (1974)).

Df interest in this respect, is the obssrvation of Smyth and
Wright (1966) that a reduction in the pH of the bathing medium te
pH 3.0 changes the selectivity of rat small intestine so that the
epithelium becomes anion-selective. Similar observations have been
recorded in gall-bladder spithalium (Wright and Diamond (1968)). This
evidence suggests that ion permsation is not controlled by fixed
dipoles (e.g. carbonyl groups). An alternative model is to consider
that thé pore is lined with dissociated oppositely charged groups in
equal numbers (zwitter-ions). The nagativ; members could be alignead
towards the centre of ths channels, whereas the positive groups could
extend outwards., Macroscopic neutrality could thus be consarved.

The conclusion that ions permeate through the shunt-péthway'in
their hydrated form suggests that ths tight-junctions have.a finite

permeability for water movement. The observations that rabbit ileum

is impermeable to lysinas (a spherical moleculs of ionic radius
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of oJ4nm (Munck and Schultz (1969)), and that rat jejenum is
impermeabls to triethylammonium, lysine and diaminobutyric acid
(Nellans, Frizzell and Schultz (1974); Munck qnd Schultz (1974))
suggest an equivalent pore diameter for the tight-junction of

10 - 15 nm, This value for pore sizse cannot exclude ths possibility
that a significant proportion of transmural water movemsnts occurs by
way of the tight-junctions. In necturus kidney tubules the water
permeability coefficient for ths whole epithelium is one order of
magnitude greater than that of the cellular membranes (Whittembury et

al (1973)).

(iii) Factors affecting ion permeation through the paracellular
pathway |

. Increasing interest has been directed towards ion flux
through the paracellular pathway, particularly with regafd to changes
in transepithelial transport of ions and water (Boulpaep (1972);
Humphreys and Early (1971); Powell (13974)).

The paracellular pathway is a series array of the tight or limit-
ing junctions and the underlying lateral intercellular space. Any
discussion of changes in the propsrtiss of this pathway must, therefors,
" taks adequate account of tha contribution of thae lateral space.

The overall permeability of the paracellular pathuway Ds is giyan

by the formulas
,1/95 = l/Ptj + 1/pls

whers ptj is the permeability of the tight-junction and pls is the

permeability of the lateral spacs,

may be made

1s
in a similar fashion to that outlined by Smulders et al (1972) and by

(a) Lateral Space Permsability An estimate of P

Des jeux et al (1974)

Plg = CA/L
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where D is the free-diffusion coefficient of the solute of interest,
A is the area of the lateral spaces and L is ths lateral space length.
Using the data of Marsh and Swift (1969) for human intestine, and of

Trier (1968), Desjeux st al estimated that P, ranged from 0.033 cm het

ls
to 0.077 cm hr-l for distended spaces. Thay concluded, therefore, that
85% to 90% of all resistance to flux through the paracellular routs
reside& in the tight-junction. That is to say the lateral spaces do
not normally rate-limit ion flux through the paracellular pathuay.
Howsver, collapse or reduction in the width of the lateral space will

s

decrease pls and so provide a mechanism for rate-controlling ion move-
7 ments through the shunt pathway.

Sﬁulders, Tormey and Uright (1972), using combined studies of
tissue morphology and of flux estimations, have shown that variation
in ‘the widths of the lateral spaces changes both ion and non-elsctra-
lyte permeation in rabbit gall-bladder. Mucosal hypertonicity was
shoun to collapse the lateral spaces and reduce ion and non-eléctrolyte
permeability to a third of control values. Conversely, sarosal hypér-
tonicity increased the measured permeabilities. The incrsase was
quantitatively smaller than ths decrease 6bserved in the presence of
mucosal hypertonicity, Such non-linearity may easily be reconciled
with a model thatonstulates that lateral space permeability is rats-
limiting when the spaces are collapsed, but to have a smaller effact
when sither cellular permeability or tight-junction permeability rate-
limit permeation. Similar effects we;e also reported for the effect
of osmotic gradients upon the tissue hydraulic permeability (Uright,
 Smulders and Tormey (1972)).

Comparable observations with those of Smulders et al and lWright
et al have basn in frog intestine (Loeschke, Bentzel and Csaky (1970)

and Loeschks, Hare and Csaky (1971)).
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Application of electrical current is also known to change ths
dimensions of the iétaral spaces in frog gall-bladder in é similar
fashion to csmotic gradients (Bindslev, Tormey and Wright (1974)).
Such changes in lateral space dimensions result in changes in the
electrical resistance of the tissue. The time courss of thase
changes is of long duration (mstwenty minutes). Current dependent
changess in tissuas resistance have bean observéd in otﬁer'low—rasist-
ance spithelia (Spring (1973); Kidder and Rehm (1970)).

Current inducéd changes in tissue morphology and resistance are
of particular interest with regard to the present study, in that a
method of measuring paracellular ion permeability rsequires the passagse
of high current densities (Frizzell and Schultz (1972); Mandsl and
Curran (1972, 1973)).- Separation of active (transcellular) from
passive (paracellular) fluxes using this method may, thsrefore, be
unsatisfactory for low resistance spithelia such as intestine, since
paracellular ion fluxes will not necassarily reflect control con-
ditions in the absence of the passage of electric current. A new
method of measuring paracellular Na permeability in which thsese
difficulties do not arise is dsscribed in Chapter 4.

A question of significance is the physiological relevance of
changes in the dimensions of the lateral cell spaces. It may be
noted.that l%teral-space collapse is a consistent morphological
feature of cholera and theophylline traa;ad intestine (Dibona et al
(1974)). The relationship of this effect to the-secretory process
is discussed in Chapter 6. Boyd, Cheeseman and Parsons (1975a,b)
have examined the effect of Ringer Na replacement on the inulin space
in vascular perfused bullfrog intestiﬁe. Ringsr Na replacement
reduces the inulin space for this tissue, indicatiﬁg lat;ral spacé
coilapsa. The effect will modify the passive permeability propertiss

of the intestine (see below and Chapter 4).
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(b) Tight-Junctional Permeabjlity Modification of the perm-
eability propertiss of the paracéllular pathway may also occur as a
consequence of change in the tight or limiting junctions In high
resistance gpithelia such as frog skin and toad urinary bladder,
hypertonic urea solutions bathing the mucosal (lumen or skin side)
increase both epithlial conductance and permeability (Ussihg and
Windhager (1964); Dibona and Civan (1973)). These chanées are thought
to result from an increased leak;ness of the tight-junctions. This
has beeﬁ visualizéd under thelalectron microscopae as an opening of
the tight junctions (Erlij and Martinez-Palomo (1972)) in frog skin.
Aortic hypertonic mannitol solutions result in a graded increase in
inulin permeability in the doubly-perfused toad kidney (Perez-Conzalez
and Whittembury (1974)). Aléo current passage in frog gall-bladder
results in a dgcreasa in resistance that cannot be accounted for on
tha basis éf change in ths lateral spaces alone (Bindslev et al (1974))

Modification of junctional permeability may occur in the presence
of transintestinal pressure gradients. Mucosal (distension pressure)
has been shown to have no effect on transintestinal water flux in rat
when either glucose was absent from the bathing media or when
phlorrhizin was present (Smyth and Taylor (1957)). In in vitro
canineg intosting elevation of mucogal pressure does not increase
transintestinal watef flux (Hakim, Lester and Lifson (1963); Hakim
and Lifson (1969)). Small increments in serosal pressure, howsver,
produce marked rsductions in transintestinal water movement. Similar
findings have been reported for hamster intestine (Wilson (1956)) and

rabbit gall-bladdsr (Tormey and Diamond (1957); Dietschy (1964)). It
| is likely that a change in junctional permeability gives rise to the
effect of serosal_pressura upon water flux since solutes such as Na,
Cl, urea glucose and -inulin experience large solvent drag effects on

the appolication of serosal pressure (Hakim and Lifson (1969)).
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Examination of ths role of hydrogen-bconding in alkali-metal
discrimination in the tight-junctions of rabbit gall-bladder (Moreno
and Diamond (1974)), together with a study of nitrogenous cations as
probes of the cation-selsctive channel (Moreno and Diamond (1975))
led to the discovery of a compound, 2,4,6, triaminopyrimidins, which
blocks gall-bladder cation permeability (Moreno (1974); Moreno
(1975a,b)). Triaminopyrimidine is thought to block cation permeability
by forming H-bonds with the proton-acceptor acidic channel ligands
conferring cation-selsctivity to the tight-junction., The use of
triaminopyrimidins allows an experimental modification of paracellular
permeability. The action of triaminopyrimidine and its use in assass-
ing paracellular Na permeability in rabbit ileum is discuésed in
Chapter 4.

(iv) The role of thse paracellular pathway in the net trans-

epithaelial flows of NaCl and water: effect of bulk flow on ion perm-

gability in the paracellular pathuay.

Curran and McIntosh (1962) were the first to propose that
active transport of salt into a central compartment delimited by two
membranes of differing salt and water permeability could axplain the
coupling betwseen salt and water flows in many epithelia. The thsoret-
ical aspects of this model have basn analysed by Patlak, Goldstein and
Hof fman (1963);

No att;mpt was made to fit the model to epithelial gaometry.
Kaye et al (1966) postulated that the central compartment composed
the lateral spaces of rebbit gall-bladder epithelium since distsnsion
of thess spaces during transport suggested their intimate involvament
in the transport process. The doubls membrane model of Curran and
McIntosh requires that the central compartment be well-stirred, a

condition unlikely to be realized in the lateral spaces.
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The involvement of the lgteral spacas in the transport process
has been confirmed in rabbit gall-bladder (Tormey and Diamond (1967)).
Together with detailed studies on the pathways for ion and water
movement across gall-bladder epithelium (Diamond (lQﬁZa,b){,Diamond
and Bossert (1967) proposed that the lateral spacss acted as local
osmotic compartments. Solute transport into the lateral spaces
establishes a standing gradisnt of salt along the channel length.
Progressive dilution of the salt concentration by osmosis ensures that
the absorbate tonicity approaches physiological valuas at the end of
the lateral spacs.

Diamond and Bossert (1967) devsloped this model mathesmatically,
demonstrating that the osmolarity of the fluid emsrging Ffom ths
channél's open end depended upon the channel lenqth, radius and water
permeability, solute transport rate and diffusion coefficient within
the lateral space. Isotonic absorbates could be achieved with ..
decreased channel radius or solute diffusion coefficient; or increased
channel length or water permeability. The model assumed that the
tight-junctions wers impermeable to water and ion movements and that
active-pumping was localized to the proximal portion of the channel.
The requirement for isotonic absorbates was stressed since experiments
using the ‘unilateral' gall-bladder preparation had shown that
absorbate osmblarity was equivalent to the bathing.solution osmolarity
within the éall-bladder for a wide range of bathing solution
osmolarities (Diamond (1964)).

Hill (1975a,b) has criticized the standing gradient model., Using
the Segal isotonic approximation (Segal (1970))and choosing 'realistic’
values for channal length and radius Hill concludes that isotonic
absorbates may only be realized if improbably large values for cell

mambrane osmotic permeability exist.
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Several points are relevant with regard to the Hill analysis:
1. Anisotonic (hypertonic) absorbates from epithelia have been
'noted, e.g. dog ileum (Visscher et al (1944)), human jejunum (Soergsl
et al (1968)), rat small and large inteséine (Powsll and Malawer
(1968)) and rabbit gall-bladder in the presence of impermeant solute
(Whitlock znd Wheelar (1964)).

2, The isotonic approximation assumses tha£ osmotié squilibration
occurs rapidly in the lateral space, this assumption is prqbably
invalid (i.e. 1 above). Osmotic equilibration may also occur in
underlying submucosal tissue (Marro and Germagnoli (1966)).

3. No attampt has been.made to include the possible effect of
tight-junction permeability in the analysis.

Modification of thg Diamond and Bossert model is, howsver,
necessary in that two assumptions regarding most leaky epithelia made
by Diamond and Bossert are invalid; namely the tight-junction closing
the lateral space is permeable to both salt and water (ses above) and
the distribution of active transport sitess along the ssrosal bordsr is
not discrete (i.e. concentrated at the proximal end of the channel) but
rather is continuous, (Stirling (1972)). Also of importancs in a
reconsideration of the Diamond and Bossart model is the role of the
underlying tissue or basgment membrana, and the nature of pressure-
modulated chahges in epithelial transport propertiss in conditions such
as saline loading (see above). .

Such modifications to the Simpler model of Diamond and Bossert
have been attempted (Sackin and Boulpasp (1975); Huss and Marsh (1975)).

Sackin and Boulpaep desvelop two general models; a continuous
model whigh is a derivative of the stanAing gradiqnt model_but assum-
ing different boundary conditions; and a discontinuous model which is
derived from the Curran and McIntosh model but which incorporates

additional compartments identified with epithelial structurss. Ths
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behaviour of thase models is such that changes in net transport during
saline diuresis ars édequately described without additional'assumptions
‘concerning change in junctional permeability (see above). The exist-
ance of a 'basement' membrane results in deviation of absorbate
tonicity from isosmotic values, the degree of deviation depends on the
basement membrans parmeability coefficisnts for salt and water. Con-
centration profiles in the lateral space generaﬁed by tHe continuous
model are flat; this is a cohsequen;e of salt and water influx across
the tight-junction into the lateral space and of a uniform pump-site
distribution,

The model developed by Huss and Marsh is similar in detail and
conclusions, Prassure within ths osmotic channel (lateral space) is
treated as a variabls (ipdapendent and dspandent).  The lateral.space
is treated aé?ﬂistansible compartment with a deformation under pressura
simjlar to a thin-walled tube. The major conclusions of this model
are:

l. that basement membrana parameters (salt and water permeability)
control absorbate tonicity.

2. that NaCl diffusion across the tight-junctions controls in
part the rate of absorption.

3. that NaCl concentration variation within the lateral spaces
controls'NaCl diffusion across the tight-junctions; variation in trans-
mural pressure modulates NaCl concantratiog.

4. that no pressure-induced change in tight-junctional permea-
bility is nesded for pressure to modulate absorption.

It is clear from the above considerations that ion (Na) flux
through the paracellular pathway in actively transporting tissues may

not be simple. In particular, asymmetry in flux across the tight-



-18-

Junction is to be expected.* This could arise from

1, béck diffusion of Na through the tight-junction from regions
of high NaCl concentration located within the lateral spaces.

2., solute-solvent coupling within the tight-junctioh due to
osmotic water flow across tha junction into the lateral spaces.

Evidence bearing on these effects in rabbit ileum is presented in
Chapﬁar$ 3 and 4. Solute-solvent coupling interactions have been
demonstrated in the paracellular pathway of various epithelia with -
imposed transepithelial gradients (Berry and Boupaep (1975) (necturus-
proximal tubule); Fordtran, Rector and Carter (1968) (human small
intestine); Levitt, Hakim and Lifson (1969) (in vivo dog jejunum)).

e Traﬁscellular Ion Movements

(i) Measurement of ion fluxes across the mucosal and basal-

lateral borders of ths epithalial csll

In short-circuited rabbit ileum with identical mucosal and
serosal bathing solutions it is generally'agreed that there is a net
absorption (mucosa to serosa movement) of both Na and Cl (Field et al
(1971, 1972); Field (1971); Schultz and Curran (1974)). This repre-
sents an active movement of Na and Cl. The existence of active Cl
movemant was not a consistent feature of early in vitro work (ses

Chapter 5).

v

*frizzell and Schultz (1972) and Des jeux, Tai and Curran (1974) have
examined Na permeability through the paracellular pathway. These
authors consider that Na flux conforms with the laws of simpls
diffusion since agreement with the Ussing flux ratio is observed. 1In
these experimsents solute-solvent interactions are probably second-
order sffects in comparison with the electrical gradients used to

measure paracellular ion flux,.
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Active ion movements result from asymmetries Qénerated in the
transcsellular pathway,'in particular, across the mucosal ana basal-
.latsral boundaries of the epithelial ceil-layer. The transport processes
involved in active ion movements may ba located at either or both of
these cellular membranes. It is evident that the mucosal and basal-
lateral mémbranes differ in their physiological Function'sinca bio-
chemical studies have shown that thess membrane; are ma;kadly diff-
erent in their lipid and proiéin compositions (Kawai et al (1974);
Douglas et al (1972); Fujita et al (1972, 1973); Stirling (1972)).

Separation of diffusional flux through the shunt pathway from
total ion flux, allows ths assessment of transcellular ion movements
(see above and Chapter 4). Measurement of the ion fluxes across both
cell membranes requirss special methods.

frizzell et al (1973) and Nellans et al (1973) have measured the
unidirectional influx of Na and Cl across ths mucosal boundary.

These authors sstablished that their measurements provided a true uni-
directional flux, since uptake was linear over the period of measure-
ment (thirty seconds). Together with estimates of the transmural
bidirectional fluxes (mucosa to sérosa and serosa to mucosa) for both
Na and Cl, these measurements provide the basis for measuring sfflux
across ﬁhe mucosal boundary. Estimates may also be made of flux
across the serosal boundary (Schulté and Curran (1974); Frizzell et al
(1973); Schultz et al (1967).

Inaccuracies arise as a result of the need for measurements from
two or three separate sxperiments,

Naftalin and Curran (1974) have developed a method for estimating
the unidirectional fluxss of galactose across the mucosal and basal-
lateral cell mambranes from measurements of the steady state transmural

bidirectional fluxes together with an estimats of the ratio of isotops
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originating from the mucosal and serosal solutions within the tissus
fluid. All thesa measurements may be made from a single piece of
tissue in a single experiment. The application of this methodology
to ion fluxes is considered in Cﬁapters 2,4,5 and 6.

(ii) The electrochemical gradient across the mucosal and basal-

lateral cell membranags

Pny study of ion movament across a membrane must examine
the driving forces for ion movem:nt that exist across thz membrans.
Considerable attentioq has been paid to tha measurement of trans-
membrane potentials and intracellular ion concentrations (activities)
in intestine. A consensus has not yet been reachsd.

With regard to ths measuremsnt of elaectrical potaﬁtiéls the lack
of agrgement may Be partiallyvdue to the difficulty in measuring the
electrical potential across both the mucosal and Serdsal-(basal-
lateral) membranss simultaneously; penetration of the epithelial cells
by micro-electrodes from the basal-lateral side being difficult in
mammalian preparatiaons due to the pfesence of submucosal tissus layers.

Rose and Schlutz (1970, 1971) have measured the transmural and
transmucosal potential differences in rabbit ileum in vitro simul-
taneously., Transmucosal potential was measured by 3M KCl glass micro-
electrodes to be -36mv (cell interior negative). The transmcral P,D.
was +2 to +5pv (serosa positive). The potential differencs across
the basal-latsral membrane was inferred to be® -39mv (cell interior
negatiﬁe) since the transmural P.D. represents the difference bastwesn
the transmucosal and transmural potential differences (Rose and Schultz
(1971); Schultz (1972)). The sign and magnitude of the transmucosal
P.D. may be sntirely dus to the potential across the serosal membrane
and to the existsnce of the shunt pathway which allous coupling
between the basal-lateral membrane and the mucosal membrane (Schultz

(1872)).
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Replacemsnt of Na by cholins in the Ringer's solution bathing the
mucosal. surface leads to a hyperpolarization of the transmucosal
potential, indicating that Na conductance contributes to this potential
Addition of actively transported sugars lsads to a mucosal depolariz=-
ation. Consideration of the change in transmural P.D. in both thase
cases indicates that there is a concurrent change in tha potantial
across the basal-lateral membrane (i.e.-a depolarization in the
presence of actively transported sugar, and a hypsrpolarization upon
Na replacement). In the prssencs-of meﬁabolic ihﬁibitofs and ouabain.
Rose and Schultz reported that a sugar-dependent depolarization of the
“mucosal membrane could be elicited. No change in transmural potential
occurred. This led to the suggestion that a portion of the trans-
serosal potential was élactroganic in nature.

Similar findings to those of Rose and Schultz have been reported
for bullfrog small intestine (White and Armstrong (1971) and for new£
kidney tubule (Maruyama and Hoshi (1972)).

Barry and Eggenton (1972a,b) have measured thes transmucosal,
trans-serosal and transmural potential differences of rat jejunum
using everteﬁ sac preparations stripped of their serosal muscle layers,
Transmucosal and trans-serosal potentials were taken to be the differ-
snce between a central micro-electrods within the epithelial cell and
indifferent electrodes in the mucosal and serosal solution respectively.
These authors found a low potential across both mucosal and serosal
boundaries (-9 and -12mv respectively, cell interiar negative).
Addition of actively transported sugars to the bathing media resulted
. in increases in ths transmural potential; no change in transmucosal
potential was observed. A hyperpolarization of the serosal potential
thus accounted for the change in transmural potesntial. MNMstabolic

inhibitors and ouabain (1.0mm) abolished ths suyar-depandent trans-
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‘serosal hyperpolarization. Mucosal Na replacement by mannitcl or

Tris Cl’rgsulted in Cl transmucosal hyperpolarization. No change in
the serosal maembrane potential was recorded. These observations led
Barry and £ggenton to suggest that rat jejunum is a 'tighf' epithelium
without a significant shunt-pathuway,

Similar results to those of Barry and Eggenton have besn reported
in a'variety of tissuss, such as tortoi;e small intestine (Gilles-
Baillien and Schoffeniels (1965); wright.(1966); tortoise and hamster
small intestine (Wright (1966) and rat jejunum and small intestine
{(Lyon and Sheerin (1971)).

A consistent feature of all studiss of electrical potential
differénces across the mucosal and basal-lateral membranes is tﬁe
electrogenic nature of ths Na-K ATPase located on this membrane (&ee
Thomas (1972)). This is evident from the action of ouabain and of
metabolic inhibitors upon transmembrane and transmural potentials (see
above). The lack of effect of a changa in trans-serosal P.D. when
transmucosal P.D. is changed is entirsly consistent with the prasedce
of a high-conductance shunt-pathway; the shunt will attenuate change
in poﬁential across either membrane (Schultz and Curran (1974)).
Disagreement thus centres around the magnitude of the potential across
the mucosal and serosal membranes and the effects of actively trans-
ported sugars on transmucosal potential. Differsnces may represent
species variation.

Recently (Zeuthen and Monge (1975)) a study has besn made of tha
~electrical potentials in epithelial cells of rabbit ileum in vivo.
These authors examined the potential profile across spithelial cells
using micro-electrodes advanced into the epithelial cells at 5 pm
gradations, The position of recording within the epithelial cells was
determined by iontophoretically injecting dye (Porscine yellow)

followed later by histological examination. The main conclusions were

a
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that the electrical potentiallacross the mucosal membranes is low
(-6.6mv cell interior negative), whareas that across ths serosal mem-
brane is large (-44mv cell interior negative). Furthermore, thare was
a smooth gradient of potential along the epithelial cell. Since no

attempt was mads in previous studies to locate, histologically, the

position of recordiné, Zeuthen and Monge conclude that Rose and

Schultz (1971) consistently recorded close to the serosal membrane,
whareas Barry and Eggenton (1972) recorded close to the mucosal mem-
brane. Gradisnts of electrical potential have bseen observed by Lyon
and Sheerin (1971) in rat intestine and by Chouldhury and Snell (1965)
in toad-bladder epithelium,

Clsarly more work is needed to define the electrical.potentials
existiﬁg in intestinal epithelial cells.

The measurement of intracsellular ion concentrations within
intaestinal epithslial cells prassent certain difficulties. A large pro-
portion of tissue ion content is due.to non-epithelial tissua (muscle
laysrs and connsctivemtissue) and to the presence of an extracellular
spacs that comprises 30% of the tissue water (Koopman and Schultz
(1969)). Additionally, ion-binding or sequestration within ths intra-
csllular or extracellular compartments will effect measurements of
ion concentrations based upon measurements of total tissue fon content
(Rotunno et al (1973)).

SchUltz.et al (1966); Koopman and Schultz (1969); Frizzell et al
(1973) ‘have approached the measurement of intracellular epithelial Na,
K and Cl concéntrations from volume-averaged determinations of tissue
ion content corracted for extracellular ion content on the basis of
the inulin space. Tha contribution of non 'epithglial' tissus was
reduced by the use of strips of rabbit intestine from which the serosa

and muscle layers had been removed.
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For Na and K determinations it was shown that both isotopic and
and flama photomater measurements gave identical results (Schultz st
al (1966)). This indicates that the tissue cation content is freely
exchangeable. Howaver, for Cl dstermination it was demonstratesd that
chemical analyses of tissue Cl gave consistantly greater values com=--
pared with isotopic determinations. This indicates that a portion of
the total tissue Cl is bound (Frizzell et al (1973)). Values for
exchangeable intracellular Na, K and Cl concentrations in a medium
containing 140mM Na, 10mM K and 14SmM C1 were 40-50mM |Na|, 100mm (K]
and 5emm [c1} .

The effaect of various actively-transpofted sugars and amino acids
upon ‘'intracellular' Na and K concentrations has bsen axaﬁined by
Kcopmaﬁ and Schultz (1969). All actively-transparted solutes led to
a decline in intracellular[ﬁ], An increase in intracelluiar[ﬂ% was
observed in the presence of galactose. This is considered in dgtail
in Chapter 3.

Frizzell et al (1973) report that theophyllins and cyclic AMP
result in a significant decrsase in intracellular Cl concentration.
The effect of theophylline upon ths mucosal potential difference was
not examined. |

More direct determinations of intracellular ion activities may
be made by ion-sensitive micro-slectrodes (Hinke (1959); Thomas (1970)).

Lee and Armstrong (1972) have measured Na and K activities within
bullfrog small intestine epithslial cells in vitro by glass micro-
electrodes. Bathing Riéger's included 140mM Na ana SmM K. They con-
clude that intracellular K activity is six-fold graatsf than Na
activity (0.084:0.014). Cpmparison of ion activitiss with ion concen-
trations determined in a sepa;ate experimental series utilizing

inulin as the extracellular marker (Armstrong et al (1970)) indicatad



that a significant proportion of 'intracellular' Na was osmotically
inactive (fhe activity coefficient was W0.5) whereas the greater
proportion of the intracellular K was osmotically active (the activity
coefficient was = 1.0). A possible explanation for the discrapancy
between Na activity and concaentration is considered in Chaptar 3. The
actively transported sugar 3-0-methyl glucose lsd to a decreasa in
both-Na and K activities.

Zeqthén and Monge (1975) have examined intracellular epithelial
ion activity in in vivo rabbit ileum, aathing mﬁcosal solutions
contained 145mM Na, Smm K and 150mM Cl. They conclude that there
exists along the length of each epithelial cell a gradient of potassium
and Cl activity. No measurements of Na’activity were mads., K activity
increased from 50mM at ﬁhe mucosal pole cf tha epithalial cell to
160mM at the serosal pole. The volume-averaged concentration is
similar to that found by Koopman.and Schultz (1969) and to Schultz eg
al (1966). Cl activity decreased from 80mM at ths mucosal pole of tha
cell go 10mM at the serosal pols.

The sxistence of ion activity and electrical gradients Qithin the
epithelial c;ll is controversial. Clearly, their existence would
require a reasssssment of the driving Fo;ces involved in trans-membrans
ion mermant. Confirmation is needed.

(iii) Na and Cl fluxes across ths mucosal and basal-lateral

msmbranas

. (@) Mucosal fluxes of Na and Cl1 The elactrochsmical

gradient for Na is dirscted inwards across the mucosal membrane into
. the cell. The magnitude of the fluxes across the mucosal membrane is
dependent on the membrane permeability. The ratio of influx/efflux
may be computed from the Ussing (1949) relationship:

influx Na(?uq_exn FAY

efflux  Na(in) RT
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where Na(0ut)is tha bulk Na concentration in the mucosal solution,
Na(in)is the Na concentration (activity) in the cellular cdmpartménﬁ
' andli‘#is the trans-membrans potential.. Fy R and T have thsir usual
maanings.

The Ussing ratio rangss from approximately 6 to 20 for a Ringer
containing 140mM Na depending on the values of potential énd activity
difference chosen (see above). | .

Schultz et al (1967) and Curran et al (1967) have maasurad Na
influx across the mucosal membrane by measuring a unidirectional
(thirty second) uptake of 22Na from tha mucosal sblution, Correction
of tha mesasured influx for a component of influx into tha shunt-pathway
gave influx across the mucosal membrane as 13‘pmoles cm"2 hr-l.
This uptake was a linaq? function of the mucosal Ringer Na concen-
tration (Curran et al (1967)). However, this probably represents a
saturable process with a low affinity for Na, since a significant pro-
portion of influx weas subject to inhibition by Li, K or guanidinium
(Schultz et al (1967); Frizzell and Schultz (1972)). Influx is not
affected by transconcentration effects (Schultz et al (1967)) nor is
it affected by 0.1lmM ouabain (Chez et al (1967)).

Net Na flux determinaed in identical sxperimental conditions to
those in which unidirectional influx measurements were made, was
found to be l-3lpmoles cm_z hr_l. Efflux across the mucosal membrane
was, therefore,  10-12 pmoles om™? hel .(Schultz et al (1957)).

The observed ratio of fluxes across the mucosal membrane (influx/
ef flux) is 1.2 - 1.6. It may bs concluded that Na flux across the
mucosal membrane does not adhere to the laws for a simple diffusional
flux, EFfflux from the cell into the mueosal solution may involva an

active process,
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From measurements of the electrical potential and freely-
exchangeable intracellular Cl concentration, Nellans et al (1973)
concludad that the electrochemical potential of the exchangeable Cl
pool was greater than that of the bathing medium (but see above).

The existence of Cl absorption (mucosal to serosa movement) indicates
that the observed flux ratio for the mucosal membrane (influx/efflux)
is )tl; This indicates that Cl influx hay be an active procsss.
Nellans etial (1973) have measured unidirectional Cl influx across the
mucosal mesmbrane. Influx is a saturablg Functiﬁn of Ringer Cl with

a Umax of 19.8 }muleslcm"2 he™L and a Km of 28mM. Cl influx is

" inhibited by other anicns in the sequence. SCN NUS) 1 Br.

Cl influx is not subject to trans-concentration effects (Nellans et

al (1973)).

Measuremaent of the effect of replacement of Na by choline and of
Cl by SO4 upon Cl and Na influxés across the mucosal boundary (Nelléns
et al  (1973)) have indicated that thers is a rsduction of Na influx by
Cl-replacement and a reduction of Cl-influx by Na replacement. The
magnitude of these reductions is indicative of a coupled process for
NaCl entry.' Nellans st al daveloped a kinetic model involving random
combination of Na and Cl with a mambrane component to form a ternary
complex. The tarnary complex could then act as a carrier for NaCl
across the mucosal membrane. Net Cl movement may be directed against
an electrochemical gradient for Cl, since movement of the ternary
complex could utilize the inwardly-directed slectrochemical gradieﬁt
for Na. Na mzy be partially replaced by Li, and Cl may be partially
replaced by I in the coupled process. ThevNéC1 influx process is
unaffected by metabolic inhibitors such as cyanide.

Na and Cl movemsents may, thersfore, involve threse pathways for

movement across the mucosal cell mambrans,
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(b) Serosal fluxes of Na and C1L Na movemsnt from the
cell into the serosai‘solution is directed against a large.elactrb-
" chemical gradiant. The existence of a net Na flux from mucosa to
serosa in control tissuess indicates that efflux'7 influx, hence it is
likely that Na movement is active,

Extrusion of Na from the cells across the basal-lateral membrane
appears to be mediated by a Na-K ATPasa. This'has been'lobated at
the serosal membrane by biochemical, (Fujita et al (1972)); autoradio-
graphic (Stirling et al (1972)) and physiological methods.(Schultz
and Zalusky (1964); Csaky and Hara (1965)).

Schultz and Zalusky (1964) and Frizzell and Schultz (1972) con-
sider that serosa to mucosa Na flux is sntirely via ths extracellular
shunt-pathway. Thase qythors considar, therefore, that Na flu* is
completely rectified across the basal-latsral membrane. Schultz et al
| (1967) estimats flux from the cell to the serosal solution to be
2-4 nmoles cm‘_2 hr-l whereas influx across the basal-lateral membrans
into the cell is only 1)1mole cm-2 hr-l. The question of a significant
flux from serosal solution to the cell has recently been sxamined by
Des jeux et al (1974). The application of the new methodology described
in Chapter 2 provides new evidance concerning the nature of Na fluxss
across the basal-lateral cell membrane (Chapter 4). -

Liftle is known about Cl fluxes across the basal-lateral
membrane. Frizzell et al (1973) considar.that Cl flux across this
membrane is entirely passive. Keynes (1969) has suggested a possible
mechanism for coupling of net Cl and Na movemsnts in leaky epithelia
such as intestine, Electrogenic movemsnt of ﬁa across the basal-
lateral membrane may generate a passivﬁ net flow of Cl. T;ansepithelial
potentials of ~v 2mv may be reconciled with the attanuatioﬁ of the

electrogenic P.D. within the lateral space by tha cabla properties of
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the basal-lateral membrana. The space-constant for this membrane
should be extremely short. Such a passiva machanism of coupling may
explain the tight stoichiometry observed for the coupled NaCl influx
process (see above).

(iv) The effect of sscretory agents such as theophylline,

cholara toxin and cyclic adenosine monophosphate (c-AMP) upon trans-

cellular ion fluxes

Although the small intestine is normally viewed as an
absorptive organ, active secretion of salt and water may occur in
physiclogical and pathological situations (Schultz et al (1974);
Hendrix and Bayless (1970)).

Most investigations on .the effect of secretagagues, éuch as
theopﬁylline, cholera toxin and cyclic AMP, upon intestinal ion
transport have concentrated upon the measuremant of tha transepithelial
bidirectional (mucosa to serosa and serosa to mucosa) fluxes of both
Na and Cl (Sheerin and Field (1975); De Jonge (1975); Powell, Binder
and Curran (1973); Al-Awquati, Cameron and Greenough (1973); Field
(1971)).

Field and his co-warkers have shown that theophylline (Shesrin
and field (1975)), cholera toxin (Fisld, Fromm, Al-Awquati and
Greenough (1972)) and 3'5' c-AMP (Field (1971)) abolish the nst
absorption of Na in rabbit ileum by decreasing mucbsa to serosa (m-s)
Na flux witﬁout concurrently changing serosa to mucosa (s-m) flux.
Net Cl absorption is changed to net secretion by theophyllins,
cholera toxin and c-AMP as a result of a decreased m-s Cl flux, to-
gether with an increased s-m flux. Sheerin and Field (1975) have
recently reported that the increase in s-m Cl flux dus to thsophyllina
is quantitatively more important than the daecrease in m-s flux. This
view is supported by the findings of De Jonge (1975) who found that

both Na and Cl secretion due to cholera in rat small intestine were

s
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primarily meqiated by increases in both the s-m fluxes of both Na and
Cl. A'raAge of effects of secretagogues upon bidirectional ion fluxes
has been reported and is likely to occcur as inter-animal variation in
a single experimental seriss (Sheerin and Field (1975)).7

As previously emphasized, the interpratation of measursments of
transmural ion fluxes are complicated by the presence of both extra-
celfulér and transcellular pathways for ion flow. For secretion by
intestins there also axists the bossibiiity that there is an anatom-
ical separation between the.bathwéys for absorption and secration.
Recent evidencs by D3 Jonge {1975) supports ths notion that absorption
and secretion are progertias of the sams population of epithelial
calls;

The secretory state induced by thaophyllina and cholera entero-
toxin is associated with changes. in the paracellular pathuway; these_
rssult in:

(a) time-dependsnt changas in transepithslial raesistance (Powsll
(1974); Nellans, Frizzell and Schultz (1974)),

(b) changes in passive ionic selectivity (Powell (1974)).

The role of the paracellular componént of transepithelial ion
movement, therefore, needs to bs carefully assessed in relation to the
observed changes in bidirectional fluxas.

Direct measurements of influx across the mucosal boundary have
previously bsen made (Frizzell et al (1973); Nellans et al (1973)) in
an attempt to define the nature of aétion of secretory agents on the
basis of unidirectional Fluxes across a singls membrane. Thaese studies
have indicated the presencs of a mucosal procsss providing coupled
(electroneutral) flows of Na and Cl ions; separate entry pathways for
Na and Cl alone were also postulated (ses above). Thesophyllines and

c-ANMP were shown to reduce the magnitude of the neutral coupled influx
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of NaCl. Nellans et al (1974) have attempted to relate these influx
studies to bidirectioﬁal flux measuremsnts. They conclude that

"~ theophylline mediated Cl secrstion (due‘primarily to a decrease in

m-s Cl flux) and ths abolition of net Na absorption (due to a decrease
in m-s Na flux) can be explained by the inhibition of a neutral trané-
port prodass for NaCl at the brush-border. Efflux is présumed to be
‘unaffected by theophylline, c-AMP or cholera tdxin. Sefosél to
mucosal Na flux, in this model, is thought to be dus entirely po move=-
ment through ths paracellular pathway (Schultz and Zalusky (1964);
Frizzell and Schultz (1972)). Cl-independent entry at the mucosal
membrane is recirculated through the NaCl coupled process back into
the mucosal solution.

Data in contradicg}on to this simple model have recently been
supplied by Nellans, Frizzell and Schultz (1975). They report that
acetazolamide, though inhibiting the NaCl entry process, does not
result in Cl secretion. Theophylline in addition to acetazolamide
does, however, result in net Cl secretion. Thay conclude that net
secration may involve das novo stimulation of Cl exit across the
mucosal boundary.

The concept of a separate pump for secretion is implicit in the

Powell
views of Powell, Binder and Curran (1972 and 1973) and Binder, /Tai
and Curfan (1973). These workers have proposed that sscretion, in
both guinea-pig and rabbit ileum,is mediaéed by a neutral NaCl pump
on the qycosal membrane., Serosa to mucosa Na flux was viswad to be
transcellular (rather than extracellular as envisaged by Schultz and
co-workers ).

In support of a separate pump Al-Awquati, Field and Greenough

(1974) have shown that sthacrynic acid inhibits Cl secretion and
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reverses the decrease in Na flux induced by theophylline, c-AMP and
cholera toxin. |

Fisld (1971) has provided evidence that the sacretion induced by
theophyllina is not neﬁtral, i.e. it is electrogenic, resulting in an
increased open-circuit potential and short-circuit cu?rant. However,
the depandence of the slactrical potential and shorte-circuit currant
upon Na suggests that thesa changes are sscondary to a neutral system
(Sheerin and Field (1975)).

The question concerning the route of serosa to mucosa Na flux
(transcellular or paracellular) in the pressnce of secretory agents
and control tissuas has racently been examined in detail, (Des. jeux,
Tai and Curran (1974)). These workers concluda that a significant
transcellular pathway for Na exists in the setoSg to mucosa direction.
Theophylline was shown to stimulate this transcellular Na flux. A
dapendence on Ringer HCD3 was demonstrated since in HCDS-Free media
s-m transcellular flux was abolished.

If s-m Na flux were mediated entirely by Na diffusion through
the paracellular pathway then a net secretion of Na could never be
observed under voltage-clamp at zero P,D. Sheerin and Field (1975)
have shown a net secrstion of Na in the presence of theophylline in
high [HCO;] buffers (50mM). This rasult thus favours the view that
net secretion is mediated by a transcellular route. The route of
serosa to mﬁcosa Na flux is examined in Chapter 6.

The application of the new methods of measuring unidirectional
ion fluxes across the‘muccsal and basal-lateral membranes provides new
information concerning the mechanism of reversal of thes absorptive

state of ileaum,
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(v) Coupled transpert of sodium and organic solutss: inter=

action batween Na and galactose transgort in ilsum

Crane (1962 and 1965) first proposed that the diffsrence in
Na concentration across the mucosal membrane could provide the basis
for active intestinal sugar transport. Influx of solute is influenced
by the extracellular Na concentration whzreas efflux of solute is
influenced by the intracellular Na concentration. Net solute movemant
is thus achieved by the difference in local Né concentrations across
the mucosal membrane (Schultz and Curran (1970)); this is maintained
by the Na-K ATPass at the basal-lateral membranes.

A test of the Na-gradient hypothesis is to consider the energstic
adequacy of the Na-gradient 'in explaining the observed iﬁtracellular
soluté accumulatian,

In a simple isolated csell system such as is available with Ehrlich
ascites tumour cells, this question has not yet been satisfactorily
answersd. Schafar and Heinz (1971) -have shown that the amino acid
®-aminobutyric acid (AIB) is taken up into Ehrlich cells against its
own concentration gradient in the presence of adverse Na and K grad-'
ients., Gibb and Eddy (1972) suggest that the operation of an
electroganic Na pump inEhrlich cells may cause hyperpolarization of
the cell membrane resting potential, thus allowing the ccncantration
of AIB since the electraochsmical gradient For Na ié inwardly difacted.
Heinz (1974) considers that nuclear sequestration of Na within the
nucledé‘ofEhrlich cells may lead to an underestimate of ths driving
force for Na-dependent solute accumulation. Geck st al (1974) provide
svidence that AIB accumulation is not coupled to metabolic energy via
hydrolysis of ATP. This suggsests that ion gradients have to supply
all the energy required for the observed soluts accumulation. Heinz

and Geck (1974) suggest that ths Na gradient is indeed adequate to
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explain the observed solute accumulation., A mestabolic linkags cannot;
be ruled out since Geck et al (1972) have found that ths efficiency
of coupling between Na and AIB flows decreases in the presence of
~metabolic inhibitors.

Consideration of the ensrgstic adequacy of the Na-gradient
hypothesis in ileum cannot, as yet, be.made dus to the difficulties
in defining the distribution and activities of the intracellular
solutes (see above).

| Schultz and Curran (1970 and 1974) have revieswed the evidence for
the existance of the Na-gradient mechanism for solute uptaks in ileum.
The evidence, though indirect, supparts the Na-gradient hypothasis,
Unidirectional Na influx across the mucosal membrane of inhvitro
termiAal rabbit ileum has been stoichiomstricaliy related to sugar
and amino acid influx, (Goldner et al (1969); Curran et al (1967)).
Reversal of the normal Na-gradient leads to a transient depletion of
tissue solute (alanine) (Hajjar et &l (1970)). Alanine gradients
from cell to mucosal solution and hucosal solution to cell have also
been shown to drive Na influx and Na efflux across the mucosal membrane
(Curran et al (1970)). Ouabain and other metabolic inhibitors do not
markedly effect the unidirectional sugar and Na influx (Goldner,v
Hajjar and Curran (1972)).

Recent.attempts to examine the validity of the Na-gradient
hypothesis have centred around the study of brush-border mesmbrane
vesicl?g prepared from rat small intsstine (Hopfer et al (1973)) and
rabbit renal cortex (Aronson and Sacktor (1974)). These vasiclés
possass an intact 'carrier"for D-glucose which sho@s many character-
istics of thes native system such as dependence on medium [Né], specif-
icity for sugars, inhibition_py phlorizin and inhibition by other

actively-transported sugars. Control experiments using various
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sexternal solution osmolarities indicate that transport of sugar and
Na is due to uptake into an intervesicular space rathesr than repre-
senting binding to the isolated membranes. Apparent 'uphill' move-
ment of sugar was observed. This declined over a period. The extent
of the dependence of uphill movement on the Na-gradisnt cannot,
however, be assassed since both these parameters are time-daspendent.
‘Uphill' transport may represent an artifact of vesicular swelling.
‘Volume studies of these vesicles are needsd.

Most data challenging the Na-gradient hypothesis may be consid-
ered to be inconclusive. For instance, Kimmich (1970) has studied
the uptake of sugars into isolated intestinal epithelial cells of the
chick, Reversal of the normal Na-gradient did not preveﬁt net
accumﬁlation of D-galactose. Conversely, ouabain inhibited sugar
uptake even in the presence of ion gradients favouring accumulation.
These studies have been extensively criticized since the chick cell
in culture looses its normal polérity with respect to sugar movements.

In vivo studies in human, dog and rat intestines have rsvealed
that total replacement of luminal Na by mannitol does not affect the
rate of active sugar absorption (Saltzman et al (1972)). Schultz et al
(1974) have stressed the importance of Na flux from thes blood
(serosal) side of the gut to the lumen through the high conductance
shunt-pathway. The existence of an unstirred layér close to the
mucosalAsurface may thus result in local Na concentrations in the
region of the brush-border.approaching those of the plasma.

Recently, more ssrious data have been obtained which contradict
the Na-gradient hypothesis (Naftalin and Holman (1974)). Using methods
to measure the four unidirectional fluxes of galactose across thal
mucosal and basal-lateral membranas (Naftalin and Curran (1974)) it was

shown that raising Ringer [Na from 0 to 140mM resulted in a
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reciprocal rise in tha eantry psrmeability and a Fail in the exit
parmeability of the bfush—border membrane for galactass. fissuu.[NéJ
increased as extracellular]ﬂ%}was raiseﬁ. The Na-gradisnt hypothesis
predicts that in this situation galactose exit permeability across

the brush=-border should also increase. The maximal permeability

ratio of.the brush-border to galactose exceeded the inuafsa Na
distribution ratio betwgsn the Ringer's solutién and tHe tissue twenty-
fold. Ouabain was found to abolish the Na-dependent increase in
entry permeability and the Na-dependent decrease in exit pesrmeability.
Similar results have besn obtained with 3-0-methyl-D-glucose and
f-methyl-D-gluccse (Holman and Naftalin (1976)).

A modsl (the convective-diffusion model) has bsen described to
explain the reciprocal rise and fall in entry and exit permeability
upon activation of the Na-pump (Naftalin and Holman (1974)). This
involves mass flow of water across narrow channels in the brush-
border gensrated by the activity of the Na-K ATPase. Transcellular
water movements probably result from deposition of hypertonic NaCl
within the lateral spaces by Na-pump activity.

Uphill accumulation of sugars within the epithelial cell is
thought to result from reflection of sugar at the serosal pole of the
cell., Net transepithelial flux of galactose is sufficiently high and
serosal permeability is suFFicientiy low to bs consistent with this
view (Holman and Naftalin (1975a)). ‘

Inhibition of mucosal galactose transport by ouabain or by comp-
etition with other sugars results in a reciprocal increase in exit
permeability and a decrease in entry permeability across the mucosal
boundary (Holman and Naftalin (1975a)). Similar observations on
galactose fluxes across the brush-border of hamster jsjunum have béen

made (Baker, Lo and Nunn (1974)). Mucosal anaercbiosis for ten
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minutes resulted in a fall in galactose entry pérmsabilify and an
increase in galactose exit permeability across the brush-border.
Thasa changes occurred without significant change in intracellular
ion concantration, This is strong svidance against the ﬂa-gradisnt
hypothesis and lends support to the convective-diffusion model.

Naftalin and Holman (1976) have shown that net absorption and
accumulation of D-galactose, [Pmethyl D-glucose and 3-O-methyl-D-
glucose are obssrved sven when Na in thes mucosal solution is replaced
by choline. Leakage of Na ffom the serosal solution was insufficient
to account for the observed net'obsorption and accumulation. This
resﬁlt indicates that active sugar transport can occur in the direct-
ion opﬁosite to that of the brush-bordar Na-gradient.

The validity of the Na-gradient model versus the convective-
diffusion model ié further investigated by examining the effects of
galactose upon Na fluxes (Chapter 4)across both mucosal and basal-

latsrél membranes.,
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CHAPTER TWwO

MATERIALS AND METHODS

A. Materials
1. Chemicals
All chemicals used were of ANALAR grade except where
statéd. The base 2,4,6, triaminopyrimidine was obtéined from
Aldrich Chemicals. The manufacturer's aséay gave £he'purity of
this compound as 99%. Ouabain (stropthanthin G), D-galactose
and thsophyllines were obtainéd from B.D.H. Ltd. 2, 5, diphenyl-

oxazole (P.P.0.) was obtained from Fisons (Loughborough).

2, Radioisotopes

14C-labelled D-galactoss, 3H-labelled D-galactose,

125I-labellad albdﬁin, 14C-labelled inulin, 22Na, 24Na, 3601 and

azBr were all obtained from the Radiochemical Centre Amarsham.

24

125I—labelled albumin, 22Na, Na, 36[:1 and 82Br were obtained

as aqueous isotonic (300 m.osmolar) solutions in NaCl (or NH ,Br
for 82Br). All dilution of isotopes was made with ths standard
Ringer's solution (see belouw). 14C-laballed D-galactose,

3H-labellad D-galactose and 14C-labelled inulin were obtained as

solids in vacuo; thess were dissolved with the standard Ringer's

solution,

3. Experimental Animals

Male, white New Zealand rabbits (2 to 3kg) were obtained
‘from a local supplier. Only healthy rabbits were used for
experimental purposes. All rabbits were maintained drior to
experimentation on a normal laboratory diet with unrestricted

access to watser.
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Methods

1. Unidirectiocnal flux calculations

Fig. 1 shows a tﬁree compartment system representing a
piece of ileum (2) contained-between two bathing solutions,
namsly the mucosal (1) and serosal (3) §olutions. It is assumed
that the ébsorptiue layer is composed of a single homogeneous
layer of cells, that compartments 1, 2, and 3 are well stirred
and that the mucosal and serosal unstirred layers do not rate-
limit transepithslial ion flux.

Transepithslial ion movements from mucosa to serosa (313)
and from serosa to mucosa (331) are the result of the four uni-

directional fluxes J and 33 across the mucosal and

12* Y217 223 2
serosal boundaries (that is the mucosal and basal-lateral
(serosal) cellular membranes of the epithelial cell layer).
Naftalin and Curran (1974) following the approach of
Ussing and Zerahn (1951) (later developed by Schultz et al (1967))
have theoretically demonstrated that the four unidirectional
fluxes of D-galactose across the mucosal and serosal csllular
membranes may be calculated from thres independant measurements
in a single experiment. At steady-state both the mucosa to
serosa flux 313 and the ssrosa to mucosa flux 331 are measured
using 3H-labelled and 14C-labelled galactose tracers respectively.
Following these measurements an estimate is obtainsd of the ratio
(R) of the spaecific activitiss of radioisotopes originating from
the mucosal and serosal solutions within the cellular compartment
(2).
With equal concentrations of galactose in the mucosal and

serosal solutions the ratio R is given by the following

relationship:

(cpmli x (cpm / cm3)§
(cpm)g  (cpm / ch)I

R =



FIGURE 1

3 compartment representation of in vitro rabbit ilesum illustrating the

measured and calculated unidirectional fluxeas.
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where subscripts 1, 2 and 3 refer to the mucosal, cell and
serosal compartments respectively; superscripts T and C refer
to 3H and 14C-labelled D-galgctose respectively. The four uni=-
directional fluxes may be calculated from the following relation-

ships (Naftalin and Curran (1974)).

J12 = I3 R+ )5

321=331(1+R)
Jpg =, (141 /R)
33, = 35 + 35 /R

The three assumptions regarding the derivation of these
equations are of rslevance in the application of the method to
the measursment of unidirectional Na and Cl fluxes:

l. There is no significant shunt pe;meability for ion
flux compared with transcellular permeability. .

2, The tissus behaves kingtically as a single compartment
(such that no inhomogeneity in .the tissue isotope R exists within
the tissue).

3. The measured variables J and R are at steady-

13° J31
state (i.e. the nest-flux across the tissus is equal to ths net-

flux across the individual boundaries).

It is known (see Chapter 1) that transepithelial ion flux
in low-resistancse epithelia hay be largely via extracellular
channels. In rabbit ileum there is good reason to believe that
these channsls are cation-selective (Chapter 1). In consideration
of transepithelial Na fluxes it is clear that thg extracellular
pathway has high psrmeability for Na in comparison with trans-
cellular Na fluxes (Frizzell and Schultz (1972)). .Extracellular'Cl

permeability is lower than Na permeability. The bulk of
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transepithelial‘ci flux is transcellular (Frizzell and Schultz (1972),
"Munck and Schultz(1974)).

Estimation of transcellular Na fluxes, therefore, reqﬁirss a
measurement of the component of flux which traverses the tissus by the
extracellular pathway. Unidirectional flux célculations made from
uncorrected bidirectional flux measursments (313, 331) would yield
incorrectly high values. This problem is considsred in detail in
Chapter 4; a new approach to the estimation of(transceliulér Na flux
is described utilizing the tight-junction ageﬁt 2,4,6, triamino-
pyrimidins, Estimaﬁion of transcellular‘Cl fluxes, ip contrast, is _
not dependent on the measurement of paracellular Cl permeability.

The second assumption, namely that the tissue behaves kinetically
as a single compartment, requires experimental verification since it
is likely that sequestg?tion of tissue ions occurs betwesn intra-
cellular ion pools and extracellular regions tha§ are hypertonic
(Diamond and Bossert (1967), Barry, Smyth and Wright (1965)). (Ses
also Chapter 3). Possible inhomogeneity within the tissue of ths
tissue ration R is tested for both Cl and Na.

The last assumption concerns the existence of a steady-state for
both Na and C1 fluxes., This may be verified for both Na and Cl fluxes
in control tissues sinca the net ion flux msasuraed in 2 periods of
ilhour,rfollowing a 20 minute preincubation period, is invariant. The
absoluté magnitude of the bidirectional ion fluxes (313, 331) howsver,
increases with respect to time. This is dbe to conductance changes
(see Chapter 6) possibly associated with the dsvelopment of a free-
solution shunt pathway. Averaged fluxss over the 2x§ hour flux periods

were always used in the calculation of the unidirectional Fluxes.
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2. Experimantal

(i) Ringer's Solutions

Ringer's sclutions ware of fhe following compositions

(concentrations in mM.)

(a) Standard NaCl Ringer: 140 NaCl, 10 KHCGS, 0.4 KH2904,
2.4 KZHPOd' 1.2 EaClz, 1.2 MQCIZ, gassed with 95% 02 s 5% C02 to pH7.4

(b) Zero Na Ringer: (or variable [Né] at cbnstant[:Cil
and IBCD;X): as (a) but 140 NaCl replaced isosmotically with cholins
chlorids. _ |

(c) Zero Cl Ringer: (or variable Y?i} at constan£ [ﬂé]

and lgco;}): as (a) but NaCl replaced by Na,S0,, MCl, replaced by

2

MgS0, and CaCl2 replaced by CaSOa made isosmotic by addition of

4

mannitol.

The base 2,4,6, triaminopyrimidine waé nesutralized by
addition of HCl prior to use. Control soclutions-containsd mannitol in
equivalent quantities to maintain isotonicity. No correction for
control solution tonicity was made in respect of additions of D-galactose
or theophylline. ODrugs and sugar-containing solutions were added to

both bathing solutions in the Ussing-type chambers.

(ii) Animals
Rabbits were killed by intravenous injection of Nembutal
(Na penfobarbital). The terminal ileum was rapidly excised, washed
free of intestinal contents by ice-cold anger's of standard compo-
sition, and stripped of its se;osa and muscle layers by ths method
outlined by Powell, Binder and Curran (1972). The tissue was than
opened aldng its mesenteric border and mounted as a flat sheet in ths

Ussing chambers or on the parspex formefs (ses below).
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(iii) Ion Flux Measuremants

(a) Uséinq Chambers. The Ussing chambers wers designed
to measure isotopic bidiractional_transmural fluxes across six
adjacent pieces of intestine. The exposed tissue area in each chamber
pair was 1.76 ;mz. Fig. 2 shows the plan and cross-ssction of the
chambers. The tempserature of the solutions within the chambers is
maintained constant by forced circulation of thermostated water
through conduits cut into the lucite block. The range of temperature
variation from 37°C recorded in any single chamber over the wholse
period of incubation never excesdsd *0.2%. Gassing and mixing with-
in sach chamber is achiesved by continuous gas supply bubbled directly
into the chambers. The end of the gas lead is surrounded with a cuff
of plastic tubing (0.5cm in -diameter) which forms a chimﬁey for thae
gas bﬁbbles; this achieves the dual purpose of forming a fluid stream
due to gas uplift and of protecting the tissue against the effacts of
vigorous gassing. Ths uss of Indian ink in a separate experiment gave
a mixing time of <12 seconds,

The geometry of the chambers was such that the tips of the
~agar-KCl bridges (Lmm in internal diameter) of the potential-sensing
electrodes were held within 2mm of the tissue surface approximately
at the centre of the exposed tissus circls, and that the agar-KCl
bridges (lmm in internal diameter) of the current passing electrodes
were held at the back of each flux chamber immediafely opposite the
approximate'centre of the exposed tissue circle. This arrangement
ensures (Kidder (1973): '

l. Optimum arrangemsnt for transapithelial electrical
potential measurement.

2. A homogensous clamp-current density over the whole

exposed tissue surface on voltage clamping.
| 3. Minimal area for diffusional isotope loss into the

KCl-agar bridges.

4



FIGURE 2

Plan and cross-section of the Ussing-type chambers used in this study,

*O
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Elactribal isolation of each chamber pair in the block
‘of six was achisved by trimming surplus interconnecting tissuss and
isolating the remainder by ths use of oil-containing conduits running

between each chamb.r pair.

(b) Elsctrodes and Voltage-Clamp. Since the small trans-

apithélial slaectrical potential differences recorded in high-
conQuctance rabbit ileum are an important detarminantofAnet ion flouws
(particularly of Na¥) all tissues in flux déterminations wére
continuouaiy voltage—clamped'at zgro potential differsence (‘]Ul3 = D)f

Fig. 3 shows a échewatic dréwing of the voltage-clamp
. apparatus, associated electrodes and Ussing chamber pair.

Current passing and potential sensing electrodes were
connected to the Ringer's soiution by 3M KCl-agar bridges of raesistance
Sﬁncm-l. The use of low resistance 3M KCl bridges was necessitated by
the small diameter of bridgs used; this in itself was a consequencs’
of the need for high-accuracy isotopic flux determinations. The use
of Ringer-agar bfidges resulted in high-bridge resistancs, this in
turn ied to increased noise, and decreased accuracy of potential -
measurement;

The use of 3M KC1l bridges reduces the junction-potentials
developed between bridge and Ringer solution within ths Ussing
chamber (Caldwell (i968)). The importance of this is minimal in
situations where symmetrical slectrode arrangements and solutions are
used since junctional potentials subtract. The use of 3M KCl bridges
is important however, in situations where asymmetric soclutions are
used e.g. the measurement of diffusion andvbiionic potentials (see
below).
| Potential-sensing electrodes were reversible electrodes

of the calomel typs, (Hg / HgCl, /KCl). The resistance of a typical



FIGURE 3

Schematic diagram of tho chambar/electrode/voltage clamp apparatus

Cj and represent monitor points for potential and current

respectively.

U O '™
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electrode pair was ~ 10KW . Electrods pairs were stored connectsd in
"series (back to back). All electrode pairs used‘ih experiments had
potentials < lmv, ‘A battery arrangement provides for combensation

of residual potsntials iﬁ the calomel electrodse/bridge/chambsr circuit
in the range I2my. This is ad justed prior to tissue mounting.

Current passing slectrodes werse large area Ag/AgCl
electrodes. These wers made by difect deposition of AgCl from molten
AgCl on to bright silver wire/plates. The resistance df a typical
electrode pair was ~v 50KW. | |

The voltage-clamp device illustrated in Figures 3 and 4
provides facility for continual measuremant of transepithelial current
whilst clamping the tissue at zero potential, (Rothe et al (1969)).

‘A signal proportional to the P.D. across the tissus is provided by the
output of 3 type 741 operational amplifiers arranged in cascade to
provide a différential amplifier (Fig. 4) of x100 gain and on imput
impedance of 1x106uﬁ,. This is fed to the sum-j;nction of the error
amplifier, the output of which maintains the sum junction at virtual
ground by means of the feed-back resistor. The current driven through
the external circuit is proportional to the potential maintained at
the output stage. Since intestinal resistance is of the sams order as
the solution resistance between the potential sensing electrodes and
since passage of current through the external circuit will generate a
potentiél across the solution resistor, correction must be made for the
potential developed across the solution 15 a true transepithelial zero
potential is to bs attained (Clarkson (1967)). The current to voltage
amplifier provides a signal that may be sst to exactly nullify the
effect of the solution resistor through a feed-back circuit, This is
achisved by use of the 25Ka variable pdtentiometar which is set to

give a zero reading at - gf £ on passage of a variablses current through



FIGURE 4

‘Circuit diagram of the voltage-clamp device illustrating potential
offset, differential.amplifiar, error emplifier, current to voltage
" amplifier, voltage-clamp sourcs and monitor points. All opefational
amplifiers were 741 type (Motorola MCl 741 L) possessing low current
offset and low thermal drift (Rothe et al (1969)). Six voltage-
clamp devices were arranged to run off a single power source. Tha
switch circuit (bottom right) enabled monitoriﬁg of any'sihgle-
circuit and any single monitor point within that circuit.

Monitor point

9§ E output of error amplifier (gain x 1)

lT output of current to voltage amplifier (25mV to l.pamp)
ET output of differential amplifier (gain x 100)

SJE output of voltage-clamp sourcs (X40mv)

\Icsat 'output of voltage-clamp sourca in"off' position

1y shor£-circuit monitor point (betwesn 1K and earth)

Short-circuit current was measured directly at 1 as the potential
drop across a precision lKwresistor (:0.1%)7by a Philips Digital
Voltmeter (PM 2452) of input impedence 1Mw . Open-circuit potential

was measured at ET by ths use of a digital pansl meter (Exel type
XL 1000) of input impedance SMw.
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the bath prior to the experiment (IR comp Fig. 4)%

The voltage-clamp device this enforces the condition
ET - EIR - EUC = 0 whers ET

the calqmel electrodes, EIR is the potentizl due to the solution

is tha measured potential difference across

raesistor and EVC is the desired transepithelial potential. Facility

is providad (VC sst) to enable E c to be set to any desired value in

v
the range 240mV. The current generated from the power supply (I15v)
effectively limited this range to Z15my.

A dummy membrans circuit (495w, 13.3mV open circuit
potential, 26.9,;amps short circuit current) was used for calibration

purposes.

(c) Procedure for flux measurements. 22Na and 24Na (or

36Cl and 828:) were added to the serosal and mucosal solutions
respeétively in quantities sufficient to giﬁe ihprementa,dua to flux
across tha tissue, of at least 2000cpm in lcm3 of solutions within the
contralateral chambér during 30 minutes. ‘The volume of isotope
containing solution added never exceeded O.lcm ,

The initial volume of Ringer in each chamber was 7;Scm3.

*This method of compensation may over-estimate the value of the
solution resistor (Nellans, Frizzell and Schultz (1974)) since the
intestine when mounted will occupy a finite space so displacing fluid,
As pointed out by Kidder (1973) this concerns the question whather the
epithelial cell layer is to be voltags-clamped or whether the whole
gut tﬁickness is potential-clamped. Compensation for fluid displace-
mant by the gut thickness may not bs warranted if only the epithelial
cell layer is required to be clamped. No such corracfion was madse in

this study.
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lcm3 samples ere taken 20 minutes, 50 minutes, and 80 minutes
following addition of radiocisotopes. fluxas were averagéd over the tuwo
% hour pefiods. Flux is calculated from the rate of tracer appearancas
on the 'cold' contralateral side and the spscific activity of the 'hot!
side. Flux is expressed as JQ moles hr-l cm-z arsa of éxbosed ileum,
No correction was made for tissus gsometry which effectively increases

the total membrane area expossad.*

(iv) TIissue extraction: the determination of the tissue

isotope ratio (R).

At tha end of the final % hour period for bidirectional
flux measurement the chambers were disconnected from the gas-lifts and
the 'hot' solutions ware removed. Both sides of the chamber wers
washed fapidly with ice-cold isotonic cholins chloride solution (for
Na flux determinations)or with ice-cold isotonic mannitol solutions
(For Cl flux determinations). This procedure ensures that the tissug
is free of adherent ;hot' solutién. (Since only ths ratio of tissue
isotope specific activities is required, loss of tissue ion is
unimpo:tant). lfhe chambers were opened, the exposed tissues was cut.out,
washed for 30 seconds in cold wash-media (see above) and then blotted
carefully on'both sides with Whatman No. 1 paper to remove excess

moisture. The tissus was weighed in a tarad 5cm3 conical flask to

*

The methods for determining galactose fluxes using lAC and 3H-laballed
galactose are identical to those for ion flux measurement. No voltagse-
clamp was used in these experimants since voltage-clamping is knouwn

not to affect sugar fluxes (Schultz and Curran (1970)).
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obtain the tissue wet weight and than extracted by shaking for 2 hours
in 4cm3 of 0.1 M HN03. Samples of the extract were obtainaed for
radioisotdpa counting. The extracted tissue was dried for 16 hours

at 80°C and the dry weight determined. Tissus water was calculated

as the difference between the wet and dry weights.

(v) Distribution of the tissus isotope ratio R within
the tissue. | |

Operationally and experimanfally rabbit ileal tissus may
be dividediinto 2 .parts (Schultz, Fuiz and Curran (1966)).

V(a) the epithelial cell layer and Qnderlying tissue to
the lamina propia,

(b) the remaining submucosa and muscle.
Each pért has an associated extracellular space which may be freed of
cation/anion by washing in ice-cold choline or mannitol solutions
(see below and Chapter 3). Hence, estimates of the tissue isotope
ratio R may be made~in sach of 4lsaparate tissua compartments for Na
and Cl by scraping the mucosa from the submucosal laysers (Schultz et al '
(1966)) prior to and following a-period of washing in ice-cold choline
chloride/mannitol. |

(vi) Kinetic measursments of net cation loss

(a) Tissus mounting and incubation. Ileum, prepared

as above, was mounted on a perspex former covered with %" spikes
approximately 3cm apart to maintain an even tension. The former was
then laid in a bath containing the appropriate Ringer at 37°C for a
preincubation period of 1 hour. Access of well stirred solution to‘
both epithelial surfaces was ensured by vigorous gassing with 95/5%
02/t02. Following preincubation the former was transferred to

another bath containing the ice-cold stirred wash mgdium., Measurement

of net cation loss was performed discontinuously at time intervals of
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up to 80 minutes ﬁy estimating [ﬂé} and [k] in extracts of separate
'piecqs of ileum. The ion and water content of the.tisgue were also
monitored during the preincubation period.

(b) Estimation of Na and K. Separate pisces of ileum

were blotted on Whatman No. 1 filter paper and placed in tared lOcm3
conical flasks and weighed. 4cm3 of extraction fluid (normally

125

0.1 m HNOS but H_D was used in experiments involving I Albumin)

2
were then added to each flask and extraction was carriad‘oht over-
night. The [Né} and [K] 6? aliquots of extract were determined by
flame photometry. Tissues were then dried over a sandbath at 95°C to

determine the tissue dry weight.

(c¢) Determination of the tissus extracellular space. The

extracellular space was determined from the distribution ratiq of
14C-inulin betwean the bathing solution and the tissue extracellular

space. 1251 Albumin was also used in some experiments for comparative
purposes. Inulin and albumin were added to the preincubation solutions

only in tracer quantities.

(vii) Methods used to characterize ths ionic conductance

of ths paracellular (shunt) pathway in rabbit ileum.

The ionic conductance of the paracellular route in rabbit
'small intestine may be measured by thres methods (Schultz and Curran
(1974)).

(a) Voltage dapsndant.bidirectional transmural fluxes.

-

The approach outlined by Frizzell and Schultz (1972) uwas

used. Unidirectional transmural mucosa to serosa flux 313 determined

as a function of the applied elsctrical potential difference. For the

cation Na it has been shown (Frizzell and Schultz (1972)) that:



wherszJ?a is the total transepithselial unidirectional flux from
1-3

mucosa to ssrosa.

Jga is that portion of mucosa to serosa flux permeating the
1=3

epithelium by the transcellular route.

J:a is the diffusional componanﬁ of mucosa to serosa flux via
1-3 :

the high conductance extracellular pathway at zero potential differences,

EB'—% = axp (ZF*&_3/RT) where Z,F,R and T have their usual

meanings. \J is the transepithelial potential differsence.

1-3
A plot of 31_3 versusii'%'&ill yield a straight lins with a
slopse equal to J and with an intercept on ths y-axis of J .
‘ 93 Ci-3

The expesrimental protocol was designed to measure
bidirsctional fluxes (as described above) at 2 non-zero clambing
potentials,.Following a preincubation period of 20 minutes. Flux at
zero P.D. was determined prior to and subsequent to the non-zero
potentials, This provided an internal experimental control. Flux
periods were of 20 minutes duration.

(b) Dilution and biionic potentials. Transepithslial

P.D.'s were recorded in open circuit'during isosmotic replacement of
the mucosal bathing solution (initially 140mM NaCl Ringer). Isosmotic
replacemant of NaCl was made with mannitol,cholime chloride, KCl, or
Na2304.

spontaneous P.D. across tha tissue and so eliminate possible

All solutions contained 0.1mM ouabain to abolish the
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complications from changes in cell potentials (Frizzell and Schultz
(1973)). Saturated (3m) KCl bridges minimized errors dué to
asymmetric junction potentials. Absolute errors using this approach
are approximately 2-3mV (Barry and Diamond (1970)) but are constant
in relation to the action of agents such as triaminopyrimidine
(Chapter 4) and theophylline (Chapter 6).

(c) Conductancs measurements. 2 methods were routinely

used., 'Shopt-circuit current was measursd under voltage clamp (Y&S =0) -
during flux measuresments; every 10 minutes the clamp was released for |
sufficient time to allow a steadyéstate.opsn circuit voltage to be
developed (approximately 20 seconds). Conductance is then éimply
obtained by the quotient of short-circuit current and open circuit
potential. Alternatively, conductance measurements were mads under
voltage-clamp by measuring the current required to clamp the tissue
to short (10 second) depolarizing and hyperpolarizing (2mV) steps of
command potential applied to the tissue intermittantly. An instant-
aneoué value for conductance may thus be obtained. (Ths 90% résponse
time for the voltage-clamp was & 0.1 seconds). |
(viii) Radioisotope counting.

(a) 22Na and 24Na. 24Na was counted in a Packard Tricarb

Liquid Scintillation Counter by its Cersnkov radiation. All samples
counted for 24Na activity were diluted with lOcm3 of distilled water.
Béckground subtraction of activity due to the presence of 22Na was
made after recounting samples following complete decay of all 24Na
activity (2 weeks following the firsé count). 24Na activity was
corrected for decay during the time taken for the initial count. 22Na
activity was determined, following ths dacay of all 24Na activity, from
its R emissions using the Tricarb Counter. All samples for B counting

were diluted with'lOpm3 of scintillation cocktail.
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Errors due to quench were evident in samplaes for

.counting dus to:

(a) differing meﬁia between flux samples and tissuas

extracts, and

(b) due to storage.
All activity was corrected for differences in guench bstwseen samples
by calibrating the Tricarb external standard against 22Na samples of
known activity gquenched by varying amounts of chloroform of of
triaminopyrimidine.

(b) .36(:1 and 828:. 8281‘ was estimated from its &

radiation in an Ecko x-counter. Since 36(:1 emits no X-rays this
provides 100% separation of 82Br activity. Appropriate corrections
were made for background 8 activity and decay of azBr aciivity during
the counting period. 36Cl was counted by its ﬁ_activity after one
month had elapsed to allow BzBr activity to decay to insignificant
levels. ‘B - activity was determined using ths Packard Tricarb Counter.
3601 activity was corracted For.queqch by ths external standard which
had been calibrated by known activities of 3601 quenched with either.
chloroform or triaminopyrimidine. No dilution of smaples was mada

for X -counting. All samplses for ﬁb—counting were diluted with

chm3 of scintillation cocktail.

(e) 3H and 14C-laballed D-galactose. 3H and 14C-labelled
sugars were counted in the Packard Tricarb Spectrometer sat to
provide maximal discrimination bstween 3H and 14C; this provided
: 3 - 14 14
exclusion of "H activity from the = C-channel. Cross-over of c
activity into the 3H-channel was corrected by standard double-labsl
techniquss. The external standard was previously calibrated with

samples of known activity of single-labelled isotopes quenched with

varying quantitiss of chloroform.
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(d) -laC-labelled inulin and 125

I-laballsed Albumin.

Experiments involving extracellular space markers were singly-labelled
only, 14C and l251 wére datermined from their B activities using the
" Packard Tricarb Spectromster. All samples were diluted with lOcm3 of

scintillation cocktail. All activity was corrected for differences in

quench betwesn samples using the external standard.

(e) Scintillation Cocktail. The composition of the

scintillation fluid is that given by Fox (1968)} 500cm3'toluena,
SODcm3 Triton x-100, and 3.5g of 2,5, diphenylbxazola (P.P.0.). Due
to difficultiss in tﬁe supply of Triton x-100, Tergitol 15-5-9 (Union
Carbide) and Fisons emulsif*ing agent were used as substitutes in
identical quantities to Triton x-100.
(ix) Statistics

Statisticalﬂvariance of the mean of grouped resulté wers
routinely expressed as the standard error of the mean (S.E.M.).
Statistical significance was tested by the use of the student's 't!'
test (unpaired means solution) using 2-tailed and l-tailed tests whers
appropriate. Calculated values of 't' were compared to the tabulated
values (Fisher and Yates (1949)).

Least-square regression analyses were made using ths UYang
Laboratories Incorporated 700 C Calculator using Wang 700 series
sof tware (Package 9B).

- The kinetic parameters km and Vmax for saturation-tfpe
kinetics were obtained using a Wang progr;ﬁ (No. 1047A/GS2) which
utilizes a matrix method to obtain the best-fit solution to the data.
The method gives esqual weights to all tha data points.

The statistical significance of the effects of triamino-
pyrimidine, theophylline and galactose ﬁn time-dspendent cqnductanca

changes (Chapter 6) were tested by analysis of variance using an
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unweighted means solution with repeated measures of a single factor

@.g. time. The statistical significance of the calculated F-ratios
were obtained from Fisher and Yates'(1949) F tables. Calculations

~ were all made using Wang software (Package 9A).
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CHAPTER THREE

FACTORS AFFECTING THE COMPARTMENTALIZATION OF Ne WITHIN RABBIT ILEUM

IN VITRO

Introduction

Transcellular flow of water through epithelial cells is presumed
to be a response to osmotic pressure acting across the basal-lateral
casll borders resulting from deposition of hypertonic NaCl within the
lateral spaces by Na-pump activity (Diamond and Bossert (1967)).

Good esvidence for the existence of such a mechanism would be the
finding of extracellular hypertonicity that was dependent on Na-K
ATPase activity. Machen and Diamond (1969) have made an indirect
measurament of the concentration of NaCl within the lateral spaces of
rabbit gall-bladder; they concluds that the lateral space is some
80 m. osmoles more concentrated than the bathing media. - Similarly,

Rotunno et al (1973)
Zybler et al (1973) and/have inferred that a high concentration of Na
is localized within the intercellular space of froq skin, however,
they attribute this to ion complexatioﬁ. Wall et‘al (1970) have
sampled intercellular spaces of cockroach rsctum by micro-electrodes -
and found them to be around 130 m. osmoles hypertonic to ths bathing
media,

Very recently Zeuthan and Monge (1975) have reported on the
basis of ion sensitive micro-slectrode studies in rabbit ileum, thét
intracellulér K is p;esent at hypertonic concentrations at the basal
pole of the spithelial cells and that the extracellular Cl concentra-
tion in ths region immediately adjacent to the basement membrane is
approximately 300mMm.

This work attempts to measure extra and intracellular action
concentrations by caompartmental analysis. Since sugars are knouwn to
stimulate net flux of water a;d NaCl across intestine (Esposito et al

(1969); Barry et al (1965); Fullerton and Parsons (1956)), the effects



B.

56~

of a non-matabolized sugar, D-galactoss, (Naftalin and Curran (1974))

on the tissue distribution and concentrations of Na and K were
studied. Also of interest are the effects of theophylline, which
reverses the normal absorptive state of intestine with reépect to
NaCl and water (Field (1974)) and also ouabain, which inhibits tissue

Na-pump activity (Schatzmann (1953)).

Results

1. Comoarfmental Analysis of Tissus Cation Content
(i) Controls

Figures 5 (a) and‘(b) show the wash-out curves of tissue Na
and K for control tissues and tissues preincubated in the prasence of
0.1lmM ouabain. Percantage 1655 is plotted semilogarithmically against
time, In control tissuss nat Na loss is best fitted by a dcuble
eaxponential function of tims. Kinetically, tharefore, tissue Na exists
in tﬁq compartments. The t} for the fast component is 6.86 = 1.69 mins
(5.D.) whilst for the slow component the td is 65.9 % 29.3 mins. (5.D.).
K losé, in contrast, is best fitted by a single exponential whose t3
is 96.8 = 46.8 mins. (S.D.). This result indicates that K is con-
tained within a single intracellular compartment. Since the rate
constant for K loss is similar to ﬁha slow component for net Na leoss,
this component of Na>loss can be equated with loss from the intra-
cellular pool. Extrapolation to zero time gives the original amount
of intracellular Na. The remaining Na is adequately fitted by a
single exponential function of tims. Since the t% of the component is
rapid, this Na must bs located within a compartment that is relatively
open to the bathing solutions., Identification of this compartment as
the tissue axtracgllular space follows from comparison of the t} of
inulin loss, (8.1 X 3.6 minutes (S.D.)) (see section 2 below) to the

t4 of the Fast Na exit component (Table 1).



-Figure 5

(a) Wash-out curves for Na (B) and K (®) from stretched rabbit
ileum following 1 hour preincubation in standard Ringer. % loss is
plotted ssmi-logarithmically against time of incubation in the wash
media. Error bars denote - S.E.M. for each point (n=27); these lie
within the paints where not shown. Dashsd lines indicate the least-
square regression lines for ths two components-of net Na loss. Solid
linss are drawn by seys.

(b) Tissues were preincubated in the presence of 0.lmM ouabain
for one hour prior to incubation in the wash media. Curves show ths
wash outs for Na (@) and K (0). Each point represent ths mean of 9
determinations. Error bars-denote & S.E.M. (n=9). Dashéd lines

denote the least-square double-exponential fit Fpr the data.
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(ii) Effect of 0.1mM ouabain

0.1mM ouabain causes a change in the wash-out kinetics_
for Na and K from the tissue (Fig. 5 (bj). Both net Na and K losses
are best fitted by double exponential Functioﬁs of tima, The amount
of Na exiting with a long t3 increases compared with controls
(p (0.001) whereas the amount of K axiting with a similaf t4 decreases
(FJ(D.UDI). This result is consistent with ths'mell-knéwn-action of
ouabain in inhibiting Na-pumb activity (Schatzmann (1953)), so causing
cellular K loss and reciprocal Na gain, and supports the intracgllular
locations for cations inferred from the wash-out kinstics. That net
K loss is best fitted by a double exponential function in the presence
of ouabain, suggests that the K remaining within the tissuz has equi-
librated with the extracellular compartmant,

Since the intestine is a complex folded tissue (Trier (1968))
the rate constants for both the extracsllular and intracellular spaces
are lumped parameters representing loss from mény diFferenf, but
opsrationally similaf, compartments. Small changes in the rate
constant for the extracellular component may indicate a change in tha
location of the bulk of extracellular Na within the extracellular
space. Ths t% for loss of extracellular Na in the pressnce of ouzbain
is greater than control values. (Table 1). The differsnce betuwesn
these values is significant (P 0.01). This rasult may indicate a
shift in extracellular Na away from region; of active Na pumping in
ouabain-traated tissues.

(iii) The effects of ths tight-junction agent 2,4,6, Triamino-

pyrimidine

The direction of loss of Na from the region of high Na
concentration located within the lateral spaces will be determined
primarily, by the resistance of the tight-junctions. If this resist-

ance is low, Na loss will be rapid, since net loss will occur through
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the tight-junctions rather than by Na traversing thas relatively long
distance across the édbmucosal tissus layars., The bass 2,4,6, tri-r
aminopyrimidine specifically increases the resistance of intestine by
raducing the Na conductance of the tight-junctions (Moreno (1975)),
(see also Chapter 4). That 2,4,6, triaminopyrimidine has no effect
on Na pump-activity can be sesn in fable 3 which shows that 2,4,6,
triaminapyrimidine has no significant effect uhon intraﬁellular cation
concentrations. 2,4,6, triéminopy;imidine haé-no significant effect
upon the rate of net Na loss from the extracellular space (p)0.4)
of stretched ileum indicating that the serosal resistance to net Na
loss is low compargd with the resistance of tight-junctions,
Incubating ileum without stretching it on the former, (see Methods)
causes tissue curling gpd an increased serosal exit resistance; In
this case the fast extracsllular component of net Na loss coming from
the mucosal surface of control tissues is completely eliminated by
2,4,6, triaminopyrimidine; thus demonstrating that the extracellular
component of net Na loss in unstretched tissue is located distal to
the tight-junction.

(iv) Effects of galactose and theophylline (10mm)

Both 10mM galactoss and theaphylline significantly !
increase tha rate of loss of Na from tha extracellular spacse of
stretchéd tissue (Table 1). The galactose dependent increass in rate
constant may be associated with an increaéed tissue psrmeability due
to changes in ths widths of tha lateral spaces (Naftalin and Curran
(1974)) (see below section 2). Theophylline is thought to reduce the
width of the paracellular pathway through increased cellular c-AMP
levels (Dibona et al (1974)). The obsérvad decrease in tha t3 c;m~

pa~ed with controls, may be due to partial exclusion of extracsllular

Na from epithelial layers. Since thsophylline treated tissue with



TABLE 1

t3 (mirutes) T s.D.

1. CONTRCL (9,108) | 6.86 £ 1,69

2. + 20 mM 2,4,6, Triaminopyrimide | 5.57 t.68
| 3+ + 0.1 md ouabain (3,36) (3,36) 2.36 X 0,56
| 4. + 10 o Galactose (4,48) 3,51 = 1,68

5. + 10 oM Theophyline (3,36) 1.21 ¥ 0,627

6. + 10 mi Theophyline + 20 mM

galactose (3,36) 2,96 £ O.élxxx (6-4 ¥.8. p>0.8)

Rate constants (t4) for loss of Na from the extracellular tissue
compartment of rabbit ileum into ice-cold choline chloride buffer.
Numbers in parsntheses represent the numbar of experiments followed

by the number of experimental data points involved in the regression

analyses.
XXX = p(D.Dl
xxxx = p<{ 0,001

by students 't' test (unpaired data) of experimental against control

tissues.
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galactose present has a t3 for extracellular Na loss that is not
significantly different from controls with 10mm galactose present in
the Ringer (p> 0.8) (see also sections 3 (iii) and 4 (iv)), it can be
inferred that galactose reverses this effect of theophylline.

2. Extracellular Space Daterminations: choice of an extracellular

marker

. The caleulation of intracellular and extracellular cation con-
centrationé from the kinetic data depends upon thes accuracy of the
estimated extracellular space. Schultz et al (1966) have shown that
inulin is an adaquatse markerifor the ex£racallular spaca of rabbit
" ileum. This is confirmed in the prasent study. Figure 6 (a) shouws
that equilibration of lac inqlin activity with the extracellular space
is rapid and that no slow entry component is discernable. Inulin
loss into the ice-cold wash medium is also shown (Fig. 6 (b)). The
percentage activity of laC inulin remaining in the tissue is plottea
semi-logarithmically against the incubation time. Loss is rapid and
is adeguately fitted by a single exponential function of time.
Virtually all activity is lost after 20 minutes incubation. Ths t%
for inulin loss is B8.17 % 3.6 minutes (S.D.). This finding shous
that kinetically, the extracellular space behaves as a single compart-
ment with respect to inulin (see section 1 (i)).

Equilibration and loss of lAC labelled inulin activity are
facilitated by the prasence of 10mM gzlactose. This finding
correlates with the observation that apparent access of galactose to
the serosal membranes of thes epithslial cells from ths sserosal fluid
is a function of net galactose flux (Naftalin and Curran (1974))

(ses also section 3). P
The inulin space for controls expressed as a percentage of the

total tissus water is 33.21 = 2.97% (S.E.M.). This value agrses
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closely with values detarmined by othor workers . (Schultz et al

125

(1966)). The I Albumin space is 28.2 : 2.4% (S.E.M.) of the total

tissus water., These two valuss are not significantly different,

(p0.2) (Table 2). Equilibration of 1251 Albumin with the extra-

cellular space is similar to inulin, in having a single rapid time

constant. The difference between thes inulin and albumiﬁ spaces may

be interpreted as being due to partial exclusion of albumin (Maizels

and Remingfon (1959)) on the basis of its greater molecular waiéht.
Examination of Table 2 shows, however, thaf.the l251 Albumin

space rasponds less readily than the inulin space to changes in tissus

' HZD observed during incubation with galactoss. For this reason

inulin was routinely used as the extracellular marker and all calcu-

lations wers based on these measurements.

3. Factors Affecting Tissus UWater

(i) D-galactose

D-galactose causes tissue swelling as judged by increments
in the tissue wet:dry weight ratio at the end of the preincubation
perioﬁ (Tables 2 and 3). This increased tissue water is a éaturable
function of'tha galactose concentration of the preircubation medium
(Fig. 7 (a)) at Ringar [Nals of 140, 75, and 25mM. The calculated Kn
veluas (galactose concentration giving half maximal swelling) at these
Na concentrations are 3.06 = .2 (SE), 3.1 2 .9 SE) and 3.2 2 .2 (SE) mm
respectivaly, which are in agreement with the observed Km's for
galactose influx across the brush-border of the epithelial cells
(Naftalin and Curran (1974); Goldner st al (1969)). The amount of
tissue swelling at constant galactose concentration of 20mM is
dependent on the Ringer [N% ; on reducing the [Pa below 75mM, the

absolute amount of swelling is reduced (Fig. 7 (b)). The Km value

for this relationship is 45 = 9 (SE) mM. This value is similar to
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Table 3

Effeéts of D-galactose, Na replacement, ouabain, 2,4,6, triamino-
pyrimidine and theophylline on ths extracellular space. All measurs-
ments were made after 45-60 minutes of incubation. Erroré are given
as the S.E.M. Asterisks denote values for experimental detsrmination
that are significantly different from control valuss (student 't*
test'uﬁpai;ad data). |

+ p<0.05
** p 0.0l
*xx p<0.005

*»x#% 00,001



JABLE 3

Experimental Wet weight to Inulin 'space' as Weight of extracellular
Conditions n dry weight ratio a ¢ of total water :mo : tissue dry weight
Control (Standard Ringer) 24 6.62 = 0,38 33.21 1 2.47 : 2.37 X 0.25 A
+ 10mM galactose 21 9.62 = D.43%*» 31.34 = 2.09 2.83 % 0.22 (p<0.1)

+ 0.1lmM ouabain 17 6.59 = 0.46 46.10 X 2.56%» 2.98 ¥ 9,18 (pYo0.1)

+ 0.1mM ouabain o + ’ +

+ 10mM galactose 19 6.98 I 0.56 45.60 2 2,32%% 2.89 X 0.14 (p>0.1)
75mM Na Ringer 12 7.01 % 0.46 36.16 > 4,56 2.39 ¥ 0.26

75mM Na Ringer N

+ 20mM galactose 12 9.71 X 0.46%%nx 35,30 £ 7.40 2.89 1 0.32 (p)0.1)
25mM Na Ringer 8 6.52 = 0.16 29.31 2 2.89 . 2.19 2 0.19

25mfl Na Ringer y

+ 20mM galactose 8 8.25 2 D.25%* 29.80 X 4.03 _ 2.46 £ 0.26

140mM Na . : .

+ 10mM Theophylline 18 5.86 2 0.25 (p<0.1) 25.56 < 1,80% 1.87 2 0.14 (p<0.1)

+ 10mM Theophylline

+ 20mM galactose .6 9.05 X 0.56%* 34.82 X 6.70 - 3.15 2 0.61 (p>0.2)

+ 20mM triaminopyrimidine 14 7.16 ¥ 0.34 31.11 £ 2,20 2.14 2 0.16

+ 20mm wnwuaw:ou<nuawn»3ﬂ .

+ .20mM galactose 10 10.80 = 0,06%#%x 32.50 = 3,80 2.73 2 0.19 (p<£0.2)



Figure 7
(a) The effect of D-galactose (0 to 20mM) on tissue water (the

tissue wet weight : dry weight ratio) following preincubation in
Ringer solutions containing [ﬂé] 's of 140mm (A) and 25mm ().
Values for 75mM Na are coincident with those for 140mM Na and are
omitted for clarity. The effect of 0.1lmM ouabain is also shown at
140mM Na (A) and 25mm Na (O) & 20mm gaiactose.

(b) Increments in the wet : dry wéight ratio for paired date
Z 26mm D-galactose as a f‘u:jction of the E\Ia of the bathing media.
Figures in parentheses are the number of sxperimental points. Error

bars denote + S.E.M.
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that determined For‘the [@é} giving maximal stimuiétion of both
convaﬁtive and diffusive permeabilities for galactosse entr? across ths
' mucosal brush-border (Naftalin and Holman (1974)).

Table 3 shows that galactose-dapendant sweiling is paralleled
by an increased extracellular space. Since no increase in the ratio
.of,axtradallular Qater/total tissue water is abserved, if may be
concluded that galactose causes concurrent inc£eases iH both the cell
water and the axtracellular.SDaca.,

(ii) O.lmM Duabain

The data of Table 3 shows that the addition of 0.1mM
ouabain to the preincubation medium has no significant effect on
tissue water as judged by the wet weight : dry weight ratio (p)’O.Q).
Ouabain also abolished the galactose-dependsnt increase in wet:dry
weight ratio,

With ouabain present the extracellular space increasss to 46% of
the total wet weight compared with control valuss of 33.2% (p<0.0l1).
These last two rasults in conjunction indicate cell shrinkage.

Ouabain is known to cause tissue swelling (e.g. in brain
(TowFigBi and Ganatas (1973)) and red cells (Poznansky and Soloman
(1972)). Also Schultz et al (1966) has shoun cell swelling with
ouabain in mucosal slicas of intestine. Tha apparent difference of
thas present results with these Findings may result from the necessary

stretching of ths ileum in thes present study.

(iii) 10mM Theophylline

Theophylline causes a reduction in the tissue wet : dry
weight ratio comparsd with control values (p&{0.1) (Table 3). This
is accompanied by a reduction in the amount of extracellular water as
judged by the inulin space (p<0.05). These effects are, therefore,

in agreement with previous observations (Holman and Naftalin (1975b))-
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Addition of 20mM galactose reverses the theophyllihe dspendent reduc-
tions in the wet to dry weight ratio and the inulin space.. These
" results are consistent with the view (Dibona et al (1974)) that
thaophylline-mediated sascretion is associated with the reduction of
the extracéllular spaces. Galactose may reverse this effect by

stimulation of net water and NaCl absorption.

4, Calculated Intracellular and Extracsllular Cation Concentrations

(1) Control Values

The calculated intracellular and extracellular Na concen=-
trstions for controls are 30.68 = 4,13 (S.D.) and 180.0 £ 13.3 m. equiv/
litre respectively (Table 4). The sxtracsllular Na concentration is
significantly greater than the [Né] of the Ringer's solution (p<(0.01k
hence the previously hg}d assumption that the Na concantration of the
extracellular space is equivalent to that of ths bathing medium
(Schultz st al (1966)) is invalid. The uss of this assumption will
lead to an overestimate of the intracellular [N%]. The calculated
intracellular [N%] in this study is approximately 50% bslow previous
estimates (Schultz et al (1966); Koopman and Schultz (1969)). The
intracellular [K] concentration is 115.69 = 5,61 (S.D.) m equiv/litre
cell H20, a value which agrees closely with previous data (Koopman
and Schultz (1969)). Estimates of intracellular [K] are not subject
to errof from elavated extracellular concantrations, hance this
agreement is to be expected. The hypertogicity of the extracellular
spacs is at least 80 m osmoles, a value similar to that deduced by
Machen and Diamond (1969) for thes lateral spaces of rabbit gall-
bladder.

(i1) 0.1mMm Quabain

Ouabain causes a redistribution of both Na and K within

the tissue (Table 4). The intracellular [g] falls to 27.9 £ 5,9 (S5.D.)



Jable 4

Calculated intrécellular and. extracellular cation concentrations
based upon the extraca;lular space determinations of Table 3. Errors
are given as the standard deviation,
n = number of experiments; figures in parentheses ars the number of
data points involved in the regression analyses.
Asterisks denote values.for experimental determinations that are

significantly different from control values.

x=p<0£5

xx = p<0.02
xxx = p<{0.01

- xxxx = p{ 0,001
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m./equiv whilst there is a concurrent increase in the cell [ Na | to

134 1 17,6 (5.D.) m; Qquiu. Ouabain also abolishes the obéarvad

" hypertonicity of the sxtracellular spacé. The [pgx of the extra-
cellular space falls to 146 Z16.0 m. equiv. This is not significantly
different from the Na concentration of the bathing fluid (p 0.8) but
is significantly below the control values (p<:U.D2). Infracellular

Na and K concentrations were probably not at qﬁuilibriuﬁ at the end

of the preincubation period;'sincsAintracellular [ﬂ] is significantly

larger that the concentration contained within the bathing medium

(p< 0.05).
(iii) D-galactose
Both intracellular and extracsllular Na concentrgtions
are saturable functions of the D-galactose (Fig. 8). Intracellular
[va] increases from 30.68 X 4.13 (5.0.) m. equiv. to 42.06 * 8.4 (5.D.)

m. equiv, at 10mM galactose. Extracellular [ﬂé} increases from 180 &

13.2 (5.D.) m. equiv. to 236,5 = 22.7 m. equiv. with 10mM galactose
present in the Ringer (p<0.001).

It can be seen that tha large increases in tissue [ﬂé] observed
by Koopman and Schultz (1969) in the presence of galactose, are not
solely dus to an increased intracellular Na content, but are due,
primarily, to an increased sextracsllular [N%}. Thare is a reciprocal
decrsasﬁ in the intracellular K concentration as intracellular [Né]
increases. This result agrees with ths ob;ervations of Brown and
Parsons (1959) and Koopman and Schultz (196%9). The sum of intra-
cellular [ﬂé] and [k] is invariant with galactass concentration
(Fig. 8). Galactose-dependent tissue swelling can, therefore, be

inferred to be due to partial osmotic eguilibration of both the extra-

cellular and cell fluid, with the bsthing m=dium,



Figure 8

The effect of D-galactose on the calculated values of intra-
cellular [Né] ’ intracgllular tNé} + [k) and pxtracellular [ﬂ%] .

Error bars denote + S.D. for sach point (N¢;a2),
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Variation in tha Ringer [Né] in the range 0 to 140m. equiv

causes saturable increases in the extracellular hypartonicity in the
presence and absence of galactose (Fig. 9). The hypertonicity of the
extracellular fluid is virtually abolishad by reduction of Ringer [N%}
to 25 m. equiv. This result confirms those alraady obtained with O.1mfM-
ouabain (i.s. that extracellular hypertonicity is depeandent on the
actron‘of the Na-pump). Galactose proﬁably stimulates the Na-pump by
increasing-influx-of Na into the cell.

Figure 10 shows the variation of iptracell;lar Na and K concen-
trations as a function of the preincubation Ringer [F%]. 20mM
galactose has no significant effacts upon intracellular Na or K until
RingerA[h%l is raisad above 75 m. squiv. -

In Ringer containing 140m, equiv. Na and 20mM galactoée the intra-
cellular EN%)'is raised to 46 = 84 mm (S.D.) whilst intracellular [k]
falls to 102 L 4,6 m. equiv. (S;D.). This result shows that in
140 m, equiv. Na Ringer, the passive galactose-stimulated net Na entry
start; to saturate the capacity of Na extrusion mechanism.

(iv) The effects of 10mM theophyllina

The calculated intracellular Na and K concentrations of -
tissues in the presence of 10mM theaphylline (Table 4) are not sig-
nificantly different from control valuss (pj?U.Z for both Na and K).
Extracellular [Né] is unaffected by theophylline (p70.4). Thus,
reduction in the volums of the extracellular spacs does not alter
extra-cellular hypertonicity. 20mm galactose in the presence of
theophylline increases both intracellular and extracellular Na con=
centrations by similar amounts to those observed in control tissues
(Table 4), Intracellular [g] also falls slightly, following addition

of galactoss,



Fiqure 9

Effect of variation in the [@%1 of the preincubation medium on
the calculated [@%} of the extracellular space expressed as the
increment above the preincubation solution [ﬁ;} for controls (®) and

in the presence of 20mM of galactose (A)., Error bars denots - S.D.

(N £23).
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Figure 10
Effect of variation in the Ly%] of the preincubation medium on
tha calculated intracellular cation concentrations : 20mM D-galactose.

Error bars denote = S.D. (n.éZS).
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Discussion

It has been showﬁ that ths sxtracellular space of rabﬁit ileum
contains NaCl at a concantration which is at least 80 m. osmoles
hypertconic to tha external Ringer. This obsefvation directlyv
confirms the standing-gradient model of fluid absorption by Diamond
and Bossert (1967). Previously, the only indirect suppoft for this
hypothaesis has been obtained from experiments‘ﬁith mamaa;ién epithelia
(Machen and Diamond (1969)), although direct estimates of the
osmolarity of the intercellular space of cockroach rectum has yielded
evidence of a solution which is 130 m. osmoles hypertonic (wall et al
(1970)). Howsver, uncertainty as to the composition of this fluid
remains.

The estimates of extracellular fluid hypertonicity in this study
rely on the accuracy of the extracellular spacedgtermination. If the
inulin space understimatss the true extracellular space by 30% in
Ringer, or by 70% in Ringer + 20mM galactose, the [Né] in the space
could be isotonic. However, errors of this magnitude would mean that
the monovalent cation concentration of the cell fluid would be 170

and 230 m. equivs. respectively, which are improbably large. The

calculated tonicities of the intracellular cations on the basis of

the measured space are consistent with the mean csll solute concen-
tration being isotonic with the external Ringer. Further confirmation
of the reliability of thas results is providad by the observation that,
either addition of ouabain, or reduction of Ringer [Na to 25m. equiv.
abolishes the hypertonicity of the extracellular fluid compartmenﬁ.
These results indicate that the axtracellularhypertonicity is produced
by the action of the Na-pump which Diaﬁond and Bossert (1967) pre-

dicted would deposit hypertonic NaCl into tha lateral intercellular

Spacs.
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Rather than an overestimate of the extracellular Flﬁid hyper=-
tonicity,-tha data reported here is probably an underestimate of the
hypertonicity present in the lateral intercellular spaces of actively
tfansporting epithelia. Small intestinal transport actiQity is
thought to be localized to the apical part of the intestinal villus,
consequently fluid coming from inactive--regions will tend to dilute
the'hyéertpnic reabsorbate towards isotonicity (McElligot st al (1975)) -
Hence the lumped estimats of the'axtracéllular fluid concentration |
will underestimate the [&;} in the actively transporting region of
the tissus and overestimate the concentration in parts distant to the
active pump sites.

I£ is pertinent to ask whether tha hypertonicity of the extra-
csllula; fluid is a resultant of the in vitro incubation of ileum.
In vivo ,capiilary circulation will reduce the effective unstirred
layer formed by the submucosal tissues. The existance of a large
serosél uﬁstirrsd layer could markedly increase the salt conceﬁ-
tration in the lateral spaces provided that the rate of activa salf
transport i?to the spaces remained constant. Huss and Marsh (1975)
have shown that a decrease in osmotic pefmeability of the basemant
membrane can theoretically increase the hypsertonicity within the
lateral spaces. An ‘equivalent effect is observed on decreasing the
salt permeability for the basement membrane. In both thase situations
tha theoretical absorbats tonicity is hypertonic. Powsll and
Malawer (1968) have shown that the iieal absorbate from isotonic
solutions placed in the lumen of rat ileum in vivo is hypertonic by
~100 m, osmoles. This demonstrates that anisotonic absorbates, and
hence anisotonic tissue extracellular spaces, exist sven in a state
of capillary perfbsipn. The present observation of extracellular
hypertonicity is unlikely to result from the in vitro incubation of

ileum,.
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Estimates of small intestinal intracellular [Né} based on the
assumutioﬁ that the extracellular fluid is isotonic to'tha external
bathing medium are invalidated by the findings raporte& here. The
high cell [@é] reported by Koopman and Schuitz and the large
galactose~-dependsnt increases in tissue [ﬂé} , Can now be qscribad to
an increase in NaCl deposition within the extracellular_fluid, rather
than to an increase in intracellular [ﬂgl induced by inhibition of
the Nafpumﬁ resulting from reduced cellltﬁTé] , as.they suggest. It
is of interest that the low value of in;racelluiar [ﬂa found here
accords with direct determinations of intracellular Na activity made
' with Na-sensitive microelsctrodes in bullfrog small intestins (Lee
and Arhstrong (1972)). The intracellular activity cosfficient of Na
in this study was'low (R0.5); however, this low activity coefficient
may be in error, since the overall intracellular[&a from which the
activity coefficient was dstermined, was obtained by assuming that the
extracellular fluid was isotonic with the bathing medium.

The large increment in [Né) in the extracellular space Following
addition of 20mM galactose to the preincubation Ringer may brovide
an explanation for ths observed stimulation of net water and salt
absorption by sugars (Esposito et al (196%)). An increase in the
osmotic-gradient across the basal-lateral border will incrsase net
water flow across this bordsr from the cell fluid. The cell water
will be replaced in turn by increased flow across the brush-border as
a consequence of the increase in intracellular solute concentration.

A likely reason far the galactose-dependent increase in \a
accumulation in the extracellular space may be that there is an
increase in passive net Na influx across the brush-border as a rasult
of sugar linked coupled transport (Goldnsr et al (1969) and see

Chapter 4). The increase in intracellular XN;] will increase the
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Na-pump activity at the lateral-basal border of -the csell, provided
that the pump is not already saturated (Glynn (1968)).

Naftalin and Holman (1974) and Holman and Naftalin (1975a) have
proposed that the asymmetric sugar Fluk across the brush-border
membrane and intracellular sugar accumulation are a consequsnce of
mass water flow across the epithalial cell. The observed extra-
cellular hypsrtonicity found in this sﬁudy is consistent with this
model of spgar transport. Extracellular hypertonicity provides the
driving force for sugar transport. |

The hypertonic concentration of Cl in the extracellular fluid
found by Zeuthen and Monge (1975) who used microelectrode methods,
provides independent support for the present finding of extracellular

hypertonicity.



-69-

CHAPTER FOUR

THE MEASUREMENT OF THE UNIDIRECTIONAL Na FLUXES ACROSS THE MUCOSAL

AND SEROSAL BORDERS OF RABBIT ILEUM: THE USE OF 2,4,6, TRIAMINO-

PYRIMIDINE AND THE EFFECTS OF D-GALACTOSE

Introduction

- Estimates of the unidirectional Né fluxes across the mucosal and
basal-lata?al membranes have previously'relied upon measurements from
three separate experiments performed on separate pieces of tissue
(Schultz and Curran (1968); Schultz et al (1967)). A method for
measuring the entry and exit fluxes of sugars simultaneously across
the mucosal and serosal barders of rabbit ileum has recently béen
described (Naftalin and Curran (1974) and see also Chapter 2). An
inherent assumption of this method is that there is no significant
route for transepithelial sugar-movement othar than the transcellular
pathway. Application of this method to Na flux measuremsnts therefore
requi;es the determination of the diffusional Na flux through ths
shunt pathway. An alternative approach is to reduce Na flux through
the shunt p;thway to insignificant lavels,

Frizzell and Schultz (1972) have approached the determination.of
the shunt permeability to Na by measuring the unidirectional influx
of Na as a function of the applied transepithelial potential differ-
ence. The shunt permeability to Na at zero P.D. (i.e. the diffusion
component via the shunt) may then be determined from the functional
relationship betwesn influx and transepithelial P.D. Errors may arise,
not only from within and between expsrimental variance, but also from
current induced changes in tissue resistance (Bindslev et al (1974) -
and see also Section 1), and permseLectivity (Veidner and Wright

(1975)). The use of low transepithelial potentials (2 10mv) (Des jeux,

Tai and Curran (1974)) does not eliminate this effect dues ta high

4
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tissue conductance,

Moreno (1974, 1975a,b) has recently found that 2,4,6, triamino-
pyrimidine specifically reducss the Na conductance of the shunt path-
way in the gall bladder and other low-resistance epithelia s.g.
rabbit ileum. It was, therefore, considered that triaminopyrimidine,
by eliminating or significantly réducing the shunt component_o?
transeﬁithelial Na flux, would be usafui in the measurement of trans-
cellular Né fluxes in rabbit ileum, |

Recently, the Na-dependence of all four uniairectional fluxes of
D-galactose have been examined (Naftalin and Holman (1974), Holman
~and Naftalin (1975a). Specifically the exit flux across the mucosal
boundafy was shown to decreass as intracellular [N%l was raised., This
result contradicts thaﬁ predicted by the Na-gradient hypothesis, No
information exists concerning the effects of D-galactose on the Na
exit flux across thes mucosal bouﬁdary of sheets of tissus. Furthermors,
the finding that extracellular hypertonicity is increased when’
éalac#ose is added to the Ringser (see Chapter 3) suggests that there
is a galactose-dependent stimulation of Na-pump activity.

This Ch;pter describes the effact§ of D-galactose on the four
unidirectionmal fluxas.of Na across the mucosal and saerosal bordsrs

of rabbit ileum, and upon the Na fluxes through tha shunt pathway.
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Results

1. Effects of 2,4,6, triaminopyrimidine on the shunt conductance

(i) Voltage dependsnt mucosa to serosal Na fluxas J

13
Frizzall and Schultz (1972) have shown that the trans-

cellular Na flux 3013 may be experimentally separated from paracellular
shunt flux (3013) by varying the applied potential (ﬁ{ébdifference

J

T13

and measuring the total transepithslial flux/ Tha basis of this
approach is that application of an imposed potentiai difference will
changs ion flux through the low resistance (high conductance) para-
cellular routs, but will not effect ion flux through the high reéist-
ance transcellular route. A plot of ion flux 313(tntal)>against a
function of the applied potential difference will yield a straight
line,‘with an intercept equal to flux through the cellular route

(3 ) and a slope which is numerically equivalent to pa}acellular

Cl3
flux at zero P.D. (see Methods).

Figures 11 (a) and (b) show the variation of J, ., when plotted as

13
a scatter diagram against tha applied potential difference, (expressed
as the function exp (-2F ¥ l:,,/'RT %) for control tissues and tissues

incubated in tﬁe presence of 20mM triaminopyrimidine. The regraséion
equation for controls gives the intercept (3

em™? he~! and the slope (J

C13) as 6.14 pmoles

013) as 5.44 pmoles cm-2 hr_l. These values

are similar.to those obtained by other workers (Frizzell and Schultz
(1972); Desjaux, Tai and Curran (1974)).

mem triaminopyrimidine causes a significant changs in the slops
p<0.05). Indeed, paracellular Na

(Jp13)
flux in the presence of triaminopyrimidine/does not differ signifi-

of the regression line (3013) (

cantly from zero (p»0.3). A small increase in transcellular Na flux
J is obssrved in the presence of triaminopyrimidine. This increase

Cl3

is not significant (pj>0.2) and represents variance from extrapoalation



Figure 11 (a)

Relationship betwsen mucosa to serosa flux, J and the applied

13
potential difference expressed as the relationship exp (-zF ¥ IS/RT)-%

for control tissues. Data were pooled from four experiments (eight
tissues) and normalized about the flux at zero potential difference.

The solid line is the least-squars regressioh line for the data

Na-

(3)3

= 6.14 + 5,44 b r 0.6 pd0.09).

Fiqure 11 (b)

Relationship between flux 313 and the applisd potential differencs
for tissues incubated in the presence of 20mM triaminopyrimidine.
Data wére normalized from four experiments (eight tissuss). Tﬁe least
square line for the data gives

(3,, = 9.57 - 2.18 % .o p»0.05 N.S.).

13



12.

moles cm” hr* )

'1-3

12
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at the regression lins to the intercept. Transcellular Na flux iﬁ
the prasence of triaminopyrimidine is likely to be no different from
control values since J, 4 (total) #lus triaminopyrimidine at zero
potential (7.02 Pmales'cm’z hr'l) is similar to 3,5 derived f‘or the’
regression equétion for control tissuss from Figure 7 (a) (6.4 pmoles
em2 hr-l).

The major effect of triaminopyrimidine is the reduction in Na

flux through the paracellular pathuway,

(ii) The effect of an applisd electrical potential difference

on net Na flux (Jnet)

The effect of transepithelial potential upan the nst Na
flux is shown in Figure 12 for experiments in which the bidirectional
(m-s and s-m) Na fluxes were measured simultaneously. The applied'
potential is expressed felativs to the serosal solu;ionr Data for
control and triaminopyrimidine-trsated tissuss (20mM) are shown. Net
Na flux is related to thes potential difference by the Following least-
squares linear relationship.

3. =-0.29Y 4393

Similar relationships have been obtained by other workers,

notably Des jeux, Tai and Curran (1974) (slope = -0.3, intercept =

2.83); Schultz and Zalusky (1964) (slope = -0.32, intercept = 3.56)

and Clarkson for rat ileum (1967) (slope = -0.13, intercept = 2.01).

The présenca of 20mM triaminopyrimidine reduces ths intercept
(net flux at zero P.D.) to 1.08 Jimoles c:m-2 hr-l. This result may
indicate an effect of triaminopyrimidineron a passive componant of nsat
Na movement.

The potential-sensitive net flux (as denoted by ths slope of the
regression line) is markedly rsduced by triaminopyrimidine. Indeed
net flux in the presence of f}iaminopyrimidine is virtually insensitive

to the transepithelial slectrical gradient. This contrasts with the



Figure 12

The effact of the applied transmural potential difference upbn
nat Na flux (Jnat) for tissues incubated in the presence and absence
of 20mM triaminopyrimidine (TAP). All potentials are expressed
relative to the serosal bathing solution. (A negative potential refers
to & cathodic electrode). The lesast-square regression lines for the

- =2 -1,

data are shown. J = 0.29‘V13+ 3.93)Jmoles cm hr (controls)

nat

r = -0.64; n = 24;(p<0.01)." 3 :-0.075*}'134 1.12 pmoles cm"2 hr’l

nat
(for tissues incubated in the presance of 20mM triaminopyrimidine)

T = -0.85; n = 22;(p< D.Ol);‘l"13 is the transegpithelial potential

diffarancs,
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effect of P.D. upon control tissues and lends support to the notion
that the primary action of triaminopyrimidine is to reduce Na flux
through the paracellﬁlar pathway.

(1ii) Conductance dasterminations

The effect of ion substitution of the bathing Ringer's
solution upon the transepithelial raesistance provides a means of
evaluating the-relativa_ionic paermeabilities of the shunt pathuway

'since almost all (85%) of tissue conductance is attributable to this
pathway in rabbit ileum (Schultz and Curran (1974)). Substitution of
Na by an impermeant cation will give a valus for that part of trans-
epithelial conductance that is dependsnt upon Na. It is assumed that
conductance is linearly related to ionic conéentration (in accord
with the data of Schultz and Zalusky (1964)).

Table 5 shows the open-circuit potentials and conductance
measurements for tissues incubated in Ringser's solution containing
140, 75.and 25mM Na in the prssence .and absence of 20mM triamiﬁo-
pyrimidine following a ten minute preincubation period.

The open-circuit potential changes from a positive to negative
value as Ringer[pé}is reduced from 140 to 25mM. Concurrently the
conductance dacreases; this result is consistent with the presence of
a cationic-selective shunt across the intestine that is impermeable
to choline (Schultz and Curran (1974); Nellans et al (1974)). |

20mM t%iaminopypimidine decreases tissue conductance at 140mM Na
compared with controls (p<0.001). There is no significant effect of
triaminopyrimidine at a Ringer [ﬂé} of 25mM (p>>0.4). The triamino-
pyrimidine-dependent reduction in total tissue conductance (3.03 mmhos
cm-z) at 140mM Na is equivalent to a reduction in Na permeability of
0.0216 cm he™t.

20mM triaminopyrimidins Has no significant effect upon the apen-

circuit potential (Table 2). This result shows that the product of



Table 5

Condﬁctance measurements = 20mM triaminopyrimidine. NaCl
replacement was made with choline Cl. (Ringer pH 7.4). Errors are
expressed as : S.E.M., Numbers in parentheses reprasent the number
of separate detsrminations., Dsterminations of conductance and P.D.

were made 5 to 15 minutes subsequent to the start of each experiment.
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P.D. and conductance (i.e the short circuit current, which is
equivalené to the rate of active ion transport) changes. That is to
say, 20mM triaminopyrimidine causes a fall in net Na flux. This
result confirms direct measurements of net flux (section 1 (ii)).

(iv) Mannitol dilution and biionic potentials

An alternative approach to those previously desqribed

for thé measurement of the relative ionic permeabilities of tha shunt
pathway, is to measure the changs in trahsepithalial elesctrical
potential difference due to unilateral changes in the ionic composition
of the bathing media (usually the mucosal solution). The resulting
potentials may be analysed in terms of the Goldman-Hodgkin-Katz
formulétion. All experiments were performed in the presence of O0.1lmm
ouabain to obviate possible potential changes due to active transcell-
ular procssses.,

Table 6 shows the biionic potentials recorded after isosmotic
replacement of the Ringer in the mucosal solution by the following

solutions; choline chloride, KCl, Na 504, and mannitol. As found by

2
other workers (Frizzell and Schultz (1972)) mannitol replacements gave
a larger se;osa negative (-18mv) potential. The presence of 20mM
triaminopyrimidine reduced this potential to -9:8mv. The difference
_compared with control values is significant (p<€0.02).- That this
reduction is due specifically to a reduction in paracellular Na
permeability without concurrent changes in the Cl permeability is
svident from the following observations:

1. the choline/Na biionic potential is raduced by a similar
amount compared with the mannitol dilution potential.

2. The K/Na and the 504/01 biionic potentials are unaffectad by

triaminopyrimidine (p 0.7, py 0.2 respectively).



Table 6

Mannilol dilutioﬁ potentials and biionic potentials ilZUmm
 triaminopyrimidine (present in both mucbsal and serosal solutions).
All measurements refer to mucosal replacement of 140 NaCl Ringer and
ars expressed relative to the mucosal salut;on. All solutions
containedAD.lmm ouabain. Potentials ware recorded aFter'a twenty
minute preincubation period during which time £he spont;nebus P.D.
had declined to zero. Errofs are expressed as the S.E.M. Numbers in
parentheses are thevnumber of experiments. P valuss are for Student's

t tast for the effect of triaminopyrimidine.



Table 6

20nM
MUCOSAL DILUTION CONTROL rRIAMINOFYREIIDi.NE P
M MANNITOL -18.28 - 2.6 -9.88 - 1,26 < 0.02
(6) (6)
CHOLIK3 C1 -21.64 - 1.45 -11.9 —1.57 < 0.001
(12) (12)
KC1l +4.72 + 0.31 +4.52 1 0.26 > 0.7
(6) (6) o
Na~so” +6.04 + 0.47 +4.56 = 0.93 > 0.2
(12) (12)

Isotonicity to control 140mIYl NaCl Ringer was ensured by addition of

Mannitol.



-75-

These findings ars, thersfore, in accordance with the effects of
triaminopyrimidine on frog gall-bladder observed by Maoreno (1974, 1975
. a,b). The Na permeability for the shunt pathway across control tissués
is 0.038 cm hr—l (derived from the slope of the voltage-dependent flux
measurements and thé relationship P = JNa/tNa)'

A triaminopyrimidine-depsndent reduction in the mannitol dilution
potential of the observed magnitude is consistent with a reduction of
paracellular Na permebility .of 0.015 cm hr.l (this valua was calculated
from the Goldman-Hodgkianatz equagiun assuming that P_., = 0.019 cm hr-l

Cl
(Frizzell and Schultz (1972)). The observed decrease in P, due to

Na
triaminopyrimidine is slightly smaller than that decrease due to
ttiaminopyrimidinebdeduced from conductance measurements (section 1
(iii)). |

The residual Na pé;mebility of 0,023 cm hrml in the presence of
20mM triaminopyrimidina for the paracellular patﬁway is larger than
that indicated by voltage dependent flux measurements (section 1 (i)).
This difference may bs dus to systematic errors arising from current
induced changes in tissue resistance (section 1 (vii)) and to the
large inaccuracies associated with voltage dependent flux measurements.
The magnitude of Na and Cl permeabilities,-howsver, may indicate the
existance of a parallel pathway other than the tight junction (see
Chapter:ﬁ).

(v) The effect of triaminopyrimidiné (0 to 20mM) upon paracell=

ular Na permaability

Mannitol dilution potential measurements provide a convenient
method for the assessment of paracellular Na permeability. Figure
13 (a) shows the pooled data for six experiments (72 tissues) in which
the mannitol diffusion potentials were obtained aﬁ varyiné levels of
[}tiaminopyrimidiné} . As triaminopyrimidiﬁe concentration is raised

the magnitude of the dilution potential at any given level of



Fiqure 13 (a)

The éffect’of triaminopyrimidine (TAP) on the open-circuit
transepithelial potential diffarsnées obtained by mucosal dilution of
NalCl with isosmotic replacement with mannitol. Triaminobyrimidine was
tested at 0 (0), 5, 10 (V), 20 ®), 30 and 40 (A) mM. Potentials at
5 and 30mM are omitted for clarity. Each point reprasents ths mean of
pooléd.data from six sxperiments (two tissues per concentration per

experiment).

Figure 13 (b)
| The effect of triaminopyrimidins (TAP) upon paracellular Na
permeaﬁility (expressed as the % change of the maximum change in Na
permeability observed). Error bars denote the standard ergor for each
point (dF = 22). Permeabilities.were calculated as described in

the taxt (TAP* denotes the monoprotonated form of TAP).
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mucosal Ringer [ﬂat{] is reduced,

Calcu}ation of the Na permeabilities at constant{_N%} is possible
from the Goldman-Hodgkin-Katz squation. Figure 13(b) shows the
variation in Na permeability (expressed as a‘percentage of the
maximum decreasea obtained) as a function of the triaminopyrimidine
concentration., The upper scale concentration represents total base
added, whereas ths lower scale represents the calculated concentration
of the monoprotonated base (see below). It is clear that the
reduction in Na permeability due to triaminopyrimidine follows
satufation-type kinetics. The K, for this relationship is

m
5.54 = 2.00 (SE)mM (total base) (1.38 X 0.49 (SE) for the monoproton-

ated form). The latter value is in agreement with the Kﬁ value for
(1975a)

the fractional reduction in Na permeability derived by Moreno/for the

effect of triaminopyrimidine on frog-gall bladder. [MMoreno reports

that 100% inhibition of tight junction conductance for Na is possible.

However, Moreno divides the passive .tissue paracellular conducfance

of Na into two pathways, i.e. a tight-junction route and a so-called

leakage pathway. The residual psrmeability tom Na reported in section

1 (iv) in the presence of triaminopyrimidine may constitus this leak-

- age pathway in ilsum (see also Chapter 6).

(vi) Effect of Ringer pH on the triaminopyrimidine-dependent

reduction in paracellular Na parmeability

" The base 2,4,6, triaminopyrimidine (TAP) may exist in
solution as a neutral species, a monocation, or a dication depending
upon the solution pH. Roth and Strelitz (1969 and 1970) give the

acid dissociation constants pK., and pK

2 T
PK2

p——
-

1

(i.e. base (TAP) é;? monocation (TAP*) dication (TAP')*)

as 6,74 and 1.31 respectively.
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Figure 14 shows the effaect of variation in Ringer pH * upon the :
evoked mannitol diiution potentials at 0, 5 and 25mM triaminopyrimidine

It is clear that pH variation over the rangs pH 6 to 8 has no
effect upon the evoked dilution potential in the abssnce of triamino-
pyrimidine. This finding is similar to that found by Smyth and
Wright (1966) for streaming potentials in rat small intestine and by
Wright and Diamond (1968) for rabbit gall-bladder dilution potentials.

At pH 7 both 5 and 25mM triaminopyrimidine reduce the evoked
dilution potential compared with controls (0 triaminopyrimidine).

The reduction in permeability is similar to that observed at
pH 7.4.

Elsvation of Ringer pH to 8 decreases the raduction-in the
evokea dilution potential observed at both 5 and 25mM triaminopyr-
imidine compared with the aobserved effects at pH 7.

A reduction of Ringer pH tb 6 causes an increased effact of
triaminopyrimidine in reducing the evoked dilution potential at 5mN,
but not at 25mm.,

figure 14 shows the relative permeability changes observed due
to the presence of triaminopyrimidine (5 or 25mm) eiprassad as a
fraction of the permeability change dus to 25mM triaminopyrimidins at
pH 7 plotted as a function of Ringer pH.

It is clear that the bathing medium pH is anlimportant determinant
in the action of triaminopyrimidine. That no change in the fractional
petmeébility at 25mM triaminopyrimidine is seen on reducing the pH of
the bathing medium from 7 to 6 indicates that the active form of
triaminopyrimidine is present in these conditions at saturating concen-

trations.

* . .
Ringer pH was varied by adjusting the ratio of Ringer KHZPD4 : KZHPO4

at constant Lﬁ].



Fiqure 14

The effect of variation in Ringer pH upon the mannitol dilution

potentials. Ringer pH was varied by adjusting the K HDDa/K H_PO, ratio

2 22 4

at constant [K] (HC03-Free buffer). Ringer pH was tested at pH 6.0
.(bottom left), pH 7.0 (middle left) and pH 8.0 (top left). Two
conpentrations of triaminopyrimidine were used, 5 and 25mM. Each point
is the mean of three experiments (four tissues).

The insert (middle right) shows the fractional change in Na
permeability plotted as a function of the Ringer pH at 5 and 25mM
triaminopyrimidine. The fractional change in Na permeability is
expressed relative to the change in Na permeability at pH 7, 25mM tri-

aminopyrimidine. Error bars denote tha standard error for each point

(n = 5).



22,

P.D.mV

12.5

25

12.5

150 SO 12.5
Mucosal [NaC[] mM

Fractional
Na

PH

[



-78-

Since the concentrations of TAP, TaP* and TAP** will all change
as Ringer pH is variéd it is pertinent to ask which is the.
' physiologically active form of the base.

The concentration of TAP, Tap* and TAP*? are given by the
following equations (Morsno (1975a))whers

TAP (total) = TAP Tap* + Thp **

1. TAP = TAP total /1 + 10(PH = PKL) (g . 10(PH - PK2)
2. TAP* = TAP total /1 + 10(PH = PKL) _ 15-(pH - pK2)

3. TAP** = TAP total /1 + 10PH - PK2) (g, 10‘”3 - PK1)

Since the experiment to determine the concantration dependence of
the action of triaminopyrimidine was at pH 7.4, the above squations
may be used to determine the appropriats concentrations giving the
observed decrease in Fggctional Na permeability assuming that TAP,
TAP* or TAP*? is the active species.

Such a treatment yields values for Km of 3.86mM, 1.38mM and
1.09 x 10°8mm for TAP, TAP* and TAP** respectively.

At a constant [}AD totai} of 5mM, variation in pH from 6 to 8
will change the respective concentrations of TAP, TAP* and TaAP'*
presaent in solution. These values may be calculated from squations
1l to 3.

By using the respective K values a theoretical fractional change

m

in Na pérmaability may be calculated for esach form of triaminopyrim-
idine over the range of pH of interest (6 }o 8).

Figure 15 shows the results of this treatment compared with ths
experimental changa in fractional Na permeability observed for 5mMm
triaminopyrimidine. The experimental results are consistent with the
monoprotonated form of the base being tﬁe physiologically active

species. This conclusion agrees with that of Moreno for the effect of

triaminopyrimidine on gall-bladder Na permesability.



Figure 15

Theoretical relationships betwsen the fractional changs in Na
permeability (l&PNa) and the neutral (TAP), monocationic (TAPY) and
dicationic (TAP++) forms of triaminopyrimidine (see text for details).

Circles are the experimentally observed balues for AP a from Figure

N

10.
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(vii) Current-induced changss in transepithelial resistance-

effect of 20mM triaminopyrimidine

The effective resistancs of the paracellular pathway to
ion flow in ileum is determined largely by the resistancé cf the
tight=junction (Desjeux, Tai, and Curran (1974)). The locus of action
of triaminopyrimidine may, therefore, be supposed to be the tight-
junétién. ~Structurally, the paracellular route in ileum and other low
resistance epithelia e.qg. gall-bladder,’consiétg of a series array of
the tight-junction and lateral intercellular space. (See alsor
Chapter 1).

Smulders, Tormey and Wright (1972) have shown that the resistance
and pefmeability of gall-bladdar can be modified by the application
of osmotic gradients. In gall-bladder these changes are due to
variations in the dimensions of the lateral intercellular spaces.
Thus, in certain instances, permeation through the paracellular routs
may be rate-limited not by the tight-junction, but by the lateral
intercellular space.

Bindslev, Tormey and Wright (1974) have shown that long duration
D.C. current pulses have similar effects on tissue resistance in frog
gall-bladder as do osmotic gradients. These effects are also
associated with changes in the dimensions of the lateral spaces.
Weidner and Wright (19755 report that the ion selectivity ratios of
gall-bladder show small changes dua to passage of current, an effect,
which they suggest, is due to closuré of the lateral spaces.

Could the mode of action of triaminopyrimidine be due to
structural alterations in the lateral space, rather than to chénges in
the tight-junction?

Since intestine is a high-conductance tissue, applied currents in

the order of 200-400‘Pamps t:m"2 are used to determine the voltage-
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dependent fluxes (section 1 (i)). Figure 16 (a) shows tho resistance,
determined in these experiments at the end of each period 6? potential
clamp, plotted against the applied claﬁping current. Negative values
of current refer to a serosal cathode. It is clear that passage of
current from sgrosa to mucosa results in an increased resistancs.
Converseiy, current flow from mucosa to serosa causes a élight decrease
in resistance. These effects arse similar to cﬁrrent-i&duded changes
observed in frog gall-bladdér. Current-induced resistance changes in
gall-bladder are due to volume changes in tha lataral spaces, These
are thought to be generated by water flow resulting from the transport
number effect (Wedner and Diamond (1969); Barry and Hope (1969a -
and b)). As such, they depend upon the ion selectivity of the
intestine.

Figure 16 (b) shows the resistance of intaspines in the presencs
of 20mM triaminopyrimidine plotted as a function of the applied
clamping current. Tissué resistanca is independent of the applied
current in the presence of triaminopyrimidine. In particular, passage
of current from mucosa to serosa, a condition resulting in low control
resistance charactarized by dilatsd lateral spaces, shows resistance
values that are no different from tissue resistances when current flow
is in the opposite direction. Similarly, control resistance values
approacﬁ hiyh values when currsnt is passed from serosa to mucocsa, this
affect is lost in the pressnce of triamin;pyrimidine. Taken togsether
these results suggsst that the site of action of triaminopyrimidine
is located within the tight-junction as suggested by Moreno (1975).
The absence of current-induced resistance-changes in tge presence of

p

triaminopyrimidine may be due to the ion selectivity ratio pCl 2 Pua

being close to unity. " In this condition, transport number effects

would be absent,



Fiqure 16

Variation in tissue resistance in flux experiments involving
non-zero clamping potentials (ses Methods) plotted as a function of
the required clamping current. All measurements were mada at the end
of each period of voltage clamping (twenty minutes after the start of
such periods). Resistance is determinsd from the current and the
clahb ﬁotential. A negative current refers to a serasal cathode.

A = control tissues, B = tissues incubated in the presence of 20mM

triaminopyrimidine.
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Current induced resistance-changes will affect the accuracy of

the determination of (J paracellular flux components for control

Dl3)

tissuss. Consideration of the direction of these changes indicate

that values of JD 3 will be slight overestimates.

1

2. Effect of triaminooyrimidine upon transcellular transport processes

20mM triaminopyrimidine has been shown to decrease paracellular
Na permeability. Triaminopyrimidine méy, therefore, be a uséful
tool for defining_tha paracellular and transcellular componénts of
transepithelial flux. This can only be true if triaminopyrimidins can
be shown to have no sffect upon.transcailular flux,

A dacrease in net Na flux, indicative of the rate of activs
transport by the tissue, hasvbeen cbserved in the presencs of triamino?
pyrimidine (Section 1 (ii) and (iii); Section 3 (ii) (b)). Can this
result be taksn to indicate changes in cellular integrity due to the
pressnce of triaminopyrimidine?. .

Three results argue against cellular damage dus to triamino-
pyrimidine:

i. 20mM triaminopyrimidine has no effect upon intraceilular
cation concentrations nor is thera any effect upon the extracellular
Ela (Chapter 3).

2, Galactoss-dependent increments in Na flux 313 ars unaffected
by 20mM triaminopyrimidine (ses below).

3. Table 7 shows the results of two experiments in which the
bidirectional fluxes of D-galactose, togather with the tissue/medium
galactose accumulation ratio, and the tissue isotope spscific activity
ratio (R), were determined in the presence and absence of triamino-
pyrimidine., It can be seen that 20mM triaminopyrimidine has no
significant effects upon 313, 331, the accumulation ratio, or the

isotope specific activity ratio (p »0.1, 0.1, 0.1, 0.1 respoctively.)



Table 7
Effect of 20mM triaminopyrimidine on galactose transport by

rabbit ileum., Data are from two experiments (n = 4) for each condition.

2mit galactose was present in both mucosal and serosal solutions

(Sstandard Ringer). Mucosa to serosa. galactose flux 313 was measured

using 3H galactose as tracer, serosa to mucosa flux 331 by 14C

galactose, Fluxes were.averaged from two % hour flux periods (see

Methods). Errors are expressed as - S.E.M.
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The decrease in net Na flux observed in the presence of triamino-
pyrimidine may reflect a decrease in a passive component of net Na
flux across the epithelium (see below and alsg discussion).

3. Bidirectional transepithelial flux measurements

(i) Effects of 2,4,6, triaminopyrimidine

In 140mM Na Ringer, 20mM triaminopyrimidine reduces both

mucosa-serosa flux, and serosa-mucosa flux, compared with

J13' 331

control values (see Table 8). The decrease in flux in both directions
is highly significant (p(D.OOl). The triaminopyrimidine-dspendent
reduction in flux is equivalent to a reduction in the unidirectional
m-s Na permeability (P .) from 0.061-0.039 cm he™t.  This reduction

in permeability of 0,022 cm'hr_1 is consistent with the abserved
rsducéion in the parace;lular shunt parmeability,to Na dascribed in

Section 1.

(ii) Effects of replacement of Ringer Na by choline on the

bidirectional Na fluxes

(a) Control tissues In control tissuss replacement of

Ringer Na with choline causes arreduction in both m-s and s-m Na
flux. This decrease in flux is directly proportional to the
reduction in Ringer.[y%}, hence no change in the bidirectional trans-
epithelial Na permeability is observed on reducing Ringer [ﬁa from
140 to 25mM., (see Table B). The observed decrease in net Na
absorption ;s also directly proportional to the rsduction in Ringer
[Na]

(b) Effects of Triaminopyrimidine

Triaminopyrimidine-dependent reduction in

bidirectional transepithelial Na flux

As with tissue bathed in Ringer containing 140mM
NaCl, triaminopyrimidine also reduces the bidirectional transepithelial

fluxes of Na acfoss tissue bathed in Ringer containing 75 and 25mM NaCl.

a



Table 8
Measured bidirectional mucosa to serosa and serosa to mucosa

Na fluxes (3, and 3 All errors are - S.E.M. Bidirectional

31)'

permeabilities were calculated from the relationship Pij = Jij/Ci.
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Table 9

CONDITION .
~IjCControl)" “~13 (TAP) ~31 (Control) ~31 (TAP)
cm hr" cm hr A
140m'l Na .+
0;ImM 0.012 i 0.005 0.012 * 0.004
! ouabain (10) (10)
"I Na 0.0169 t 0,002(5) 0.011 * 0.001
(64) (58)
Na 0.005 t 0.003(5) 0.007 - 0.003
(20) (20)
140niM Na 0.022 i 0.002 0.015 —0.002(5)
(58) (58)

Triaminopyrimidine-dopendent reductions in bidirectional permeabilities.
The number of degrees of freedom is given by the figures in

parentheses.
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However, ths extent of this reduction varies with Ringer,[ﬂ%l. This
is shouwn in Table 9. It can be sesn that the triaminopyrimidine-
dependent reduction in both m-s and s-m Na permeability falls as
Ringer [Na-l is reduced from 140 to 25mM. With Ringer EN% at 140 or
75mM the triaminopyrimidine-dependent reduction in both m-s and s-m
transepithelial Na fluxas are highly significant (p<:0‘001). Howevar,
with Ringer [N%} = 25mM, a small non-significant reduction in trans-
epithelial Na flux is obtained in the piesence of triaminopyrimidine.,
The difference betwsen the triaminopyr;midine-dapendent reduction in-
transepithelial Na permsability at a Ringer [@%& of 140mM, compared
with the smaller triaminopyrimidine-dependent reduction at a Ringsr

[Nal of 25mm is highly significant (p{ 0.001).

These results indicate that there is a Na-dependent variabls
resistance within the paracellular pathway in series with the tight-
junction (see Discussion).

‘Table 9 also shous that the triaminopyrimidine—dapendent'reduction‘
in m-s. (1-3) and s-m (3-1) Na fluxes at Ringer Na concentrations of
140mM and 75mm ara not egual. The reduction in m-s flux is‘signifi~,
cantly 1arg;r than the reduction in s-m flux (p<10.05 for both casas).
When Ringer'[Né] is reduced to 25mM, no significant differsnce in the
reduction of m-s and s-m bidirectional permeabilities due to triamino-
pyrimidine is seen (p > 0.1l).

The asymmetric action of triaminopyrimidine is also evident in
the triaminopyrimidine-dependent reduction in net Na flux (Jnat)
(Table 8 and Section 1). A significant reduction of gt due to
triaminopyrimidine occurs both at 140mM and 75mm Ringeriiﬂé] (p<,0.05,
p<<0.05 respectively). No significant decrease in et at 25mM )
Ringer [Né] in the presance of triaminopyrimidine is seen (pj?O.d).

These results suggest that triaminopyrimidine may block a portion

of net flux that is paracellular (see Discussion).
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Effect of variation of Ringer Na on the bidirectional

transepithelial Na flux in the presence of 20mM triaminopyrimidine

On reducing Ringer [Nilwith 20mM triaminopyrimidine
present, there is a progressive increase in m-s Na permeability
(Pl_3) (Table 8) (p<0.001). This progressive increase in permeability
indicates that the triaminopyrimidine insensitive (transcellular)
flux.is a saturable process whose existance in control tissue is’
obscured by concurrent changes in the pesrmeability of the paracellular
pathway on varying Ringer [ﬁ%}. The Km for triaminopyrimidine m-s
Flux is 357 & 43mM (S.D.) and the vﬁ is 20.2 ¥ 8.4 (5.D.) Mmoles
cm-2 hr-l. Thers is no significant change in s-m Na permeability on

reducing Ringer [Na from 140 to 25mM.,

(iii) Effects of 0.lmM ouabain on the bidirectional trans-

spithelial Na flux

(a) Control tissue 0.1mM ouabain reduces m-s Na flux

compared with untreated tissue (p<0.02). A slight reduction is also
seen in the mean s-m Na flux following addition of 0.1lmM ouabain,
however, the reduction is not significant (p:;D.S). With ouabain
present the net Na absorption does not differ significantly from zerb

(p)0.6) (Table 8).

(b) Triaminopyrimidine treated tissue As with control

tissus, ouabain abolishes the net flux across tissues in the presence
of 20mM triaminopyrimidine by reducing Na flux 313 without signifi-

cantly affecting Na flux 33 The extent of ths triaminopyrimidina-

l.
depsnaent reduction in bidirectional Na flux is significantly less
(p<<D.Dl) in the presence of ouabain than in its absence (Taeble 9).
This result indicates that ouabain has & similar effect to that of

reducing Ringer LNé] on the triaminopyrimidine-sensitive (shunt)

conductance.



-85-

In the presence of 0.lmM ocuabain thers is a symmetrical reduction
in bidirectional (m=s and s-m) Na permeability, due to triaminopyrimi-
dins. This result contrasts with the asymmetric action of triamino-
pyrimidine in control tissues (Section 3 (ii) (b)).

(iv) Effects of D-galactose on the bidirectional transepithelial

Na fluxes

(a) Control tissues As has previously been shown on

numerous occasions (Schultz and Curran (1970)) addition of galactose
to the Ringer solution bathing isolated small intestine, increases

m-s Na flux. As can be seen in Figure 17 (a) this increase in Na flux
J.., is a saturable function of Ringer [galactosé]. The Km for the

13
galacﬁose-dapendent increasa in flux in 1.64 = 0.35mM (S.D.) and the

(s.0.)
Vm is 2,08 2 U.d?‘pmoles cm.2 hr-l. Galactose also slightly stimulates
s-m Na flux in control tissues (see also Table 3). A similar sffect
of sugars on s-m Na flux in guinea pig intestine has been reported

(Binder et al (1972)).

(b) Effects of 0.lmM ouabain on the galactose-depsndent

increase in bidirectional Na flux As was shown above ouabain reduces

both the m-s and s-m Na fluxes. It can be seen from Table B8 that
ouabain also abolishes the galactose-dependent increments in both
m=-s and s-m flux,

(c) Effects of 20mM triaminopyrimidine In the presencs

of 20mM triaminopyrimidine, the absolute levels of bidirectional
transepithelial Na fluxes are reduced, but triaminopyrimidins has no
effect on tha galactose-dependent increment in m-s Na flux (see
Figure 17 (b)). This result is consistent with the view that tri-
aminopyrimidine acts exclusively to reduce the Na permeability at tha
tight-junction.

In contrast wiﬁh the effect of galactose in control tissue,

galactose signiFicantly decreases s-m Na flux when triéminopyrimidina



Figure 17

The‘éffect'of D-galactose (0 to 20mM) upon the bidirectional
fluxes 313 and 331 under voltage clamp (P.D. = 0) for (a) control
tissues; (b) tissues incubated in the presence of 20mM tfiaminopyr-
imidine. Fluxes are averaged from two separate flux periods of
% hour (see Methods). Error bars denote the standard error of the

maan for each data point. Ths number of data points for each lsvel of

Ringer galactose - used is shown abovs the x-axis.
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Figure 18

The effect of Ringer [ﬁ%} variation upon the galactose-dependent

change in mucosal to serosal Na flux J,, (open circles and triangles)

13
and the serosal to mucosal Na flux Jg) (closed circles and triangles).
(A A) denotes tissues incubated + 20mM triaminopyrimidine, ( O © )

are control tissues. Error bars denaote the standard error of the

difference.
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is present (p<:U.Ul) (1-way analysis of variance). This result is

similar to the sugar-dependent reduction in s-m Na flux noted
- previously by Quay and Armstrong (1969) in bull-frog small-intestine.
As with control tissue 0.1lmM ouabain reduces m-s flux in the
presence of 20mM triaminopyrimidine (p<0.001). Since ouabain
abolishes the galactose-dependent decrease in s-m Na flux seen with
triaminopyrimidine present, ouabain effectively increasas s-m Na flux
in this condition, (Table 8). Thus with triaminopyrimidine present,
the action of ouabain in abolishing net Na flux is revealed to.be dua
both to a raduction in m-s Na flux and an increass iﬁ s-m Na flux.
These actions strongly resemble ths reciprocal effects of ouabain on
bidirectional transepithelial'galactose flux describad by Naftalin and
Curran (1974) and by Naftalin and Holman (1974). .

(d) Effects of replacement of Ringer Na with choline on galactose

dependsnt bidirectional transspithslial Na fluxes. Figure 18 shows the

. galactose-dependent changes in m-s and s-m flux following addition of
20mM galactose to the Ringer containing 25, 75 and 140mM Na in both

the presence and absence of 20mM triaminopyrimidine. The galactoss-
dependent increment in m-s Na flux in bath the presence and absence of
_20mm triaminopyrimidine is identical and increases in direct proportion
to the Ringer Iy%}. The small galactose-dependent ingrease in s-m

Na flux is lost on reducing the Ringer Na to 25mM. With 25mM triamino-
pyrimidine present ths galactose-dependenf decrease in s-m Na flux is

also lost on reducing Ringer [Na from 140 to 25mM,

4, The tissue isotope specific activity ratio of 24Na : 22Na (R)

The tissue isotope specific activity ratio of 24Na : 22Na

originating from the mucosal and serosal solutions respectively, is
+

9.669 - 0.057 (Table 10) for control tissues. Hence the éteady-stata

distribution of Na within the tissue is charactsrized by s relatively



Table 10
. . 24 22 '
The tissue ratio of Na : Na. Errors are expressed as

2 S.E.M, Figures in parentheses are thé number of separate datermin-

ations. + indicates the presence of 20mlM triaminopyrimidins.
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greater proportion of Na originating from the serosal ﬁPlution.
‘Partial réplacement of Ringer Na by choline has no significant affect
upon the ;atio (R).

Triaminopyrimidine (20mM) reduces the ambunt of Na driginating
from the mucosal solution compared with control values at all Na
concentrations tested (p< 0.05, p<0.001, p>0.l for 140, 75 and
25mt Né respectively). Since triaminoﬁyrimidine is known to reduce
m-s flux by reducing the Na Dermeability of the paracellular pathway
(Sections 1 and 2), the reduction in the tissue isétope ratio may be -
concluded to be associated with this effect,

0.1mM ouabain increases the ratio R towards unity for all
experihantal conditions testsd. That is to say proportionately more
isotope originates froﬁ the mucosal solution in the presence of
ouabain. In control Ringer (140mM Na) the ratio R increases from
0.669 to 0.980 following additi&n of ouabain, The difference betwesn
these two values is statistically significant (p<10.02). A similar
effect of ouabain on tissue ion content has been reported for toadr
urinary bladder epithelial cslls (MacKnight et al (1975a,b). In the
presence oF.triaminopyrimidine a significant increass in R following
addition of ouabain is also observed compared with control values
(p<0.-05).

D-galactose increases the proportion of Na originating from the
mucosal solution within the tissue both in the presence and absencs of
triaminopyrimidine. This increases is a saturable function of Ringer

galactose (Figures 19 (a) and (b)). Replacement of Ringer Na by
choline reduces the galactose-depsndent increment in the tissue |

isotope ratio (Table 10)



Figure 19

The effect of galactose (0 to 20mM) upon the isotope specific

24 : Na22) within the tissue fluid following

activity ratiac (Na
incubation to determine bidirectional fluxes for (a) control tissuss
(b) tissues incubated in ths presence of triaminopyrimidine. The

numbers of data points for each lavel of Ringer[éalactogglis shown

above the x-axise.
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5, The distribution of the tissue isotope ratic within the extra-

cellular and intracellular tissus caompartments

The measurements of the tissue isotope specific activity ratio
(R) are made from whole tissue determinations. This section is
designed to show these measurements (and hence the unidirectional flux
calculations) are not subject to error due to inhomogenaify of the
distribution of 24Na to.zzNa within the tissue. Experimentally four
tissue compartments for Na can be identified (see Methods).

Table 11 shows the results of the analysis of control tissues,
tissues incubated in the presence of ouabain,,and tissuses incubated ip
the presence of 20mM galactose. With control tissue no effect: of
washing on the ratio R is observed in either whole tissué (p:>0.5),
submucosal layers (p>0.9) or epithelial scrapings (p? 0.6).
Similarly, no significant difference exists between the ratio R in
whole tissue and submucosal layers (p:>ﬂ.2) or whole tissue and
epithelial scrépings (p>>0.2), or bastueen epithelial scrapings.and
submucosal layers (p>.0.6). Identical effects are seen for galactose
and ouabain-treated tissues, since no significant effacts of washing
or scraping are sesn.

These results support the validity of the method of dstermining
unidirectional flux calculations in the case of Na ions, since it is
evident that this preparation of rabbit ileum may be.treated

kinetically as a single compartment.



Table 11

Unwashed

% hour
choline wash

CONTROL

: 0.1m ouabain
WHOLE

TISSUE

20m galactose

0.802 * 0,04

0.95 % 0,08

0.905 £ 0,09

0,851 £ 0,076

0,913 £ 0,090

0.892 t 0,097

CUNTROL

SUBMUCéSAL 0.1mM ouabain
LAYERS o

20mM galactose

0.892 t 0,065
1.06 % 0,15

1,05 £ 0,102

0.900 = 0,075
0.880 £ 0,060

0.791 + 0,048

CONTROL

TMUCGCSAL

SCRAPINGS 0.1mM ouabain

20mM galactose

0.866 £ 0,029

I+

1.13

0,815 % 0.08

0,140 -

0.898 = 0,08

1,04 % 0,134

0.915 ¥ 0.096

The tissue distribution of

24Na : 22Na within the extracellular and

cellular compartments of rabbit ileal ﬁissue. Results are all expressed

as the mean of nine determinations from three experiments.
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Discussion

1. Bidirectional Na flux through the paracellular pathway

(i) The effects of triaminopyrimidine on tissue bathed in Ringer -

The shunt permeability to Ne calculated from ths Functional
relationship betwesn unidirectional transepithelial Na flux and the
applied transspithelial p.d. is 0.038 cm hr'l, this is similér to the
values obtained by others (Frizzell and Schultz (1972); Munck and
Schultg (1574); Des jeux et al (1974)). It is svident that 20mm

triaminopyrimidine reduces the permeability of the paracellular route

" since it abolishes tha p.d.-dependent nst and unidirectional (m-s)

Na fluxes, and reduces the NaCl dilution potential, the Na-choline
biionic potential and the total tissue electrical conductance (sse
Section 1 of Results).

The effects of triaminopyriﬁidina are all consistent with the
view proposed by Moreno (1974,1975a,bthat triaminopyrimidine acts by
blocking the cation selective sites within the tight junction between
the mﬁcosal borders of the epithelial cells,

However, sven with 20mM triaminopyrimidine present, a small
residual shunt permeability to Na remains; this is calculated to be
~J0.017 cm hr-l. The value of transintestinal Cl permeability is

0.019 cm hr.l (Frizzell and Schultz (1972)). These values may
indicate that there is a free-solution shunt pathway across ileum.
This point is extensively discussed in Chapter 6.

Whan the [Né} in the Ringer is reduced by replacement with choline
or when 0.1mM ouabain is present in the Ringer, the triaminopyrimidina
~-dependent reductions in both Pia and p,, are decreased (see Tabls 9).
As discussed in the introduction the overall permeability Pt of the
shunt pathway is the resultant of ﬁwo resistances in ssries, the tight

junction, tj,and the lateral space, ls,
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hence: l/pt = l/PtJ + l/PlS (Des jeux et al (1974)5. If the lateral
space, by virtue of its ability to change its shape, is considersd as
a variable resistor, then whsen the lat;tal space is wide open (low
resistance)a large increase in the resistance of the tight junction
following addition of triaminopyrimidine will cause a greater reduction
in the total permeability of the shunt pathway'than whga the lateral
space is closed (high resistance). Huss and Marsh (1975)Aﬁave
recently described a modifiéd version of Diamond and Bossert's (1967).
standing gradient hypothesis which is consistent with the above

viswus. Huss and Marsh's modification ﬁakas the assumption that the
basal-latsral membrane forms a distensible compartmaent which responds
to the hydraulic pressure of fluid within the space. Hydraulic
pressurs may be generated in transporting tissue by %luid entry into
the space caused by thes osmotic pressure gradients across the basal-
lateral border and tight junction.

Reducing the Na-pump activity at the basal-lateral border by
decreasing Ringser {hé] or by ouabain addition, reduces the hyper-
tonicity of Na sequestered in the space (see Chapter 3), this will
reduce the distension of the basal-lateral membranes and thus reduce
‘the permeability of the lateral space.

(i1) Effects of D-galactose on the shunt permeability to Na

Galactose increases béth m-s.and s-m Na fluxas. UWhen
triaminopyrimidine is added to the Ringer, no reduction in the
galactose-dependent increments in m=s Na flux is observed; however,
there is a small, though significant, galactose-dependent decreasse in
s-m flux. Similar reductions in s-m Na flux in response £o sugars
(but in the absence of triaminopyrimidine) have besn noted in bull-
frog intestine (Quay and Armstrong (1969)). It may be concluded that

the galactose-dependent increments in m-s Na flux are due to increased
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transcellular Na movement which is insensitive to the action of
triaminopyrimidine., The galactose -dependent increase in s-m Na flux
in- the absence of triaminopyrimidine may résu}t from increasad Na Flux
via the paracellular shunt pathway following enlargement of the
intercellular spaces resulting from increases in the extracellular
hybertonicity (see Chapter 3). This conclusion is supported by the
observation that the galactose-dependent increases in s-m Na flux are
abolished by ouabain.

Similar effects of saline-~loading on Na flux have been obtained
in necturus kidney tubules (Boulpaep (1972)) and rat small intestine
(Humphreys and Early (1971)). Saline loading causes an increased shunt
conductance, an increased inulin permesability and a decraésad net
absorﬁtion of Na due to increased s-m Na flux. Lateral space
distension may give rise to increased tight-junction'parheability
(Humphreys and Early (1971)). Increased junctional permeability is
not, howsver, theoretically required to explain the effects of saline
loading (see Chapter 1).

(1972)

Binder, Powell and Curran/have shown that glucose, galactose and

3-0-methyl glucose all increase s-m Na flux in isolated guinea-pig

. Curran
" intestine. However, Schult:z and/ (1970) found no sugar or amino acid
~dependent increase in s-m Na flux in rabbit ileum. The observed
galactose~dependent increments in s-m Na permeability reflect similar
and concurr;nt increases is s-m galactose (Naftalin and Curran (1974)),
3-0 methyl glucose and ﬁmethyl glucoside permeability seen at high

concentrations of these sugars (Holman and Naftalin (1976)

(iii) Evidence for asymmetric passive Na via the shunt pathuway

In Table 9 it may bs seen that the decrease in m-s Na
flux following addition of 20mM triaminopyrimidine is significantly

greater than the decrease in s-m Na flux., Thus, triaminopyrimidins
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causes a significant reductiqn in netvNa absorption. Since triamino-
pyrimidine is without effact on
a) the distribution of Na and K bstween the cells and the external
solution (see Chapter 3)
b) the galactoss-dspendent increase in transcellular Na movement (see
above) - |

c) ths transport and accumulation of galactose -(see above),
lit may be inferred that triaminopyrimidine affects only the passive
permeability of ths shunt to Na without affecting cell mstabolism or
cell membrane permeability.

Why should triaminopyrimidine reduce m-s Na flux more than s-m
Na flux in actively transpofting tissue? As suggested in.Chapter 1,
a poséible explanation for these findings is that in actively trans-:
porting tissue the osmotic pressure graaient existing across the tight-
Junction, due to hypertonic salina contained within the lateral
intercellular space, causes both Na and water to be dragged From.tha
mucosal solution via the tight-junction. Additionally, fluid is
drawn from the cell across the basal-latafal border. Triaminopyrimi-
dine blocks Na movement through the tight-junction and so will reduce
- the osmotically induced net flow of Na and fluid across the tight-
Junction.

In support of this explanation of the passivs‘aSymmetric flux of
Na across tﬁe tight-junction, it can be sesn that the triaminopyrimi-
dine-sensitive reduction in m-s and s-m Na flux is symmetrical when
O.1lmM ouabain is present in the Ringer, or when Ringer [@%} is reduced
to 25mM. In both these conditions it has been shown (ses Chapter 3)
that the fluid within the lateral intercellular space is approximately

isotonic, hence no osmotically induced drag of Na is expscted.
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The magnitude of tha osmotically-induced passivé net flux of Na
across the tight-junction is~ 1 pmola t:m-2 hr-l. This comprisses the
greater part of thas total net flux of Na across the tissus in control
conditions,

A model describing the géneration of passive net fluxes of Na
has been described by Schafer :%/(1975) and used to explain tha
asymmafric shunt flux of solutes across-tha nacturus ppoximal tubule.
The driyiné force for the net flow of Na is considered to be the

transtubular concentration differences of Cl and HCO, coupled to the

3
existance of different reflexion coefficisents for HCO3 and Cl1 at the
tight-junction. A similar mechanism may contribute to the passive net

flux of Na demonstrated herét
The results shown-in Figurel7(b) indicate that in the presence of
triaminopyrimidine the s-m Na flux progressively decreases as Ringer
[ﬁalactosé]is raised. Since thisAinteraction is apparent only when |
triaminopyrimidine is present the process retarding Na flux must

occur at some site other than the tight-junction.

2. Transcellular Na flux

.

As triaminopyrimidine markedly reduces the paracellular component
of transepithelial Na flux, bidirectiocnal transepithelial Na flux
determinations in the presence of triaminopyrimidine provide a basis
for the estimation of the transcellular flux components. However,
sven with triaminopyrimidine present, a small residual. passive perm-
eability to Na remains (g 0.017 cm hr'l), this may lead to over-
estimation of transcellular flux.

(i) Unidirectional Na fluxes across the mucosal boundary

(a) Controls The calculated influx and efflux 312 and J,,
of Na across the mucosal border of tissue bathed in Ringer are 7,97

and 7.13}4moles em™2 hr.l respectively (Table 12). These values agree
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reésonably well with those obtained by direct estimation of Na influx
across the mucosal border of rabb;t ileum after correction for a
shunt component of Na influx (Schultz et al (1967)).

(b) Effects of replacing Ringsr Na by choline and of O.lmi

ousbain on the unidirectional Na fluxes across the mucosal border

the effects of reducing Ringer [yé]and of O.lmM ouabain on the
calculated unidirectional Na fluxes across the mucosal borders are
shown in Table 12. As expected, both influx le and efflux 321 of Na
are reduced as Ringer [@%X is reduced from 140 to 25mM. After
correction of the transepithelial fluxes for the residual passiva
component remaining with 20mM triaminopyrimidine present, a hypsrbolic
relationship between Ringer {@5] and Na influx across tha‘brush-bordar
emergés. The apparent Km of Na for this transport process is 295mM
whilst the Um is 17.6 pmoles cm™2 hr-¥. Curran et al (1967)
previously found a linear relationship betwesn Na influx and Na
concentrations. The present data are, however, similar to tho#é of
Nellans et al (1974). It is observed that with 0.1mM ouabain present
there is no significant reduction in Na influx (p'?O 5) but the
steady-state efflux of Na from the tissue into the mucosal solutlon is
- raised. These results coincide with those ohbtained in several previous
studies. For example, Chaz et al (1967) who measured Na influx
directly without correcting for the shunt permeability, found no
effect of o&abain on Na influx either. Since there is an increase in
the intracellular [Né] with ouabain present (sse Chapter 3) the
results showing increased Na efflux are as expected.

(c) Effects of D-galactose Thse sffects of galactose on the

unidirectional Na fluxes across the mucosal border ars shown in
Figure 20. Influx 312 increases as a hyperbolic function of Ringer

galactose . The km is 1.2 = 0.32 m)@ (5.D.) and the Um is
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2.71 % 0.69 pmoles em™? he™l.  This result is substantially the same
as observéd previously by Goldnser et al (1969) who measured Na influx
across the mucosal border directly.

The unidirectional efflux of Na, 321, in the prssencb of 20mm
triaminopyrimidine is not raised by galactose. Indeed a small (but
non-signifi;ant) decrease is observed in efflux when Ringer Egalactosg}
is réiéed from 0 to 20mM. Since galact&ss increases intracellular
‘@%} (see Chapter 3) and reduces the elebtrical”potential difference
across the mucosal border by 10mV (Rose and Schultz (1971)), Na exit
should be increased independently of any possible additional acceler-
ation dus to a galactose-depsndent Na efflux component predicted by
the Na;gradient hypothesis (Curran et al(1970)). Solvent drag
resulting from net fluid flow across the brush-border as describad by
Koefoed-Johnsen and Ussing (1953) could account for the discrepancy
bstween the observed afflux and'that predicted on the basis of the
electro-chemical gradient.

The present data indicating a lack of stimulation of Na exit by
galactose apparently contradicts other studies which demonstrate an
increased N; gfflux in the presence of cell to muco;al solution
gradients of alanine and 3-0-methyl glucose (Curran et al (1970);
Goldner et al (1972)). Two important experimental differences exist
bstween the present results and ﬁhose of Curran a2t al and Goldner st
als

l. Thz2 present study eliminateé the possible éomplication'of
flux through the shunt pathway by thé use of triaminopyrimidine.

2. Studies of Na efflux across the mucosal boundary in the
presence of cell to mucosal solution gradients of alanine and 3-0-

methyl glucose were made in the presence of O.lmM ouabain.



Figure 20

The effects of galactose (0 to 20mM) upon the calculated
unidirectional Na fluxes across (a) the mucosal boundary and (b) the
serosal boundary. All data shown are for triaminopyrimidine-treated
tissues. Error bars denots the standard error of tha mean in each

instance.
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(d) Stoichiomstry of Na/galactose flux across the brush-border

Goldner st al (1969) calculated the etoichioyetry of Na and 3-0-
mathyl glucose interaction within the brush-border of rabbit ileum by
simultaneously measuring labelled sugar and Na uptake. ‘Whilst it is
feasible using the flux method of this present study to measurs
bidirectional Na and sugar fluxes with quadruple label counting
procedures, it was considered that the countiné srrors thereby intro-
duced would outweigh any advantage gained Ffom simultaneous flux
measurement. An alternative approach has been adopted here. Figure
2) shows the relationship between Na influx (present data) and sugar
influx (data obtained by interpolation of the Michaelis-Menfed
kin;t;c paramaters of galaciosa influx in 140mM NaCl Ringer obtained
previously (Naftalin and Curran (1974)). Althoﬁgh the galactose flux
measurements were obtained in open-circuit condition using the same
methods, no effects of short-circuiting upon galactose fluxes have
been noted (Schultz and Curran (1970)).

The regression line betwesn tﬁe increment iﬁ Na influx on raising
Ringar[lgalactose " from 0 to 20mM and the incremsnt in galactose inFiux
over the sams fange has a slope of 1,55 = 0.56 (SE)e Thus the
stoichiometry of Na/galactose interaction for flux across rabbit ileum
is not significantly different from that obtained by Goldner et al
(1969) for Na/3-0-methyl glucose intaraction.

On plotting the charige of Na exit flux across the mucosal
bordef obtained on raising Ringer [Palactose from 0 to 20mM against

the galactose exit flux J (gal) on changing Ringer [?alactosé] over

21
the same range, a slope of -1,03 Io0.59 (SE) is obtained for the
regression line of this function., This differs significantly from

the slope obtained for the influx stoichiomstry (p<10.025) and is

contrary to the predictions of the Na gradient hypothesis which



Figure 21

The relationsnip between the mucosa to cell flux 312 (0) aF.Na

~ and galactose (and for cell to mucosa flux J o Data for galactose

2_1)°

fluxes were taken from Naftalin and Curran (1974) corrected for a
.diffusional component of 0.015 cm hr-l. The regression line for

influx (leNa vs J,, galactosse) gives S B8.55 + 1.55 J galactose

1
r = 0.88). The regression lins for cell to mucosa flux (JélNa vs 321

galactose) gives e = 7.33 - 1,03 J galactose r = 0.79). Error bars

denote the standard error of the Na fluxes.
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implies that the sugar-Na interaction should be similar for both entry
and exit across tha brush-border (Curran et al (1970)).

(ii) Unidirectional Na fluxes across the serosal border J

23

and 332 .

(a) Controls The calculated exit, 3,4 and entry flux S

of Na across the serosal border are 16.74 and lS.QO/Amoles t:m.2 hr-l

respectively. These fluxes greatly exceed those obtained by ‘Schultz
et al (1967) who estimaéed 323 and 332 to be 4 and 1 pmole cm-2 hr-l,
for data corrected for the shunt fluxes of Na. The difference between
the results obtained here and those of Schulfz st al is too large to
be discounted on the basis of a residual Na shunt permeability'in the
presaence of triaminopyrimid;na. Three independently obtainsd
measurements indicate the existance of a large entry flux into the
cell across the serosal membranes. These are: |

a) the tissue isotope specific activity ratio R, for Na is less than
unity indicating that proportionallx more isotope within the tissue
fluid originates from the serosal fluid than the mucosal fluid,

b) the permeability of the paracellular route (0.038 cm h-l) is
significantly less than the total s-m Na permeability in control
tissue (0.048 cm h-l),

c) triaminopyrimidine reduces s-m Na permeability only to 0.032 cm h“1
this value is incompatible with s-m Na besing entirely mediated by the
paracellular route as suggestad by Frizzell and Schultz (1972).
However, these findings do support the conclusion of Des jeux, Tai and
Curran (1974) based on studies of p.d.-dependsnt s-m Na flux measure-

ments, that there is a significant s-m transcellular flux.

(b) Effects of NaCl raplacemsnt by choline chloride and of 0.1lmM

ouabain added to Ringer on the unidirectional Na fluxes across the

serosal border Reduction of hingar [Na to 25mM reduces the calculated

exit and entry fluxas of Na across the serodal border to 3.74 and
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3,38 fmoles cm_2 h—l respactively (Table 12). Ouabain reduces both
entry and’exit flux of Na across the serosal barder at all levels of
l@a tested in the rangs 25-140mMm, THsse marked sffects of ouabain

on serosal Na flux contrast with the small sffect of ouabain in the

- absence of galactose, on the unidirectional Na fluxes across the
mucosal border. These effects of ouabain are entirely consistent with
ths Viéw that the Na-pump is situated ai the serosal border. It can
be observed in Table 12 that as well as a ouabain-sensitive active Na
transport process situatéd at the serosal border, there are also both
ouabain-sensitive and ouabain-insensitive -exchange components to
unidirectional Na flux across this border. Since ouabain reduces the
hypertﬁnicity of the fluid within thes lateral intercellular space

and hence, the distension of thé spacae and its accessibility to the
sefosal bathing solution, it is possible that the ouabain-sensitive
Na-exchangs flux simply results‘from an unfolding of ﬁhe basal-lateral
membranes when the tissue Na-pump is activiated. This explanation has
been previously proposed to account for the ouaﬁain-sensitive compdnant
of galactose exchange flux across ths serosal membrane (NaFialin and
Curran (1974)). However, further investigation of this process is
required in order to define the flux components more exactly.

(c) Effects of galactose on the Na fluxes across the ssrosal

membrane Raising Ringer [9alactosé] increases the sxit flux of Na from
cells across the basal-latsral border as a hyperbolic functicn of
Ringer‘[?alactose (Figure 20 (b)). This result provides support for
the view that the tiséue Na-pump activity i; stimulated by Ringser
galactose., This activation of the Na-pump probably results from the
increased entry of Na across the mucosal barder with subsequent rises
in the intracellular [ﬁé]. Consistent with this view, is the finding

that ouabain abolishes the galactose-dependent stimulation of Na exit
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flux 3,4 BCross the serosal border (Table 12).

As Ringer Y?alactosé} is raised, thare is a slight decrease in
the Na entry Flux across the serosal border (Figure 20). A possible
factor contributing to this apparent decrease in Na entry-from the
serosal fluidis that the increased Na concentration within the sxtra-
cellular space competss with Na coming from the ssrosal bathing
solu%ién Fpr transport sites inlthe serésal border. Other factors
such as an incrsase in the unstirred layér effegts or solvent drag

éFFects within the lateral intercellular space may also play a part in

the retardation of Na entry across the serosal border.

3. The convective-diffusion model of sugar transport by the small
intestine |
A new model has besen degcribed for sugar transport in the small

intestine which is based on evidence concarning unidirectional sugar
fluxes across both the mucosal and serosal membranes, (Naftalin and
Holman (1974); Holman and Naftalin (1975a, b)). It was proposed that
the asymmetric transport of sugar across the brush-border ar;ses |
because of convective-diffusion of sugar via aqueous pores in ths
brush-border. The force causing the convective flow of fluid across
the brush-bordsr and serosal borders is sustained by the osmotic
pressure gradient across the basal-lateral border of the epithelial
cells. Sugar accumulation within the intestinal epithelial cells is
caused by reflection of the sugar at their basal-lateral membranes.

Na was thought to interact withltha sugar transport system at
two stagas. At the brush-bordsr Na modifies the membrane permeability
to sugar; this may bs due to a change in membrane pore structure thus
affacting sugar diffusivity. At the serosal border Na activates the
tissue Na-pump which in turn generates the hypertonic salt solution

within the lateral spaces.
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.Several of the present findings are consistent withlthis model
for sugar transport.

l. Galactose increasss the Na influx across the brush-border.
The stoichiometry between Na entry and galactose entry 15
approximately 1l:1.

2. Na efflux across the basal-laﬁeral border is stimulated by
galaﬁtose.v This is due to stumﬁlation of the Na-K ATPase following
an increase in intracallular,ﬁé](see Chépter 3).

3. Na efflux across the mucosal boundary in the presence of
triaminopyrimidine decreases in the presance of galactose. Since it
has besen shown that intracsllular [Né] increases in the presence of
galactése, and since it is known that the mesmbranes potential across’
the brush-border is depolarized by actively transported ;ugars (Rosa
and Schultz (1371)) an increased- Na efflux would be expected. Intra-
cellular galactose accumulation should also be axbected to stimulate
Na eFflux on the basis of the Na-gradient hypothesis. The finaing that .
Na efflux decreases is indicative of an additional vectorial forcar
across the ?rush—border membrane which retards Na efflux. A likely
force is the flow of water through aqueoﬁs membrane pores.

4., In the presence of 0.lmM ouabain no galactose-dependent change
in Na flux is seen across either the mucosal or basal-lateral membranes
Ouabain has bsen shouwn to abolish the hypertonic Na concentration

within the lateral spaces (see Chaper 3).
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CHAPTER FIVE

THE MEASUREMENT OF UNIDIRECTIONAL Cl FLUXES ACROSS THE MUCOSAL

AND SEROSAL BORDERS DF RABBIT ILEUM

Introduction

The existence of active Cl transport (absorption) in rabbit
ileum in vitro has been damonstrated by several workers (Dietz and
Field (1973), Field, Fromm and McColl (1971), Nellans, Frizzell and

Schultz (1974)). Earlier contradictory reports that no net Cl

absorption occurred in vitro may be attributed (Schultz and Curran

(1974) to:
l. the absence of muscle stripping procedures
2. inter-animal variation due to hormonal énd intracellular
factors in vivﬁ
3. the absence of two expsrimentally convenient radioactive
isotopic tracers for Cl'(thus rehdering simultansous measure-

ments of transmural bidirectional fluxes impassible).

. It.has besn demonstrated that 82; may be used as a tracer for
Cl flux, if appropriate correction factors are appliaed, both in frog
skin (Tomlinson and Wood (1972)) and toad bladder (Wood and Tomlinsan
(1974)). Thus, simultanesous bidirectional flux measurements are
po;sible by the uss 6? 36Cl together with 828r.

It was considered worthwhile to attasmpt to apply ths technigue

of Tomlinson and Wood to the measurement of bidirectional C1l fluxes
in rabbit ileum in vitro. Coupled with an estimate of the isotope
specific activity ratio within the tissue, it is possible to calculéta
the unidirectional fluxas of Cl across ths mucosal ana serosal borders

of rabbit ileum (Naftalin and Curran (1974), see also METHODS).
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No significant.extracallular shunt component of transmural
Cl flux exists compared with transcellular flux (Frizzell and Schulﬁz
(1972)); this contrasts with the case of Na where a significant part
of transmural Na flux traverses the tissue by an extracellular cation-
selective pathway.

Schultz, Zalusky and Gass (1964) have examinsed the effect of
glucose on bidirectional Cl fluxes in short-circuited rabbit ileum
using 36C1 as tracer. Thaey concluded that glucose has no affect on
Cl flux. Glucose stimulated Na transport accounted for the short-
circuit current across this tissue. Barry, Smyth and Wright (1965)
examined the relationship between sugar evoked short-circuit current
and net Na flux in rat jejenum. Agreement between short-circuit
current and net Na flux was found with glucose but not Qith galactosse
and 3-0 methyl glucose. Taylor, Wright, Schultz and Curran (1968)
examined these findings in more detail. Thess workers demonstrated
that glucose and galactose had no effect on Cl flux in rabbit and
rat ileum and that the short-circuit current was equal to net Na flux,
In rat and rabbit jejenum tha effect of glucose was similar to that
fouﬁd in ileum, galactose, howevser, stimulated a net Cl1 movement frdm
serosa to mucosa. Munck (1972) confirmed (using rat jejenum) the find-
ing that galactose stimulated a net s-m movement of Cl. Proline had a
similar effect to galactose on Cl flux in this preparation. Binder,
Powell and Curran (1972) have examined the eFFecté of sugars an ion
- flux in-guinaa-pig ileum, Glucose stimulated a neutral s-m movement
of NaCl. Galactose stimulated s-m movamént, but this was without
effect on the short-circuit current and, therefore, at the expense of
HCCI3 flux., 3-0 methyl glucose was without effect on ion flux.

A possible relationship between unidirectional Cl movement and

galactose fluxes in rabbit ileum is re-examined using the nsw methods
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serosa flux 313 (p<0.1) 0.05) and for serosa to mucosa flux J
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available. Also of interest are thes possible effaects of 2,4,6,
triaminopyrimidine which blocks paracellular cation conductance
(Chapter 4) and is used as a basis for transcellular Na flux measure-

ments.

RESULTS

l. The uss of 828r as a tracer for Cl movement

Table 13 shows Cl bidirectional fluxes determined in experiments
in which 3601 and 828t werse used simultaneously to estimate Cl flux.

It c;n be ssen thét flux calculaied from 8281‘ as tracer is consistently
larger than flux determined uéing>36Cl as tracer for both mucosa to

3l
(p<:0.q5). This result is similar to that found by Wood and Tomlinson
(1974) and is consistent with the Ki for Br inhibition of Cl flux across
the brush-bordsr being smaller than the Km for Cl influx. (Frizzell,
Nellans, Rose; Markscheid-Kaspi, Schultz (1973)). The ratio of 8283 :
360) calculated Fluxes did not differ significantly between m-s (313)
and-s-'fﬁ (331) fluxes (py 0.2).

Tissue concentrations of Cl (uncorrected for extracellular space)
do not differ whether estimated by “°Cl or °2Br (p¥ 0.5).

Since a small shunt component of traﬁsmural Cl flux exists, it is
necessary to demonstrats that ths relative permeability of 828:-
calculated Cl flux for this pathwa} is no different from the 36Cl-
célculated Cl flux. Table ld4 shows the results of an experiment in which
mucosa to éerosa Cl flux 313 was measyred simultansously by 36Cl and

82

28r tracers as a function of the applied potential difference. If Br

permgation was largely via the extracsllular (shunt) pathwax)variation

 of the applied potential should cause large changses in transmural flux

(see Frizzell and Schultz (197 2) and Methods). It is clear that no

large potential-sensitive component for 82Br or 36Cl—calculated flux



TABLE 13
36 82 ) . . .

Cl and Br-calculated Cl fluxes determined simultaneously in control
tissuss together with steady-state tissue of Cl calculated from the

36[.‘.1 and B2!31‘ distribution ratios. All errors are expressed as : S.E.M.

Isotope Ratio of
n| o 8% 825¢ /3001
mucosa to serosa Cl flux 313 6 9.326 | 10.815 1.15
10.449 to0.696 | Zf0.03
-2 -1
(}Jmoles cm ~ hr )
sgrosa to mucosa Cl flux 331 6 6.228 - 7,546 l.21
P 0.384 20.374 | Z0.03
( pmoles cm ° hr )
Tissue Cl
(m.equiv/litre tissue HZO) 12 37.40 35.91 1,01
5,31 l4.42 20.03




TABLE 14

. 36 82 . L
Ratios of Cl : Br mucosa to serosa fluxes determined simultaneously in
control tissuss at 3 levels of clamping potential. All errors ars
- expressed as S.E.M, Data pooled from 3 tissues. Fluxes are expressed as

/)moles cm-2 hr-l._

Isotope Ratio of
Trans-epithelial potential n 36Cl , 82Br 82Br/ssl:l.
(mv.) '
0 3 10.72 13.90 1.29
fo.3 | %o.70 2 0.09
+10 3 +11.40 14.17 1.24
(serosal anode) - 0.56 t1.18 ! o.06
~10 ] 9.32 12.14 1.30
(serosal cathode) f0.70 Z 0.84 ! 0.07
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exists. Indeed, the ratio of 825: / 36¢1-calculated Fluxes is
invariant as the potential is varied. This result demonstrates that
the relative permeabilities of BzBr / 35Cl-c.:alculated Cl fluxes are
identical for both ths paracallular and cellular routes of transmural
fluxe.

The small variation in m-s Cl flux (313) as a function of thg
applied potential differencevis entirely consistent with the notion that
Cl flux is largely transcellular and thét the shunt pathway has a low
permeabiliﬁy to Cl. (Frizzell and Schultz (1972), Munck and S;hultz
(1974)). ”

28r may be used as an adsquate tracer for Cl provided that the
‘appropriate correction factors are used to correct 82Br—calculated Cl
fluxes. An additional precaution in the use of 828r as a tracer for
Cl was routinely appliéd; this involved undertaking sxperiments in
which the experimental conditions were run at least in duplicate, thus
allowing estimations of m-s flux:(le) by both BzBr and 36Cl. Large
variation from the control relationship batween 82Br and 36Cl-célcu-
lated‘CI flux could, therefore, be detected if present. No such

variation was observed in all experimental conditions performed.

2. Bidirectional flux measurements/Residual flux calculations

(i) Controls

The pooled values of bidirectional Cl fluxes in control

Ringer's solutions give m-s Cl flux (313) as 8.33 pmoles t;:m-2 hr =~ and

2

s-m flux (331) as 6.55;;moles cm hrfl (Table 15 ). The net Cl flux

is l.?B)jmoles cm-z hr-l; this value is significantly different from
zero (p <:D.001). Net Cl flux does not differ from values at control
net Na flux estimated in a separate experimantal series (p 770.5) (see

Chapter 4). The shortecircuit currsnt (SCC) for control tissues is

significantly different from zero (pr<: 0.001) and is negativa (ssrosal



TABLE 15
, 36 82

Bidirectional flux measuremants using Cl and Br as tracsrs for

Cl flux. Short-circuit current (SCC) measurements were poolsd from

data covering the pariod of flux measuremant (20 to 80 minutes follow-

ing introduction of isotopes. Net Na flux measurements are as given in

Chapter 4. Residual flux 3_ = SCC = (' - 3%L ). Permeability
r net net

pij = Jij/ci whers Ci is the concentration of Cl in the appropriate

bathing solution. All errors.are expressed as Is.e.m, Figures in-

parenthesas give the number of data points for net Na fluxes and SCC

determinations.
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cathode). The flux eguivalent, for a univalent ion, of the SCC is
D.BZ,gmoles &:m-2 hr-l. This may represent the net flux of a cation
from mucosa to serosa or of an anion from serosa to mucosa. Since the
sum of net Na and Cl fluxes is ~0 the residual current Jr (Jr = SCC
- (J:2t - JEtt) may reprssent the net ssecrstion of HCO, (sarosal to
mucosal movement). Two points are worthy of note in regard to the
residual current:

a) lactate fluxes, H and OH fluxes may constitute part of tﬁe
rasidual fluxes. Distz and Field (1973) have demonstrated, howsver,
that HC03 fluxes account for the greater part of the residual flux

b) residual flux measursments are the result of 5 separate
akperimental determinations made from 2 experimental ;erias and ars
therefore subject to large standard errors.

The value for residual current determined in thése experiments is
consistaent with the range of residual current valuas'datérmined by Fisld
and his co-workers (197la, b, 1973) of 1.0 - 3.0 pumoles em2 h:-l.

Dietz and Field (1973) estimated net HCD3 flux directly by acidification .
and back-titration to be &Y 1.9 )Amolles em™? hr™l. A similar value has
been obtained by Frizzell et al (1974),

(ii) The effect of 20mM triaminopyrimidine

Table 15 shows the effect of 20mM triaminopyrimidine on
bidirsctional Cl fluxes. M-s flux (313) is unaFFepted by triamino-
pyrimidine (p 7 0.9). S-m flux (331) is slightly increased compared
with control values; this increase is not statistically significant
UJ) 0;2). Triaminopyrimidine results in a small reduction in net Cl
flux (p) 0.2). This change parallels tha.significant change in net
Na flux observed in tha presence of triaminopyrimidine (Chapter 4) and
may indicate that the postulated passive movement of Na via ths para-

csllular pathway consists, in part, of neutral Nall movement.
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In Chapter 4 a decrease in SCC was recorded in ths presence
of triaminopyrimidine. In measurements of SCC averaged over the peri@d
of flux measursment (Table 15 ) no change due to triaminopyrimidine was
observed (P)’U.Z). The difference between thgse two results is likely
to result from decreased sensitivity of short-circuit current measure-
ments on incubation due to a decline in tissue conductance and tissue
viability.

No change in the residual flux in the presence of triaminopyrimidine
is observed (p )0.2).

The small effects of triaminopyrimidine on Cl fluxes lend support
to the conclusion made in Chapters 3 and 4 that triaminopyrimidine has
no effect upon transcellular ion transport and that its sole locus of
action is the cation-selective site within the tight-junc£ion bestwean
the epithalial cells.

(1i1) The effects of galactose

(a) Controls D-galactose (20mM) has no significant effect
upon the bidirectional Cl fluxes in control Ringer's (Tablel5 ) (p>0.5,
p>~0.5 for m-s (313) and s-m (JSI)ICI fluxes respectiyely). These
results are in agreement with the findings of Schultz et al (1964). it
is, however, evident that the SCC in the presenca of galactose cannot
be fully accounted for by the net Na and Cl fluxes. Ths residual current
is 2,25 umoles cm-2 hr-l. This is larger than the residual current in
control tissues. The increased residual currant méy be indicative of
an incraasea HCU3 secretion (see Discussion). The problems associated
with residual flux mesasuremsnts may be emphasized by reference to the
large error involved in this determination. The increase in residual

flux, though largs, is non-significant (p» 0.1).

(b) The effects of D-galactose in ths presence of triamino-

pyrimidins 20mM galactose in the presence of triaminopyrimidine reduces

m-s Cl flux (Jls) combared with control tissuas plus triaminopyrimidine
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alone (p <b.005) (Taﬁle 15). There is no significant change in s-m
Cl flux in this condition compared with controls (p)’D.Z). Net Cl
flux is reduced by galactose to D,GS/Umoles c:rn.2 hr-l in the presencs
of triaminopyrimidina.' This value differs Frpm net Cl flux measured
in the presence of galactose alone (p>'0.05 (D.l). Net Na flux
accounts for the gresater part of the SCC in the galactosa/%riaminq-
pyrimidine condition. This contrasts with control tissues where net
Na flux does not contribute to the SCC. The residual flux in tissues
treated with both galactose and triaminopyrimidine is 0.58 Pmoles
cm-2 hr-l. The difference betwsen this value of residual flux and
residual flux ih the presence of galactose alone is large but not
statistically significant (p:>0.2).

The reason for the decrease in m-s Cl flux is obscufa. The inter=-
ralations between net Na and Cl flows and ths residual current in this
condition resemble in vivo relationships (Hubel (1967,'1969); Turnberg

et al (1970a,b)).

(iv) The effects of 0.1mM ouabain

(a) Controls Net Cl flux is abolished by 0.lmM ouabain.

J in

This is primarily due to a reduction in m-s Cl flux (313). 13

the presence of ouabain is statistically differsnt from m-s flux (313)
" for controls (p<0.001). A small, though non-significaﬁt, reduction
in s-m Cl1 flux (331) is seen in the presence of ouabain compared with
controls, These eFFegts resamble the effect of ouébéin on bidirect-
ional Na fluxes (Chapter 4). The short-circuit current and residual
current are both reduced by 0.1mM ouabain compared with controls
(p<f0.001, p<:0.01 respectively), indeed these values do not differ
significantly from zero (p>’0.5, p 0.5 respectively);

The net flux of Cl, Na (and the residual current) are, therefors,
dspendent on the activity ofrthe Na~K ATPase.

The presence of 20mM triaminopyrimidine does not substantially

alter the effect of ouabain compared with control tissues,

4
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(b) Tissues + 20mM galactoss O.lmM ouabain abolishes the

galactose-dependent decrease in Cl1 flux seen in the presénce of
triaminopyrimidine. In addition, the 'stimulation' of residual current

by galactose is not observed in ouabain-poisonsd tissues.

3. The isotops specific activity ratio within the tissus (R)

The pooled valuss for the isotope specific activity ratio are
shown in Table 16. The ratio for controls is 0.869% 0.099. This
indi;ates a slight bias to isotope originating from the sarosal 501-
ution within the ﬁissue fluid. éDmm galactose doss not significantly
change the isotope ratio within tﬁe tissue (p0.9). Triamino- |
_pyrimidine in the presence and ébsence of galactose results in a small
non-significant increase in the tissue isotope ratio (p)’U.Z, 0.5
respectively). Tissue.incubétion with 0.1mM ouabain results in non-
gsignificant increments in R for controls(;f}ﬂ.z) tissuss plus triamino-
pyrimidine (p'}D.S) and tissues plus galactose (P 0.5). A decrease in
R due to ocuabain is observed iﬁ tissues incubated in tﬁa presence of
galactose together with triaminopyrimidine. This is not significant
compared with tissues minus ouabain. (p)»0.2).

Since tissus isotope specific activiﬁy ratios were determined from
the whols tissue it was necessary to show that no inhomogeneity in the
ratio within the tissue existed (see Methods and Section B5 Chapter 4 ).
Table 17 shows the reéults of the aﬁalysis for control tissues. No
significant effect of washing (i.e. removal of extracellular cation) is
observed in whole tissue (p) 0.2). epithelial (mucosal) scrapings
(p>0.5) or submucosal layers (p »0.5). Additionally, no effect of
scraping is seen bstween whole tissue and submucosal layers (p:>0.5),
| whole tissue and mucosal scrapings (p>>0.5)'and mucosal scrapings and
submucosal layers (p)’O.S). Thesa results demonstrate that there is no
inhomogeneity in tﬁs ratio R within the tissue and that the tissue may

bas treated as a single compartment in relation to Cl flux.



TABLE 16
The tissue isotope specific activity ratio of 36Cl/828r (or 82Br/36C1) (R).
Errors are expressed as the S.E.M. Figures in parentheses are the

number of separate daterminations.

CONDITION CONTROL .+ 0.1mM ouabain
Standard NaCl Ringer 0.869 1.110
- % 0.099 1 0.226
(22) ‘ (11)
Standard NaCl Ringer 1.120 - 1,30
+ 20mM triaminopyrimidine 2 0.192 !o.211
(16) (15)
Standard NaCl Ringer 0.875 1.063
+ 20mM galactose Z0.199 2 0.163
(20) (5)
Standard NaCl Ringer 0.998 0.773
+ 20mM galactose Z0.139 ! 0.060
+ 20mM triaminopyrimidine (12) (7)




TABLEL7
Tissue distribution of the isotope specific activity ratio (R) for
36 2 '
Cl Br within tha sxtracellular and cellular compartments. Results
are the mean of 3 replicates from a single sxperiment. Errors ars

36

expressed ! s.0. Cl is used as a tracer for Gl from thes mucosal

solution and BzBr as a tracer for Cl from the ssrosal solution in this

experiment.,

Unwashed 4hr isotonic

tissue mannitol wash

Whole tissue 0.843 ) 1.220

¥ 0.029 ‘2 0,410
Epithelial scrapings l.180 1,660

2 0.279 Z 0,284
Submucosal layars 0.885 0.970

I 0.062 I 0.190
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DISCUSSION

1. Bidirectional {1 flux measursments

The ability of mammalian ileum to absorb Cl was first establishad

by Ingraham and Vischer (1936). Uptake of Cl was followed from loops

of intestine in dog and Cl impoverishment noted. Measurement of the
slectrical potential difference and the Cl concentration difference
between lumen and blood concurrent with measurements of nat Cl move-
ment allowsd the conclusion to be made (Curran and Solomon (1957) in
vivo rat ileum; Kinney and Code (1964) in vivo dog ilsum; and

Turnberg st al (1970) in vivo human ileum} that Cl absorption was active
(i.e. against the prevailing elactrochemical potential differencs).

Measurement of net Cl absorption under voltage clamp in vitro was
not a consistent observation of earlier studiss (Schultz; Zalusky and
Gass t1964); Clarkson and Toole (1964)). Improved in vitro method-
ology (e.g. stripping of serosal muscle layers) resclved this apparent
anomaly and net Cl absorption has been established to occur in vitro
(Dietz and Field (1973)).

Inherent variability in net Cl measurement dues to ths use of
single-label isotopic flux measurements using 36Cl has been reduced in
the present series of experiments by the use of BzBr as .a tracer for.
Cl thusfamiaring bidirectional isotopic flux expefiments possible

82
)e

(using 3601 together with ~"Br The results obtained in Section 1 of

Results indicate that 828r may be used in this way providing approp-

riate correction is made for the larger flux estimated by 82Br. The

possiﬁility that ezBr flux does not mimic thae bulk Cl flux in all
experimental conditions tested must, however, be considered. To this
end BZBr was used alternately as a tracer of both mucosal to ssrasal
and serosal to mucosal fluxes; this allows sgparate estimates of

36Cl and BZBr and provides internal experimental

controls to thes use of BzBr.

m-s flux by both
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The existence of nat Cl absorption (mes flux) for in vitro ileum
stripped of its muscle layers is confirmed in Results, Tha absolute
magnituda—of this net flux and the bidirectional transspithélial Cl
fluxes estimated by using the dual-label technique are similar to thoss
obtained by single-label measursments using 3681 alone (Field, Fromm
and McColl (1971) and Sheerin and Field (1975). This result provides
additional support for the validity of the use of 828r as a tracsr for
Cl mbvément in ileum, | |

20mM triaminopyrimidine has no significant affect upon the bidirec;
tioﬁal Cl fluxes. This result is in agreement with the data from
diffusion/biionic potentials obtained in Chapter 4. A small (though
non-significant) decrease in Jnet for Cl is observed; this may be
associéted with the decreasa-in Jnet for Na observed in the presence
of triaminopyrimidine. The triaminopyrimidine sensitive component of
net Na flux may result from a passive process driven b} osmotic water
flow through the tight-junctions (Chapter 4). This process should be
electrogenic due to unequal sieving of Na and Cl through the cation-
selective tight-junctions (Smyth and Wright (1966)). In accordance
with this view, the triaminopyrimidine-sensitive component of net Na
flux is gre;ter than tha triaminopyrimidine-sensitive component of net
Cl flux. The exiséence of high permeability of the tight-junction to
osmotic water flow and to diffusional flows of small low-molacular
weight solutes is now genarally recognized in 'leaky' epithelia
(Frizzel and Schultz (1972), Huss and Yarsh (1975), Sackin and .Boulpaep
(1975)). Berry and Boulpasp (1975) have demonstrated soluts-solvent
coupling within the tight-junctions of necturus kidney proximal tubuls.

20mM galactose has no effect on net Cl flux or upon the bidirec-
‘tional Cl fluxes. This result is in agreement with previous work
(Schultz, Zalusky and Gass (1964), Taylor, Uright, Schultz and Curran

(1968)).
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Triaminopyrimidine causes a reduction in m-s Cl flux (313) and
net Cl1 flux in the presence of 20mM galactose. The basis for this
effect is obscurs.

O.1mm ouabéin reduces net Cl flux to zerg in all four expsrimental
conditions, This is primarily due to a raduction in m-s Cl flux. This
result demonstrates a depsndence of Cl movement on Na-K ATPase activity.

24 Residual fluxses

The usse of net Cl flux measurements and short-circuit current
measurements together with previous estimates of net Na flux (Chapter
4) provides a cruds basis for estimating the residual flux. Residual
fluxes, in rabbit ileum, may be largsely attributable to a net HCO3
flux, (Dietz and Field (1973), Frizzell,Markscheid-Kapsi and Schultz
(1974)). The present value for ths residual flux (Faluojpmolescm-z
hr-l) ;gtees with the values obtained by Field and co-workers for in

vitro intestine.

The nature of HCO, fluxes in ilsum are ill-understood. Direct

3
measuremsnts of H003 fluxes by 140 tracer are difficult due to exchange
of 14C tracer with gaseous CO Indeed, high HCO, permeabilities for

2° 3
ileum measured by this method are probably due to this effect (Powell,
Binder and Curran (1973)). HCO flux measursments, in the traditional

sense, are probably impossible, since net HCO_, movement most probably

3
involves loss from an intracellular pool formed by oxidative metabaolism
(Frizzellet al (1974); Carlinsky and Lew (1970); Lew (1970)).

20mM triaminopyrimidine has no effect upon the residual flux,
20mM gélactosa results in a largs, though non-significant, increase in
the residual current. Since it is known that:

(a) no significant metabolism of galactoss occuré under the

experimental conditions used in the present study (Naftalin and Curran

(1974)),
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(b) rabbit ileum in vitro is not limitsd metabolically (Frizzell

et al (1974)),
then the increased residual currants may indicate an increésed HFOS
" production due to increased oxidative métabolism.

This result is consistent with increased.energy demands due to
stimulation of the Na-K ATPase by gglactosa (Chapter 4). Similar
results cbncerning matabolism have been reported in othaf epithelia
upon stimulation of Na-K pump activity (martin‘and Diam;nd'(1966)).
Further duscuseion of this ﬁdint is not warranted due to ths large

errors associated with residual flux measurements.

3. Unidirectional flux calculations

Table 18shows tha calculated valuas for unidiiectional fluxes
across the mucosal and basolateral cell boundaries.

Cl influx 312 across the mucosal boundary is 14.25)Amoles cm-2

hr-l. This value is in reasonable agrsement with valyas of influx
determined directly (Nellans, Frizzelland Schult; (1973)). It is
pertinent to note that altough paracellular permeability is low
(Frizzell and Schultz (1972)) a portion of th3 calculated flux must
represent flux through the paracellular pathway. A permeability of
0.018 cm hr-l for extracellular Cl permeability would yield a valus of
2‘61)Jmoles cm-z hr-l. This diffusional component can, however, only
be a small fraction of ths total flux.

Effiux 32 across ths mucosal boundary is calculated to be

1

12.47,Mmles t:m"2 hr-l. The flux ratio J for the mucosal

12721
boundary is, therefore, 1.14. For a value of intracellular [Fé] of
58mM (Frizzellet al (1973)) and a mucosal membrance potential of =-36mV
(Rose and Schultz (1971)) the theoretical Ussing flux ratie is 0.61
The discrepancy between these two valuaé may implicate an active

process in Ll influx. - This conclusion is in agreement with tha daté of

Frizzellet al (1973).



TABLE 18

Calculated valuss for unidirectional Cl fluxes across the mucosal and

basal~lateral boundaries of rabbit ileum. All errors are expressed as
“ the standard error of the mean. Fluxes are expressed as ‘pmoles

em™Z het,



n 912 In 323 Y
140mMm Na Ringer 23 14.25 J12.47 ,19.84 rpm.om
(Standard Ringer) Z1.12 Z1.6 21.12 I1.12
140mM Na Ringer 11 10.99 Ji.12 12,75*** +~N.mm.*
+ 0.1mM ouabain 2 0.68 Io.58 l1.83 2201
140mM Na Ringer 20 13.74 ,11.89 20.86 ,19.00
+ 20mM galactose Z1.55 170 t1.67 Z1.59
'140mM Na Ringer 5 12.27 12.11 12.62% 12.46%
+ 20mM galactose 11.43 *0.93 ta.20 L3.36
"+ 0.1lmM ouabain :

140mN Na Ringer . 15 16.53 ,15.34 ,15.95 ,14.76

+ 20mM triaminopyrimidine 2.8 t 2.08 l1.25 217
140mM Na Ringer 15 14.09 13.66 C11.21%% ,10.Blass
+ 20mM triaminopyrimidine z1.03 21.05 f1.23 21.35

+ 0.1mM ouabain

140mM Na Ringer . 20 12,04 Al 13.92%%s 13.28%%
+ 20mM triaminopyrimidine 2.1 21.20 - 20,75 Z.0.95

+ 20mM galactose

140mM Na Ringer 7 9.66 9.99 J2.17%ee 12.50% %
+ 20mM triaminopyrimidine f1.25 1177 11.33 2.1.95

+ 20mM galactosse

+ 0,1mMN ouabain

Significantly different from controls »p <0.05

(Standard Ringer) =xp 0,01

#xxp £ 0,005
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The calculated valuas for Cl fluxes acrcss the basal-lateral
border indicate that the bidirectional fluxes are large (19.84 and
18.06 Fmoies t:m-2 hr.l for 323 and 332 respectively). Recently,
Cremaschi and Henin (1975) have measured the 36Cl uptake from ths
serosal solution into rabbit gall-bladder. They conclude that the
basal-latsral border of gall-bladder epithelial cells is impermeable
to Cl. In contrast with rabbit gall-bladder, the basaleléteral |
membrane of intestine is freely'psrmeaﬁle to Cl. A portion of the
serosal Ei flux may represent Cl/Cl exchanges. Zeuthen and NMonge
(1975) have reported that CL'is present.in high.ﬁoncentrations in the
lateral intercellular space (300mM). The observed flux ratio for ths
serosal border (323/332) is 1.09; assuming an extracellular [Fﬂ of
300mM ,the predicted theoretical ratio is 0.79. Hence, Cl may be
éctiuely extruded acroés the sarosal (basal—latqral) membrane.
Assuming that the extracellular [Fi] was 145mM, Frizzell et al (1973)
concluded that Cl was passivaly.distributed across the basal-laterai
membrane.

Neither galactosa nor triaminopyrimidine alone have any sigﬁifi-
cant effect on unidirectional Cl fluxes. |

0.lmm éuabain has no significant effect upon bidirectional influx.
(312) and ef Flux (321) across the mucosal boundary. Frizzell et al
(1973) reported that metabolic inhibitors such as cyanide and
iodoacstate had no appreciable effect on influx (312). Quabain,
however, does cause a large reduction in the calculated bidirectional
fluxes across the serosal (basal-lateral) boundary, (323 and 332).
This effect is similar to that observed with Na fluxes (Chapter 4).
Net Cl and nat Na fluxas are reduced to zero. Thus net Cl flux may
simply be passively coupled to net Na flow. The biairectional
decreass in Cl flux across the serosal boundary may be related to
lateral space collapéa, thus rsducing the effective membrans area for

ionic permezation. Similar effects are seen with sugar fluxes

.
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(Naftalin and Curran (1974)).

The significant change in m-s Cl flux observed in the presence
of triaminopyrimidine together with galactose is due primarily to a
reduction in unidirectional flux across the serosal membrane, (Table

18). As has previously been stated, the nature of this éffect is

obscurae.
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CHAPTER SIX

The machanism of action of theophylline upon Na and Cl fluxes: the

effects of 2,4,6, triaminopyrimidine

Introduction

Previous investigations of the effect of secretagogugs such as
theophylline, cholera toxin and c-AMP upon intestinal ion transport
have céncentrated upon the maasurement‘of the transintestinal
bidirectional (mucosa to serosa, and sefosa to mucosa) fluxes of both
Na and Cl (Shesrin and Field (1975); De Jonge (1575); Powell, Binder -
and Curran (1973); Al-Awquati, Cameron and Greenough (1973); Field
(1971)).

Measurements of unidirsctional Na and Cl influx across the
mucosal boundary in thé presence of secretagogues have been made
(Frizzell et al (1973); Nellans et al (1973, 1975)). These studies
have not convincingly separatadAinFlux across the mucesal membrane Frpm
influx across the tight-junction. Ion movements through the shunt-
pathway are of prime importance with regard to transepithelial Na
movements. A change in tissue conductance, indicative of cﬁange in
the paraceliular pathway has been reported in the presence of
theophylline and chalera toxin ( Powell (1974); Nellans st al (1974)).

The uss of the methods to measure unidirectional Na and Cl fluxes
across the mucosal and basal-lateral borders of rabbit ileum should
allow a greater insight into the mechanisms involved in thsophylline-
mediated secretion in rabbit ileum. The usse of triaminopyrimidine
allows a definitive test to bs made of the importancs of the para-

cellular pathway to Na movement in tha secretory stats,
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Results

1. The effects of theophylline on passive ionic permeability

(i) Ouabain-poisoned tissuses

(a) Mannitol dilution and biionic potentials Powell (1974)

has reported tﬁat theophylline dacreases transepithslial electrical
conductance across rabbit ileum. In ouabain-poisoned tissues, however,
he observed a theophylline-dependent increase in Cl permeability., The
change in Cl psrmeability was unaccompanied by changes in Na '
permeability.

Table 19 shows the biioniq and mannitol dilution potentials qu
controls and tissues incubated in the presence of 5SmM theophylline*.
It is clear that there is a significant reduction in the mannitol
dilution potential with theophyllins presént compared with control
values minus thaophylliﬁe (p<0.001). That tﬁe reduction in the
mannitol dilution potential due to theophylline is due to an increased
Cl permeability is evident from the following observations: a) the
K : Na and b) the choline : Na biionic potentials do not differ from
control.Values (p>?0.3, py 0.4 respectively). A more direct test as
to increased Cl permeability may be made from the SU4 : Cl biionic
pdlential. This is significantly increased in the presence of
theophylline compared with control valuses (pj?U.DDl). Since SD4 is

considered to be an impermeant substitute for Cl (Nellans, Frizzall

"and Schultz (1974)) this result can only be dus to increased Cl

permeability, These ressults confirm those of Powsll (1974).
The observation that theophylline changes Cl psrmeability without
any change in Na psrmeability suggests that there exists, in ileum,

separate channels conferring Na and Cl permsability to the tissus.

»*
‘all solutions contain 0.1mM ouabain (see Methods)



Tabls 19
Biionic and mannitol dilution potentials for rabbit ileum in the
presence of D.lmM ouabain following a preincubation period of twenty
minutes. All ion substitutions were made in the mucosal bathing
solution. All solutions contained the normal buffer (10mM KHC03,
D.4mm K2P04, 2.4mM HPD4 gassed with 95% 02, 5% CDZ)' All replacements
were‘méde isosmotically. 504 substibutions involved addition of
mannitol té maintain isotonicity. All efrors are exprassed as the
standard error of the mean. n gives thg mumber“of sgparate deter-

minations for each condition. All potentials are expressed relative

 to the mucosal solution (mv).



Table 19

choline : Na

Condition/Ion Pair Mannitol K : Na sg, : Cl

Control -14.02 = 0.39 +4.72 2 0,31 -21.64 X 1.45 + 6,04 £ 0,47

5mM theophylline - 9.52 2 0.59 +3.60°2 oLmN -19.89 = 1.09 +11,00 2 0,75

20mM triaminopyrimidine - 5.67 £ 0.38 +2.99 * 0.56 -11.90 1,57 + 5.63 £ 0.98

SmM thecphyllins . R R . .

20mM triaminopyrimidins - 2.86 - 0.41 +3.94 - 0,86 - 9.86 ~ 0.70 + 9,80 - 0.50
| 6 3 6 6



-117-

Further support for this view is derived from the action of
triaminopyrimidine. éﬂmm triaminopyrimidine significantly.reducss
 tha diffusion potential of NaCl into mahnitol compared with control
valuss 03<D.001) (Table 19). This, however, is due to a specific
reduction in Na permeability (as is evident from the K : Na,
choline { Na and SD4 : Cl biionic potentials). No changé in Cl1
psrmeability is seen., Similar data have already been ﬁresénted
(Chapter 4),

If triaminopyrimidine and theophylline have separats loci of
action, the two drugs together should elicit responses that are no
different from their action alone in the case of biionic potentials
and which are additive in the cass of mannitol dilution potentials,
20mM triaminopyrimidine and 5mM theophylline cause a reduction in the
mannitol dilution potential which is significant;y lower than poten=-
tials evoked either in ths presences of theophyllins alone (p<<0.001)
or triaminopyrimidine alone (p<£0.001). The choline : Na biionic
potential in the presence of both triaminopyrimidine and theophylline
is no different from the biionic potential in the presence of tri-
aminopyrimidine alone (p>>0.2). Similarly, the SD4 : Cl biionic
potential in the presence of triaminopyrimidins and theophyllins ié
not significantly different from the biionic potential for theophylline
alone (p?O.l).

These results are consistent with th; view previously stated,
that there are separate channels for Na and Cl permeation that may be
separated pharmacologically by triaminopyrimidine and thaophylliﬁe.
Also, the indication of a residual Na permeability in the presence of
triaminopyrimidine (see Chapter 4)'and‘the existence of Cl permeability
in control tissues minus theophylliné suggests thes sxistence of a

third pathway. This may be a free-solution 'leakage' pathway as
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exists in rabbit gall-bladder (Barry et al (1971); Moreno and
Diamond (1974); Moreno (1975a,b)).

(b) Concentration dependence of theophylline action on Cl

permeability Figure 22 (a) shows the mannitol dilution potentials for

controls and tissums incubated in the presence of increasing
concentrations of theophyllines. The reduction in the mannitol dilution
potential at 5mM theophylline is no differsnt from that at 10mM. A
reduction in the dilution potential of the observed magnitude (SmM
theophylline) is consistent with an increase in Cl permeability of
0.09 cm hrfl.' (Thus overall Cl permeability increases from a valus of
0.015 cm hr"l to 0.024 cm hr-l. Calculations were made using the
Goldman-Hodgkin-Katz equation assuming pNa = 0,038 cm hx:;l and

h)

PK = 0.04 cm hr

The percentage change in Cl1 permeability dus to théophylline
(expressed in relation to the maximum change obtained) is plotted
against the thsophylline concentration in Figure 22 (b). The increment
in Cl permeability follows satu;ation kinetics. The calculated Km
for this relationship is 0.89 2 0.14 (SE) mm.

(ii) Resistance (conductance) determinations in non-poisoned

tissues

(2a) The effects of 10mM theophylline The conductance of
intestine (i.s. 1/Resistance) is equal to the sum bf the partial
ionic conductances of all ions contained in the béthing Ringer solu-
tions (Frizzell and Schultz (1972)). Hence the finding (Powell
(1974)) that the partial ionic conductance of Cl is increased (see also °
above) whereas total conductance decreases, is anomalous An important
exparimental difference between these two measurements is that Cl
conductivity is msasured in oyabain-poisonad tissues, whareas total

cnonductance is measured in actively transporting tissues; hence ths



Fiqure 22 (a)

The effect of theophylline (0 to 10mM) upon the transspithelial
potential differenﬁes obtained by mucosal diluticn of Ringsr [Nac%]
by isosmotic mannitol replacement. All potentials are axpressed
relative to the mucosal solution. All points are the meaﬁ results
of six tissues from three sxperiments. Error bars (i S.E.M.) lie
within.the points and are omitted. Théophylline was added to all

solutions,

Figure 22 (b)

The relative change in Cl permsability (expressed as a percentage
of the maximal response) plotted as a function of the theophylline

concentration in the bathing solutions.
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anomaly may ariss from processes dependent on aétivevtraﬁsport.
Nellans et al (1974) have demonstrated that the changs in conductance
in non-poisoned tissues is time-dependent.

Figure 23 (a) shows tissue resistance for control tiﬁsues and
tissues incubated in the presence of 10mM theophylline measured as
a function of the incubation timas. At ﬁhs start of the incubation
paribd control tissue reéistance is 56.0 % 5.6 (SE).Acm-z. In
contrast, tissue resistance in ths presence of 10mM theophylline is
39.8 L 7.1 (SE)-mcm—z. The difference between these values is
significant (p<0.05). A decreased resistance (incrsaéed conductance)
is consistent with the increass in Cl permeability observed in ouabain-
poisoned tissue (see above).’

Control tissue resistance falls rapidly in ths first 20 minutes
of 1ncubation.(56 to 34 ow-Z); betwesn 20 and 80 minutes a furthser
slow decline to 25 \M:m"'2 is évident. In the presence of theophylline
an inéraase in resistance to 49.~cm-2 is observed during the first
20 minutes of incubation, Thi; increase is sustained for 30 minutés,
after which.period a slow decline is observed, similar to that
observed for control tissues over an equiyalent period. Hence, apart
from the initial resistance msasurement (t = 0), tissue resistance
with theophylline is consistently-greater than control resistance over
tﬁa whole of this period. These results are in essential agresment
with those of Nellans et al (1974),

" The increase in tissue resistanée following addition of theo-
phylline may be associated with a decrease in the width and volume of
the lateral intercellular space (Dibona, Chen and Sharp (1974)). A
decrease in the extracsllular space in the presance of 10mM thsophy-

lline has been noiad_(see Chapter 3).



Figqure 23

Variation in tissue transepithelial resistance as a fdnctiqn of
the incubation time. Resistance determinations wers mads from
measuremants of the open-circuit potential and tha short-circuit

current (ses Methods).

Fiqure 23 (a)

The effect of 10mM theophylline in control tissues. Data are
pooled from 32 tissues for controls and from 17 tissues for
theophylline-treated tissues. Points and error bars represent the

mean : S.E.M, for each point.

Fiqure 23 (b)

The effact of 10mM theophylline in the presence of 20mM triamino-
pyrimidine., Data are pooled from 22 tissuss for triaminopyrimidine-
treated tissuss and from 15 tissues for tissuss treated with both:

theophylline and triaminopyrimidine.

Figure 23 (c)

The effect of 10mM theophylline in the presence of 20mi
galactose. . Data are pooled from 22 tissues for tissues treated
with galactose alsone and from 18 tissues for tissues treated with

both galactose and thsophylline.
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(b) Effects of 20mM triaminopyrimidine Increased paracellular '

resistance, independent of changes in lateral space resistance, may
be attained following addition of triaminopyt}midine (see Chapter 4)
which blocks Na conductance via the tight-junctions.

Figure 23 (b) shows the effect of triaminopyrimidine upon the
time-dependent changes in transepithelial resistance.

At zero time triaminopyrimidine increases transepithelial
resistance to 88 = 6 J»cm-z. This value is sigﬁificantly larger than
control resistance at zaro time (D‘<D.UUI). 10mM theophylline together
with triaminopyrimidine decreases tissues resistance (to 53.9
: 4.14Mcm-2) as compared with tissues in tﬁa presence of triamino-
pyrimidine alone 0r<0.001); These effects of theophyllina and
triaminopyrimidine indicate a decrease in resistance when paracellular
conductance is blocked. Hence the increasa iﬁ Cl conductance observed
previously may be dus to an increasad transcellular Cl movement.

Ir. the presence of triaminopyrimidine alone -a rapid decline in
tissue resistances (between 0 to 20 minutes) is fuilowed by a period
of slow decline, This is similar to the time course for resistance
change in control tissues. In the presence of both 10mfi theophylline
and triaminopyrimidine the time course of resistance change is
similar to tissues minus theophylline. This result contrasts with the
effects of theophylline in control tissues where aﬁ increasa in tissue
rasistanba is sean over the first 30 minutes of incubation.

Consideration of the paracellular patbway as two series elements,,
namely the tight-junction and the lateral intercellular spaces, pro-
vides a plausible mechanism for these affects. Variation in the
lateral space resistancs will be obscured if ths resistanca of the

tight-junction.is markedly increased.
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A convenient statistical method of comparison of these complex
changes in tissue resistance as a function of time, theophylline and
triaminopyrimidine is afforded by an analysis of variance (3-way
design). Table 20 (1) summarizes ths results of this analysis.

Botﬁ factors C (time) and A (triaminopyrimidine) cause significant
change (varianca) in tissue resistance when averaged over the wholse
set of results (p<0.001, p<0.025 respectively).

The téndency.For all resistance values to decrease (i.e. the main
effect C) is ill-understocd,’ Barry et al (19715 and Moreno and
Diamond (1974, 1975) have described the development of a free solution
shunt pathway in gall-bladder Follwing dissection. A similar
situation may sxist in rabbit intestine in vitro.

The effect of factor B8 (theophylline) is non-significant (py0.25)
The strength, howsver, of a factorial arrangément of results in an
analysis of variance lies not iﬁ tests of the main effects (i.e. of
A, B, and C) but in the interactions between these affects (i.s. AB,
AC, B;_ABC interactions). The interactive tarm-AB is significant
(p€0.025), that is to say, the effect of triaminopyrimidiné is
significantiy modified by theophylline. The nature of this effect has
been discussed (see above). An interaction that will also contribute
to the AB term is the modification of the theophylline response by
triaminopyrimidine (see above). The interaction terms AC and BC
indicate that time significantly modifies both the theophylline and
triaminopyrimidine response 03<0.001,;J(0.001 respectively).

It is clear that more than ona effect will contributs to the
variation in the theophylline response with time. For instance, the
biphasic naturé of tissue resistance in the presence of theophylline
alone, the abolition of this biphasic change in the presence of
triaminopyrimidine ahd the general tendsncy towards lower valuss of

resistance with time,

4



Table 20
Summary of Analyéis of Variance, 3-way design (unweighted means
© solution), for data of Figures 23 a, b, c. p values were taken from

the tabulated distribution of F (Fisher and Yates (1949)).
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Similar considérations apply to the modification of the £riaminof
pyrimidine response with time., Thus triaminopyrimidine results in an.
initial increase in resistance in the presence of theophylline but
this is subsequently reduced. In control tissues a large increase in
tissue resistance dus to tiraminopyrimidine is seen initially. This
is much reduced as incubation procseds.

The complexity of the resistance changes may be realized by the
existance of a highly significant 03(0.001) thres factor interaction
(ABC) i.e. time significantly modifies the AB interactive tarm.

(c) Effects of 20mM D-galactose Closure of the lateral inter-

cellular spaces may result in time-dependent changes (increases) in
transepithelial resistance (see above). Procedures that éausa lateral
Space‘dilation should, therefcra, reverss fﬁeobsérved resistance
changes. 20mM galactose has been shown to reverss the tﬁeophyllina—
dependent decrease in extracellular space (ses Chapter 3).

Figure 23 (c) shows the transepithelial resistance changes when
20mM galactose was present in the bathing Ringer both in the presence
and absesnce of theophylline. Resistance at zero time for tissues in
the prasence of 20mM galactose alone is 45.2 = 6.9cm 2. This value
does not differ significantly from control values (p)0.1). The
change in resistance with respect to incubation time is similar to
controls,

The'prESence of theophylline in addition to 20mifl galactose
reduces transepithelial resistance at zero time té 30.2(5) : 7.6\kcm-2.
This value does not differ significantly from tissues incubated in
the presence of 20mM galactose alone, (p »>0.1); but is significantly
different from control tissues (p<0.05). No increase in trans-
epithelial resistance due to theophylline is seen at 10, 20 or 30

minutes compared with resistance at zero time. This contrastswith tha
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effact of ﬁheophyllina in tissues incubated without galactese (see
above). Furthermore,rvalues for transepithelial resistancé,in the
' presence of galactose and theophylline (Figure 23 (c)) are consist-
ently lower over the whole period of incubation than tissue resist-
ance in thes presesnce of theophylline alone (Figure 23 (a)). These
rasults éra consistent with the view that the increased trans-
epithslial resistance in the presence cf thedpﬁyllina ig due to
changes in the dimensions of the lateral intercellular spaces.
Table 20 summafizes the analyses of variance in'which galactose,
theophylline and time are used as the factors A, B and C. 20mi
galactose (A) and 10mM theophylline (B) have no significant effect
(p>0.25, p> 0.25 respectively) when averaged over the whole set of
results. This is primqpily due to the timé-dependent change in
transepithelial resistance (factor C) (p £0.005) which obscures the
galactose and theophylline dependent changes at longgr incubation
times, Hence direct comparison of results is more useful in this

instance. Interactions AB, BC, AC and ABC are all non-significant.

Section 1l: Summary

In ouabain-poisoned tissues

l. 10mM theophylline increases Cl permeability without concurrent
change in Na permeability. o

2. The effects of theophylline and triaminopyrimidine on mannitol
dilution potentials are additive, indicating separate actions.

3. The Km for the theophylline dependeht response on Cl permeability
is 0;89mm.

In actively-transporting tissuss

l. 10mM theophylline results in a biphasic change in the tissue

resistance. An initial dscrease is probably the result of increasead
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Cl permeability whereas a subsequent increases in tissue resistance

is probably the result of la£aral space collapses.

2. 20mM triaminopyrimidine and 20mM galactose do not effect the
initial decrease in resistance but abolish tHe subsequant increase in

regsistance,

24 22

2. Na fluxes and the tissue isotope ratio R of Na Na

(i) Bidirectional transmural Na fluxess: the effects of thso-

phylline/factors affecting the theophylline-dependent changss in

bidirectional flux

(a) the effect of theophylline (0 to 10mM) upon the

transmural Na fluxes Figure 24 shows the effect of theophyllihe on

mucosa to serosa (313) and serosa to mucosa (331) fluxes of Na. It
can be seen that increasing Ringer Epheophyllina' progressively
reduces m-s flux (313) without concurrent change in.s-m-Flux (331).
This result is in accord with the findings of other workers (Field
(1971); Field et al (1972); Nellans et al (1974)). The reduction in
m-s Flux-(JlB) follows saturation-type kinetics. Ths Km for this
relationship is D.é? Zo.08 (SE) mM. This valuevis similar to the
apparent Km for the theophylline-dependant increase in Cl permeability
(see Section 1), but is lower than that observed for the thesophyllina-
dependent increase in tissue galactose accumulation at 2mN (Holman
and Naftalip (1975b)).

Examination of the pooled data (Table 21) shows that theophylline
at a aaximal concentration (10mM) significantly reduces m-s flux 313
compared with control valuss 0)<0.001). In contrast, 10mM theophyll-

ine has no significant effect on s-m flux J,, compared with control

31
‘values (pY0.1). The net Na flux is significantly reduced by

theophylline (p <ﬁ.001); indeed a negative net flux in thes presence of



Figure 24

The effect of theophylline (0 to 10mM) upon the bidirsctional
m-s (313) and s-m (331) fluxes of Na. Net Na flux is also shoun.
The results are the mean of at least two tissues at each thaophylline

concentration from two separate expsriments.



75

Jp moles
cm?hr?

theophylline mP?

31
13



Tabla 21
Theobhylline—dependent changes in the measured bidiractional

Na fluxes (313, J Net Na flux (Jnat)is also shown. All errors

31)'

are expressed as the S.E.M. P,, = J,./C., where C,, = bathing media
ij 1j771] ij

Na concentration from the ith compartment., All fluxes are expressed

: -2 -1
as lgmoles cm hr ~.
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.theophylline is observed. This result may indicate ths existance of
a transceilular Na flux from serosa to mucosa. The magnituds of the
net flux plus theophylline does not, however, differ significantly
from zero (p»0.2).

(b)) Effects of 20mM triaminopyrimidine

Thes mode of action of triaminopyrimidine has begn
disduséed previously (see Chapter 4). 'Table 21 and‘Figure 25 show
the effect of triaminopyrimidine upon the theophylline-depsndent
change in transapithelial Na flux.

20mM triaminopyrimidine increases mucosa to serosa flux (313) in
the presance of theophyllins from 5.54 to 6.79 pmules cm-2 hr-l. This
result'is statistically significant 03(0.05). No signigicant changs |
in serosa to mucosa flux (331) in the presence of theophyllins due to
triaminopyrimidine is observed (p> 0.5). Net Na flux (Jnet) in tha‘
presence of theophylline is -0.47 Pmoles cm-'2 ht-l, this is reversed
to +0.89 moles cm.2 hr-l in the presencs of triaminopyrimidiné. Net
flux in the presence of both theophylline and triaminopyrimidine dbes
not differ from net flux in the presence of triaminopyrimidine alone
(pY0.5).

The sffects of triaminopyrimidine in the presence of theophylline
contrast with the effects of triaminopyrimidine on control tissues.
where triaminopyrimidiqe causes a bidirectional decrease in Na flux,

Since triaminopyrimidine blocks Na movements through the tight-
junction, the increase in m-s Na flux (313) dues to triaminopyrimidine
in the presence of theophylline suggests that the decreasa in m-s
flux due to theophylline alone results from a recirculation of
isotope from the cell intoc the mucosal solution. The route for this
reflux of Na is via the tight-junctions.

Triaminopyrimidine has little effect on s-m flux (331) in the

presence of thaophylliné, this implies that the major pathway for



Fiqure 25

R summary of the effects of 20mM triaminopyrimidine and of
- 20mM galactose in the presence and absence of theophyllins upon
the transmural bidirecticnal fluxes of Na. Net Na flux is also
shown. Error bars denote the S.E.M. for each point (see text and

Table 21 for further details).
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Na permeation from serosa to mucosa is transcellulér.

Comparison of the bidirectional Na fluxes in the ppesénca aﬁd
absence of theophylline but in the pregence of triaminopyrimidine,
reveals that theophylline causas an increase in both m-s (313) and
Se~m (331) fluxes. It may, tharefope, be concluded that theophylline
increaseé transcellular Na permsability in thé presencelof triamino-
pyrimidine. - |

(c) Effects of 20mMm galactose

Field (1971) Bas demonstrated that glucaose absorption
is unaffected by theophylline as judged by measufements of the
glucose-stimulated short-circuit current. Similarly, Holman and
Naftalin (1975 b) have shown that in Na-depleted intestine (75mM Na
Ringer) the mucosal asymmetry to galactose is unaffected by
theophylline. At high Ringer galactose concentrations ()’Smm) these
authors also demonstrated that Sml theophylline had no effsct upon the
net flux of galactose. |

It is of interest to determine ths affects of galactose upon Na
fluxes in the presence of theophylline since galactose reverses the
theophylline-dependent change in transepithelial resistance (ses
Results Section 1).

Table 21 and Figure 25 show that there is a galactose-depsndent
stimulation of net Na absorption béth in the presence and absance of
10mM theophyllina., Net Na absorption in the presence of galactoss
alone is larger than net Na absorption in the presence of both
theophylline and galactose. The galactose-dependent stimulation of
net Na flux is larger in theophyllins-treated tissues thaﬁ in control
tissuss. These differences are not, howsver, statistically significant,

Tha present results are, thersfore, in agreement with those of Field

(1971) for glucose.
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Table 21 indicates that there is a change in bassive tissue
permeability due to galactose in theophylline-treated tissqe; s-m Na
 flux (331) increases from 6.02 moles c6—2 het to 7.24}Amoles
em~2 hrol, Also, the change in m-s Na flux due to galactose is larger
in theophylline-treated tissues than in controls. A change in passive
tissue pefmeability to Na in this situation may reflect £he increase
in tissue water, extracellular space and electrical conduciance out-
lined previously. These eféécts are likely to result from lateral
space dilation due to the sugar-stimulatsd net Na flux. This effect
has been considered previously in relation to ﬁiséues in the absence

of theophylline (see Chapter 4).

(d) Effects of Ringer Na replacement by choline/sffects of

D.1mM ouabain

Table 21 shows the effact of reducing Ringer [F%) by
isosmotic replacement with choline upon the theophylline-dependent
change in transmural Na fluxes.

Reduction in Ringer [Na to 75mM reduces both bidirectional
fluxes in the presence of theophylline compared with theophylline-
treated tissuss in Ringer containing 140mM Na. This change in Na flux
is not proportional to the Ringer Na concentration for sither m-s
(313) or s-m (331) fluxes. .

M-s Na permeability (913) in tﬂe presence of theophylline
increases from 0.039 cm hr ' at 140mM Na to 0.072 cm hr > at 25mM Na.
This differsnce is highly significant (p<0.001). A similar change
in Na permsability to that observed on variation of Ringer[&a in the
pressnce of theophylline has previouslylbeen described (i;e. the sffact
of Ringer Na replacement in ths presence of triaminopyrimidine (sée

Chapter 4)). The change in Na permeability in the presence of

triaminopyrimidine was taken to indicate the existence of a saturable
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process. The effect of triaminopyrimidins on Na fluxes in the presence
of theoph;lline suggests that the low m-s permsability to Na seden in
the presence of theophylline in 140mM Na Ringer is due to a récycling
of Na ions across ths mucosal boundary via the tight-juncﬁion. This
obviates a kinetic analysis of the Michaelis-Menton type. However, it
may be concluded that significant reflux of Na through the tight-
juncfians occurs only at Ringer Na concentrations in excess of 25mm,

*10mf theophylline results in an increased ;issue parmeability to

Na in low Na Ringer (25mm).P13 and P,, are both increased in the
presence of theophylline compared with control tissues incubated minus
theophylline. This result implies an increased transcsllular permea-
bility; A similar result was obtained with theophylline in the
presence of triaminopyrimidine (see above);

S-m Na permeability in the presence of theophylline increases from
0.043 cm hr"1 in a Ringer containing 140mM Na to 0.054 cm hr-l in a
25mm Na Ringer. This difference is statistically significant (p<<0.05)
and may indicate the existence of a saturable process of lowlaFFinify
for Na.

Net Na flux (Jnet) in the presence of theophylling changas from
net secrestion in a Ringer containing 140mM Na to net absorption in a
25mM Na Ringer (Table 21). The difference betwsen these two values
of net Na flux is statistically significant {(p<0.025). Net Na flux
in a 25mM Na containing Ringer does not differ, whether in the presence
or absence of theophylline (p)>0.5). lIt may be concluded that the
theophylline-dependent change in net_Na flux is dependent cn Ringer

' [ﬂ%} in a similar fashion to the reduction in flux J 5 through

1

‘reflux’',
0.1mM ouabain abolishes the theophylline-dependent changs in net

Na flux in a Ringer containing 140mM Na. Values for 313, 33 and an

1 b b
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in the presence of ouabain do not differ significantly whether in ths’

presence or absence of theophylline (p:70.5,>0.2,70.4, for 313, 331

and Jne respectively).

t
This result with ouabain differs from the findings of Powell,
Binder and Curran (1972) who found that net secretion of Na in guinea-

pig ilebm was insensitive to ouabain. The overall lasvel of ssecretion

in guinsa-pig ileum is higher than that in rabbit ileum.

(e) Effect of Ringer Cl-replacement by SU4
Table 22 shows the effect of Cl-substitution upon the
bidirectional and nst fluxas of Na in the presencse and absence of
10mM theophylline.

Cl-substitution by an impermsant anion such as SU4 ié thought to
lead to a reduction in m-s Na flux dus to the inhibition of a coupled
neutral pathway for NaCl movement in control tissues. (Nellans et al
(1973, 1974)).

In the present experimants Cl-free SD4 media reduce me=s Né flux
compared with Cl-Ringer controls (145mM Cl). The difference between
these two values of flux is statistically significant.(p<:0.05).
Concurrent with the reduction in m-s Na flux there is alsc a reduction

in s-m Na flux (J’l) in 50, media, (p£0.001). Net Na flux in Cl-fres
v

4
media does not differ significantly from net Na flux in control
conditions (p »>0.4). These results suggest that péracallular Na
permeabilit; is reduced in SD4 media. No effect on transcellular Na
movemeht is evidant since net Na flux is indépendant of the Ringer
Cl content.

In Ringer containing high [ﬁi] (145mM and 80mM) 10mM theophylline
causes a significant reduction in m-s Na flux (p{ 0.001 for 145mM and

p<:0.001 for 80mM Cl Ringer). In contrast, there is no theophylline-

dependent reduction in m-s Na flux (313) in 10mM Cl and Cl-fres Ringer



Table 22

Effect of Ringer [?{] substitution by SO4 (made isosmotic by
addition of mannitol) upon the bidirectional Ne fluxes both in the
presence (+) and absence (-) of theophylline. Ringer[lN%j and
[ﬁtﬂ;} are held constant at 140 and 10mM respectively. The number of
tissues used is given in parentheses. All errors are expressed

S.E.M.



Table 22

3 3
. 13 31 net
Ringer Cl1 mM n \caowmm nalm hr \SBOHmw nanm hr 1 »»aopmm cm 2 hr 1
- 5 6.42 = 0.73 4,03 X 0.38 2.38 L 0.48
O*

+ 6 7.10 % 0.85 6.04 = 0.79 1.03 = 0.36
- 4 6.88 L 0.46 5.90 ¥ 0.34 0.98 % 0.43

10 + + +
+ 4 6.32 L 0.94 6.80 % 0.96 -0.47 ¥ 0.25
- 5 8.48 X 0.77 7.13 = 1.17 1.38 L 0.43

mo + + +
+ 4 4,53 % p.88 4,94 % 0.97 -0.41 I 0.15
- 22 8.59 = 0.47 6.76 2 0.45 1.82 2 0.35

140 N . .
+ 34 5.54 % 0.36 6.02 2 0.36 -0.47 £ 0.15

*
Addition of isotopes altered [Cl] in the

NaCl was made with the Cl-free moa Ringer prior to use.

bathing Ringer by «~J 0.2mil.

A 1:10 diluti

on

of isotopes in



Table 23
The effaect of 10mM theophylline on the tissue specific activity ratio
. 24 22, ...

of Na Na within the tissue fluid. Data were pooled from

measurements following B0 minutes incubation (see Methods). Errors

are expressed as Is.e.m,



Table 23

Condition . n . Control n + 10mM Theophylline

Standard Ringer 22 0.67 = b

8.05 34 0.93 - 0.03

Standard Ringer

t+
I+

+ 20mM galactose , 11 0.78 - 0.09 13 1.14 = 0.18
25mM Na Ringer 1 0.67 X 0.06 7 0.93 % 0.19
Standard Ringer ) R . .

+ 0.1mM ouabain 3 0.98 < 0.11 4 0.79 - 0.18
Standard Ringer . i . ' .

+ 20mM triaminopyrimidine 18 0.54 = 0.04 18 0.81 = 0.14
Cl-free S0, Ringer 5 0.63(5) 2 0.20 6 0.86 = 0.23
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(p,>0.l, p)>0.4 For.zero and‘lOmm Cl respectively). These results
suggest that the theophylline effesct on Na flux requires the presence
of a mobile anion,

This conclusion can also be inferred from the effect of theo-
phylline on the net fluxes of Na. 10mM theophylline reduces net Na
flux compared with controls minus theophylline at all Ringer Cl
concentrations, In Cl-free SD4 media, however, the reduction in net
Na flux due to theophylline is less than that observed in 145mM
Cl-Ringer (p<0.05). Furthermore, net Na flux in theophylline treated
intestine in SO4 media does not diffaer significantly from net Na flux
in control madia (p)0.1) in the absence of theophylline.

The residual effect of -theophylline on net Na flux in ‘Cl-free’
SO4 média.may be a consequesnce of a smallvconcehtration of Cl1 (a) from
leakage from the tissua, (b) from addition of isotope. ‘Alternatively,
the presence of HCD3 (10mm) in the Ringer solution may supﬁly #he
necessary amaunt of mobils anian,

(1i) The tissue isotops specific activity ratio (R) for Na

(a) Effect of 10mM thsophylline 10mM theophyllins

significantly increases thes tissue isotope specific activity ratio (R)
compared with controls minus theophylline (p<0.025) (Table 23). A
greater proportion of isotope thus originates from the mucosal bathing
solution in theophylline-treated intestina, This.result is the

reverse of ghat expected if the sole action of theophylline upon trans-
cellular Na flux was an inhibition of an influx pathway at ths

mucosal boundary as envisaged by Nellans et al (1973). This increasse
in R implies that the theophylline dependent decrease in mucosal

permeability is exceeded by a cdecrease in serosal permeability.
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(b) Modifiers of theophylline action

20mM triaminopyrimidine 20mM triaminopyrimidine reverses the

theophylline change in Na flux (see above). Table 23 indicates that

theophylline increasaes R esven in the presence of triaminopyrimidine

(p€0.05).

The effect of Na replacement by choline and of 0,1mll ouabain

Table 23 shows that replacement of Ringer Na by choline haé no statist-
ically significant effect upgn the .tissue ration R in the presence or
abssnce of 10mM theophylline compared with the respective ratios for
control tissﬁas (p7 0.5, p>0.5 respectively).

In the‘presanca of 0.1mM ouabain there is no thsophylline-dependent
increase in the tissue ratio R for tissues incubated in the Standard
Ringer solution (p70.5).

The effect of D-galactose There is an increase in the isotope

ratio R due to theophylline in the presence of 20mM galactose (Table
23). This increase is not, howsver, statistically significant (p>0.1)
20mM galactose reverses the theophylline-dependent change in mucosal

to serosal and net fluxes of Na.

Tha effect of Cl-replacemant by SOa There is a small,
though non-significant increase in ths tissue ratio R due to theophy-

lline in zero Cl - S0, media u:>{ua). & requirement For a mobils

4

anion for the theophylline effect oﬁ m-s Na flux has already been

demonstrated (Section 2 (i) (e)).

Section 2: Summary of ths effects of theophylline on Na fluxes and the

tissus ratio R

l. 10mM theophylline reduces net absorption of Na primarily by a
reduction in m-s (313)>flux. 10mM thsophylline increases the pro-
portion of isotope origimating within the tissue from the mucosal

solution.
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2, The change in Na flux elicited by theophylline is reversed by
20mM triaminopyrimidine. A theophylline-dependant increase in trans-
cellular permeability for Na is evidsnt in triaminopyrimidine-treated
tissues. Triaminopyriﬁidine does not affect £he increase in tissue
ratio R dus to thsophylline.
3. The theophylline-dependent decrease in m-s flux is abolished in
low (25mM) Na Ringer. The increment in tissus.ratio R due to
theophylline is unaffected by Na replacement.
4, 0.1mM ouabain abolishes ths theophylline-depsndent change in Na
fluxes and the increment in tissue ratio R.
5. The reduction in m-s Na flux (313) due to theophylline shouws a
requirement for Cl. In low or ‘zero' Cl Ringer solutions.no
theopgylline-dependent reduction in m-s Na Flux'@s observed. The
theophylline-dependent increase in the tissus ratio R is’ reduced but

not abolished.

3. Cl fluxes and the tissue isotope specific activity ratio R of

36Cl : 8281‘

bl

(i) Bidirectional transmural Cl fluxes: the effects of theophylline

(a) The effects of 10mM theophylline Examination of the

pooled data (Table 24) shows that 10mM theophylline significantly

reduces m-s Cl flux (J,.) compared with control valuss (p<0.001).

lﬁ
There is also a theophylline-dependent increase in s-m flux (331).
The incregsa in s-m flux dua to theophylline is nﬁt statistically
significant (p>'0.2). Net Cl absorption in controls is changed to
net Cl secretion by 10mM theophylline. The magnitude of this Cl
sacretion in the presence of theophylline is -l.Sl)Amoles c:m"2 hr‘l.
This value differs significantly from zero (p<0.01) and is

significantly larger than the.value for net Na secrstions due to

theophylline recorded in a separate experimental series (p<0.01).



Tablas 24
Theophylline-dependent changes in the measured bidirectional

(] ) and net fluxes (Jnat) of Cl. All errors are expressed

13’ 331
@s S.,E.M. P,, = J,./C,. whera C,. = concentration of Cl in the ith
ij ij771 ij
compartment. The Ringer is of standard composition (see Methods)
Net Na fluxes were determined in a ssparate experimental series.
Shor%-circpit current (S.C.C.) measurements were averaged from the
two experimental series taking values of S.C.C.vpyer the whole

period of flux measurement (20 - 80 minutes).

J =5.C.C. - (3 -3 ).
T netNa netc1‘
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These rssults are in ag;esmant with previous findings of the
effect of theophylline upon bidirectional Cl fluxses, namely that
theophylline causes net Cl secretion due to a decreass in m-s-bl flux
(313) (Field (1971); Nellans et al (1974); Powsell, Farris and
Carbonetto (1974)).

A range of effects of theophylline upon s-m Cl flux (331) has
been reported (Sheerin and Field (1975)). These rangs from no effect
of theophylline to a significant increase in s-m Cl flux. The present
pooled data show a small, non=-significant, increase in s-m Cl flux
due to theophylline. Individual experiments showed instances of a
larger stimulation of s-m C1 flux.

10mM theophylline has no effect upon the residual cu?rent com;
pared.witﬁ control values minus theophylline 0£>.D.2) (Table 24).
Thié finding is in agreement with previous workers (Sheerin and Fisld
(1975); Disetz and Fisld (1973)).

(b) The effect of 20mM triaminopyrimidine upon the theophylline-

- dependent reSponse' The effect of 20mM triaminopyrimidine upon

bidirectional Cl fluxes is of considerable intesrest in the light of
the triaminopyrimidins-dependent reversal of the theophylline-depandent
decrease in m-s (313) and net fluxes of Na (Section 2(i)b).

Table 24 shows that the change in net Cl secretion due to the
presence of theophylline is not reversed by triamiﬁopyrimidine. Net
Cl sacretiog in the presence of theophylline and triaminopyrimidine
is no different from net Cl secretion in the presence of theophylline
alone (pY 0.5).

(c) Effect of Ringer Na substitution by isosmotic replacemenf

with choline Replacement of Ringer Na by choline is thought to lead

to the observed reduction in m-s Cl flux by the inhibition of a

neutral influx pathway for NaCl located on the brush-bordsr membrane
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(Frizzell et al (1973); Nellans et al (1973, 1974)). The effect of

Cl-substitution by SO, on Na fluxes has been examined (see Section 2(i)

4
e. Table 25 shows the effaect of Ringer Na replacemsnt by choline

upon the bidirectional Cl fluxes in the presence and absehce of 10mm
theophyllinae.

In tissuss incubated in tﬁe absence of theophylline complete
replécément of Ringer Na by choline lea&s to a reduction in nat Cl
flux. Indeed, net Cl flux in this condifion does not differ
significantly from zero (p)0.5). The reduction in net Cl flux in
Na-free media is primarily due to a reduction in m-s Cl flux (513).
No change is evident in s-m Cl flux in Na-free media compared with
controi tissues. These findings are thus in agreement with previous
workers (Nellans et al (1974); Binder st al (1973)). ‘

Net Cl flux is progressively reduced by Ringer Na substitution'
in control tissuss. At all laveis of Ringer [N%l tested, the reduction
in net Cl flux results primarily from a reduction in m-s Cl flux (313).
Net Na flux shows a concurrent reduction to the fall in net Cl flux
as Ringer [@%] is reduced; this suggssts that net Na and Cl flows arse
coupled. .

The presence of 10mM theopﬁylline reverses net Cl flux from
absorption to secretion at Ringer[&a concentrations of 140, 75 and
25mM Na (Table 25). The change in net Cl flux due to theophylline is
" statistically significant at both 140 and 75mMm Na (p £0.001, p<0.001
respectively). The change in net Cl flux in the 25mM Na buffer is not
significant (p<:0.1f)0.05). The theophylline-dependent changs in net
- Cl flux is abolished in zero Na cholins Ringer. Net Cl flux in this

condition does not differ whether in the presence or absence of

theophylline (p? 0.5).



Table 25

The effect of Ringer Na substitution by replacement Qith
choline upon the bidiraectional and nat éluxes of Cl both in the
pressnce (+) and absence (-) of 10mM theophylline. Pooled data
are expressed as the mean I S.E.M. n = number of separate tissues.
Ringer E:J;} and [HCD;} were held constant at 145 and 10mm

respectively.



Table 25

R . 213 31 net
Ringer m,_mw il n Jmoles cn™2 hr fimoles cm™ 2 hr Mmoles em™?2 hrt
23 8.33 ¥ 0.42 6.55 * 0.44 1.78 ¥ 0.34
H&D + + +
11 5.97 £ 0.57 7.48 X 0.53 -1.51 ¥ o.46
8 . 6.55 % 0.59 5.40  0.56 1.15 ¥ 0.59
75 .
4 6.28 L 0.43 9.43 2 §.33 -3.14 L 0.59
4 6.13 ¥ 0.89 5.73 £ 0.80 0.39 £ 0.36
Nm . B 2 + +
N«4 \N.ON - HOHN mooo - .H.UQ ‘Pomm - Dl@m
5 7.35 2 0.55 6.91 X G.65 0.43 2 0.75
.0 ‘
3 8.70 I 1.32 8.03 I 1.90 0.67 % 0.77
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This effect of Na-free choline media in abolishing fhe rasponsa
of Cl flu; to theophylline is similar to the effect of 0.lml ouabain
(see below). Thesa results support the visw that active secretion of
Cl is dependsnt upon a functioning Na-K ATPase. Pouwell et al (1974)
and Sheerin and Field (1975) have observed that the increment in
short-circuit current due to theophylline is dependent upon the medium
Na cbnéent;ation.

(d) Effect of 0.lmM ouabain Table 24 shows that in the

presence of 0,lmM ouabain there are no theophylline-dependent changes
in C1 flux. M-s (313), S=m (331) and net Cl fluxes are no diffsrent,
| whether in the presences or absence of theophylline (p70.4, D> 0.5,
pYy G.S.respectively).

(e) Effect of Ringer Cl replacement by S0 Figure 26 shous

4
the effect of variation in Ringer [Ci] upon the bidirectional and net

fluxes of Cl in the praesence and absence of 10mM theophylline. Ringer
[yé} and IECG;j were held constant at 140mM and 10mM respectivély.

In control tissues increasing Ringer{éﬂ from 0 to 145mM resulfs
in a saturaéle increase in m-s (313), s-m (331) and net Cl fluxes.
The increment in net Cl1 flux is maximal by 80mM Cl. Correction of
the bidirectional Cl fluxes (Jl3 and 331) for a shunt (extracellular)

component of flux (P.. = 0.018 cm'hr-l. See Section 1 Chapter 6)

Cl

gives Km values for ;5 and 35, for controls of 54 2 21 (S.D.)mM and
27 2 10 (S.D.) mM respectively. The corrasponding Vmax values arse
11.56 = 4,98 (S.D.) Jmoles cm™2 hr'l' and 5.17 £ 2.20 (S.D.) pmoles
cm hr.l respactively. Thess kinetic parameters may represent the
sum of more than one saturable process for transcellular'Cl flux.
This point has been discussed in destail (Frizzell et al (1973)).

In the presence of 10mM thsophylline the direction of net Cl

flux is changed to secretion at 140 and 80mM Cl. A small, though



Figurs 26

The effect of Ringer [Ci}var;ation by isosmutic replacement witH
SU4 and mannitol upon the bidirectional and net fluxes of Cl in the
prasence and absence of 10mM theophylline. Results are pooled from
all available experiments. Errors are expressed as : S.E.Me. n = 23,
4, 4, for 145, 80 and 10mM Cl for controls,and n = 11, 8, 8, for 140,
80 and 10mMm for tissues incubated in the presence of 10mM

theophylline.
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non-significant change is seen iﬁ Ringer containing 10mM Cl due to
theophylline (p>0.5). The change in net Cl flux is primarily due to
a decrease in m=s Cl flux both at Ringer [Fi} of 145 and 80mM (see
above); Calculation of the kinetic parametsrs for the saturable
increase in Cl flux as a function of ths [F%] of the bathing Ringer
indicate a change dus to thsophylline. The Km values for 313 and 331 .
in the.presence of 10mM theophylline aré 21 12 (S.D.) @M and
65 2 27 (S.D.) mM respectively. 'Tge values For_Vmax for J,., and 34

13
are 4.38 % 2,53 (S,D,) and 10,47 % 4.52 (S.D.))Amoles em™? he”
respectively. A correction for a diffusion Cl permeability of
0.018 cm hr-l was made. A larger correction fer the diffusional
componént was not made since the increased Cl permeability in tﬁe
presence of theophylliﬁe may represent a transcellular routse for Cl
permeation (ses Discussion).

(ii) The tissus isotope specific activity ratio R uf'36Cl : 828: *

(a) The effect of 10mM theophylline The effect of 10mm

thaophylline upon the tissue ratio R is shown in Table 26. 10mM
theophylline significantly increases R compared with control-values
ur<0.005).. A greater proportion of isotope, therefors, originates
from the mucosal bathing solution in the presence of 10mM thsophylline,
This effect may be related to the increase in passive tissus Cl
permeability deduced from the mannitol dilution potentials (Results
Section 1) and is similar to the increase in ratio R seen for Na (the
absolute increasse in R far Cl is, hodever, larger). An increased
proportion of isotope originating from the mucosal solution is the
revarse of the situation predicted if the sole effect of theophylline

were the inhibition of a neutral influx mechanism at the brush-border.

. .
or of 828r : 36Cl (see Chapter 5)



Table 26

The tissue isotope specific activity ratio of 36Cl : 82Br (or

82Br : 36Cl) for the experimental conditions tested. Errors are

expressed as : S.E.M. n = number of determinations (see Methods).



Table 26

Condition on Control n 10mM Theophylline

Standard Nall Ringser 22 0.87

0.09 11 , 1.64 - 0.23

Standard Ringer

1+
14

+ 20mM triaminopyrimidine 16 1.12 - 0,19 5 1.70 2 0.10
Standard Ringer ,

+ 0.1mM ouabain 11 1.11 X 0.22 7  1.65 = 0.20
75mM Na Ringer - 8  0.72 10,07 4 . 1.20 2 0.09
Zero Ne Ringer 6 1.00 = 0.12 4 . 1.03 2 0.29
80mM Cl Ringer 4 0.65 < 0.15 8 1.40 1 0.14
10mM Cl Ringer | 4 1.18 % 0.15 8 1.32 2 0.14
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(b) The effect of triaminopyrimidine 20mM tfiaminopyrimidine
has no significant effect upon the ratio R in the presence‘(p> 0.9)
" or absencs (p)'D.d) of 10mMm theophyiliné. 20mM triaminopyrimidine
has no effect on nat Cl flux in the presence bf theophylline.

(c) Effects of D.1mM ouabain In the presence of 0.1mM guabain

there is an increase in the ratio R due to 10mM thaophyliine. This

is not, however, statistically significant Qf)ﬁ.l). Values for R

in the presence of ouabain do not differ FromAcontrols for non-
poisonad tissues. The increase in Cl permeability measured in Section
1 occurred.in ouabain-poisoned tissues.

(d) Effects of Ringer Na replacement Partial Na replacement

has no effect on the tissue ratioc R for tissues incubated in the
absence of theophyllinq: At 75mM Na the increment in R due ta-
theophylline is reduced. The increase over controls is, howsver, still
statistically significant. In zero Na media there is a small non-
significant increase in the ratioc R in the absence of theophylline
(p)’O.S). No theophylline~dependent increase is seen in zero Na media.

(e) Effect of Ringer Cl replacement A reduction in Ringer [Cg]

to 80mM has no significant effect on the tissue ratio in the pressnce
or absence of theophylline compared with tissues incubated in a 145mf
Cl Ringer (p »0.4, p 0.5 respectively). A reduction in Ringer [Cl]
to lOmm.reduces the theophylline-dapendent increase in tre ratio R;

indeed, there is no significant difference between the values of R in

the presence or absence of theophylline (p% 0.5).
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Section 3: Summary of the effects of theophylline on Cl fluxes and

the tissue ratio R

1, 10miM theophylline reverses nst absorption.of Cl to secretion
primarily by a reduction in m-s (313) flux, 10mM theophylline
increases the proportion of isotope originating within the tissue

from the mucosél solution.

2. 20mM triaminopyrimidine has no effect upon'net Cl secretion in the
presenca of theophyllins. 20mM triaminopyrimidine has no effect. upon
the tissue ratio R in the presence or absence of theophylline.

3. Na deprivation (zero choline) abolishes the net absorption of Cl
in control tissues minus theophylline and prevents the theophyllins-
dependent‘changes in bidirectional and net Cl fluxes. Thére is no
theopﬁylline-dependent change of the tissue ratio R in zero-Na Ringer,
4, 0.1lmM guabain abolishes the theocphyllina-dependent changa in C1
fluxes and decreasss the effect of thsophylline on the tiséue ratio R.
5. Reduction of Ringer [bi) to 80mM has no effect upon the theophy-
lline-dependent change in net Cl Flux, m-s Cl flux, or tissue ratio

R. A further reduction in Ringer[?ixto 10mM abolishes the significant

change in Cl flux and tissue ratio R.
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Discussion

1. Theophylline~-dependent changes in passive ion permeability

The action of triaminopyrimidine and theophylline in ouabain-
pdisoned tissues suggest that ionic permeation throuéh ileum is
mediated by thres separate pathways (Results Section 1). These ars:
1. A cationic-selective pathway that is inhibited by triaminopyrim-
idine.

2. An anionic-sslective pathway that is stimulated by theophylline.
3. A neutral or 'leakage' pathway that is affected by neither
triaminopyrimidine nor theophylline.

The existence of multiple pathways for ionic permeation requires
a re-examination of present concepts concerning the nature of the
cation-selective pathways of ileum (Frizzell and Schultz (1972);
Munck and Schultz (1974)). In particular, a leakage pathway in
parallel to a cation-selective péthmay will distort the ion selectivity
saquences deduced for ilsum towards those characteristic of free
solution mobilities. Hencs, pCl’ the chlorids permeability, will be
considerably less for the cation-sslective channels than previously
envisaged. This suggests that the anionic field within the pore
is of greater intensity than prsviously envisaged (see Schultz and
Curran (1974)). Further work will be necessary to clarify this issue.

The question arises as to the anatomical location of the
'leakage' and anion-selective pathways in ileum, Since ilsum is
normally cation-selective (Frizzell and Schultz (1972); Clarkson
(1967); Smyth and Wright (1966)) the cation channels are probably
located at the junctions (tight=-junctions) between the epithelial
cells. UWork in other epithslia (e.g. necturus gall-bladder, Fromter

(1972); Fromter and Diamond (1972)) has shown that most of the
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transepithelial current flow occcurs via the junctions between tha
epitheliai cells,

Three possible locations exist for a leakage (free-solution shunt)
pathway; namely regions of cell exfoliation at the villous tips
(Clarkson (1967)); damaged tissue at the sdges df the Ussing Chamber
windows (Helman and Miller (1973)); or leaky non-selective ion
chanheis betwsan the epithelial cells (ﬁareno (1975a). No choice may
be made between these alternatives on thé basis of presant expsri-
mental evidence. As pointed out by Moreno, these three alternatives
may be tested experimentally., Variation in the radius of the Ussing
' Chamber window will yield higher or lower proportions of damaged/
undamaﬁed tissue; the presence of a leak pathway due to edge-damage
will result in tissue fesistances that are proportional to the radius
of the exposed tissus. Resistance values for intestine are, however,
low and in practice this test is'difficult. If the leakage pathway
were due to modified junctional properties then Na and Cl leak
permeabilities should decrease in expsrimental conditions designed'to
collapse the lateral intsrcellular spaces (e.g. current passége or
hypertonic ;ucosal mannitol). Moreno (1975) has deduced that in frog
gall-bladder the ionic leakage pathway probably comprises non-sslective
Jjunctional seals between the epithelial cells.,

The location of the anion-selective channels stimulated by
theophylline is probably not the cation-selective junctional ssals
between ths epithelial cells since (a) theophylline has no affect upon
Na permeability deduced from dilution potential heasurement,and (b)
the effect of theophylline is seen in triaminopyrimidine-treated
tigsues. It is reasonable to conclude that the theophylline-dependent

increase in Cl permeability is due to the dsvelopment of a trans-

cellular Cleshunt pathuay.



~14l-

Cuthbert and Painter (1968) have shown an increase in
Cl-conductance across fhe outer barrier of frog skin using micro-
‘electrode measuremsnts, This is analogdus ta the increase in
Cl-conductance across thé mucosal boundary postulateﬁ in the present
instance.

The activation of Cl—permeability is not the sole effect of
theophylline upon passive ion psrmgability. In‘non-poiéonéd tissues
theophylline results in a time-dependent change in tranéepithe;ial
resistance.

The initial decrease in tissue resistance dus to theophylline is
unmodified by triaminopyrimidine or by galactose, and probably results
from the increase in transcellular Cl permeability. The action of
theophylline in aFfectiqg transcellular Cl permeability is rapid and
indicates a direct action on membrane sites. The rapid action of
theophylline is in agreement with work on the effect of theophylline
on the short-circuit currént (Sheerin and Field (1975); Field (1971)).
This effect is similar to sxogenously applied c-AMP (Field (1971)) and
is consistent with a rapid-rise of intracellﬁlar c-AMP levels in the
presence of 10mM theophylline (Nellans et al (1974)). The rapid
onset of action of thesophyllins contrasts with that of cholera
enterotoxin (Powell st al (1973)).

Subéequent to the initial fall 'in tissue resistance in the
presence of theophylline, tissue resistancé with theophylline increases
to values greater than those for tissuass incubated in the absence of
theophyllins. An increased tissue resistance in the presence of
theophylline, cholera toxin and c-AiP has previously been reported by
saveral workers (Powell et al (1973); Pﬁwall (1974); Nellans et al

(1974) and Field (1971)).
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10mM theophylline is known to cause a reduction in tissue water
(Chapter 3 and also Holman and Naftalin (1975b))and in tissue extra-
cellular space (Chapter 3). Dibona, Chen and Sharp (1974) have shoun
that theophylline mediated secretion is accompanied by a dscrease in
the width and volume of the lateral spaces. Klipstein et al (1975)
have reported similar changes in gross morphology in rat sma;l
intestine on treatment with klebsiella bneumoniae enterotoxin, an
agent thatialso produces net secretion of salt and uwater.

The theophylline-dependent increasQ in tis;Qe resistance is not
evident in tissuss treated with 20mM triaminopyrimidine. Triamino-
" pyrimidine decreases tissue conductance by blockage of paracellular
Na conductance at the locus of the tight-junctions (Chapter 4).

Similarly, no theophylline-depsndent dhange in tissue conductance
is seen in the presence of 20mM galactose. 20mM galactose may dilate
the lateral intercellular spaceé in rabbit ileum. This may be |
inferred sinca the tissue water and tissue extracellular space increasea
in the presence of 20mM galactose. Also 20mM galactose reverses the
theophylline-dependent decrease in tissue water and extraceilular
spacs (Chapéer 3). |

Taken together, these results suggest that the delayed conductance
decreass associated with theophylline is due to the closure of the
lateral spaces which act as a variable resistance in series with the
cation-selective channsls formed by the tight-junctions. Changss in
paracellular per@?ability due to lateral space closure will primarily
affect cation permeability.

The primary action of theophylline is, therefors, the formation
of a transcellular anion-selective pathway. Increased tissus resist-
ancs, resulting probably from lateral space collapse is subssequent to

this primary event.
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2. Unidirectional flux calculations

It‘haé previously been shown that the unidirectional Na fluxes
across the mucosal and basal-lateral cell membranss may be calculated
from groupings of two or three independent measurements, hamely, m-s
Na flux (313), s-m Na flux (331) and the tissus isotope specific
activity ratio (R).(see Methods and Chaptsrs 4 and 5). .Correction of
the bidirectional fluxes for the shunf ﬁarmeability to Na may be made
by the use of triaminopyrimidine which biocks the cation-salaciive
channels in ilsum (Moreno (1975) and Chapter 4).

In the presence of theophylline, triaminopyrimidine paradoxically
increases m-s Na flux (313) but is without effect on s-m Na flux

(] ).' It is clear, therefore, that paracellular Na permeability is

31
closely related to the theophylline-dependent change in Na flux.
Simple corrections for the paracellular component of flux are,
therefore, impossible.

For this reason, unidirectional flux calculations ares uncorrected
for Na flux through the paracellular pathway. The effect of a change
in diffusional flux through an extracellular pathway on the Qnidirec-
tional Fluxe; is simply to increass or decrease the absolute magnitude
of all four unidirectional fluxes., This is illustrated by the effsct
of 20mM triaminopyrimidine on control tissues in the absence of
theophylline.

(i) The effect of 10mfW theophylline on ths unidirectional fluxes

of Na and Cl across the mucosal and serosal border of rabbit ileum

Figure 27 shows the calculated unidirectional fluxes of Na and

- Cl across both cellular borders of the intsstinal epithelial csell.
It can be seen that 10mM theophylline causes a significant

ircrease in both unidirectional fluxes across the mucosal membrane

compared with Cl fluxes in control tissues, Influx (312) increases



Figure 27

Calculated unidirectional Na and Cl fluxes across the mucosal and
serosal (basal-lateral) boundaries in the presence and absence of

10mM theophylline, Error bars denote X s.e.m.
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from 14.25 to 17.94 fimoles em™2 hr 7L (p<0.091), whilst efflux acraoss

ths mucosal border increases from 12,47 to 19.45 Pmoles t:m-2 hr
(p<0.001). This result correlates with the increase in Cl psrmea-
bility deduced from maﬁnitol dilution potentiéls (Section 1) and to
the decrease in total tissue resistance seen in theophylline-treated
tissues on mounting in the flux chambers.

This result is contradictory to previous measurements of gni-
directional Cl influx across the brush-border (Frizzell et al (1973);
Nellans et al (1973)). The difference between these two findings lies
in the method of measurement. To measure a true unidirectional influx
it must be established that no significant back-flux of isotope
occurs. The rapid action of. theophylline on resistance (section 1)

_and J by theophyll-

12 21

and the stimulation of unidirectiormal fluxes J
ine suggegt that a significant back-flux of isotope will occur in the
experimental conditions of Frizzell et al (1973) and Nellans et al
(1973)ﬂ Hence the stimulation of Cl flux across ths mucosal baoundary
observed in the present study predicts that an apparent inhibition of
~influx should occur in unidirectional influx measurements.
The increase in mucosal Cl fiUXBS'iS inferred to be the primary
action of theophylline (see above).
Examination of the unidirectional Na fluxes across the mucosél

boundary show that influx J is reduced by thaothlline from

12
13.11 to'll;42)umolas c:m_2 hr-l. No change in back-flux across the
mucosal boundary occurs.in the presence of theophylline. These
rasults are in complete.accord with the unidirectional influx measura-
ments of Na made by other workers (Nellans et al (1973)). However,

it may be concluded (from the action of triaminopyrimidine upon

bidirectional Na fluxss in the pressnce of theophylline) that this

apparent reduction in influx is dus to an increased back-flux of
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isotope primarily through ths tight-junctions (Results Section 2(i)b).
Examinatiﬁn of unidirectional fluxes across the mucosal border in the
presence of 20mM triaminopyrimidine (Figure 28) lend support to this
visw. 1In the presence of 20mM triaminopyrimidine, thaophyllina
increases both unidirsctional fluxes across the mucosal boundary:
J,, is increased from 7.97 to 11.50 pmoles cm 2 hr-l (p <0.001) and

12
J,, is increased from 7.13 to 10.60 proles cm'2 hr'l (p40D.001).

C21
Hence, in ths absence of the major routa.for recirculation of Na, no
theophylline-dependent decrease in Flux.le is observed. The increased
unidirectional Na fluxes across the mucosal border in the presencs of
’theophylline suggest that theophylline may also have a direct effect
on mucdsal Na permaability; |

If the formation of anion-selective channels within the mucosal
membrane is the primary action of theophylline, how then is a reFlU{
of Na ions through the tight-junétion stimulated? An associated

guestion concerns the driving force for net ion flows in the prasence

of theophylline.

(ii) A model for secretion

'The neutral flows of electrolyte across a composita
artificial ion-exchange membrane composed of parallel cation and
anion selective elemants have been experimentally measured (Neihof
and Sollner (1955)). In the presence of a salt concantrationl
difference across this membrane-type the permeability of ths compaosita
membraneg For‘ion movement is greatly énhanced compared with the
permeability of each of the separate ion-exchange membranses alocne.
Kedem and Katchalsky (1963) have developed the theoretical aspects
of composite ion-exchange membranes. The anhanced salt barmeability

of the composite membrane results F;om a circulation of electric

current through the mambrane array (Diagram 1). In a membrzne



Diagram 1

Néutral diffusion of NaCl across a heterogensous membrane
composed of separate anion and cation selective elements will
result in a circulation of electric current through the compaosite

membrane, This results in enhanced nat movament of NaCl.



v

Ome 33@

Ba

oll 5a 00



Diagram 2

The theophylline-dependent increase in Cl-permaability.allowé a
net diffusion of Na aﬁd Cl across the mucosal boundary from regions
of hypertonic NaCl contained within the lateral spaces. The anion-
selective channels may be located at the mucosal membrane or may be
closely éssociated with the cation-selective tight-juncfions.
Triaminopyrimidine reverses the direction of nét Na mermént in the
presence of theophylline by'blocking Na passage through the cation-

sélective tight~junctions.
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bathed unilaterally with KCl the electric current is generated by the
net diffusive movemeht of both K and Cl1 across the membrahé in the
- same direction.,

* In rabbit ilsum, treated with theophylline, thesre exists a
composite membrane type compossd of cation-selective channels (the
tight-junctions) and anion-selective channels (formad by the action of
theophylline). Passive diffusive flux through thes tight-junction will
therefore, be enhanced by theophyllina. The pfssence of a hypsrtonic
salt solution sequestered in. the lateral spacs (Chapter 3;-Zeutﬁen
and Monge (1975)) may provide the necessary driving Fﬁrca for net
secretion of Na and Cl across thé mucosal boundary (Diégram 2)e

Strict coupliﬁg of Na and Cl flows. resquires an equality of
potential difference across bath cation and anion-selective eléments
(Kedem and Katchalsky 21963)). This condition is unlikely to be met
in the present expaerimental circumstances. Ffor ghis reason, nat Cl
flux ié of greater magnitude than net Na flux in theophylline-treated
tissues. The existence of a transcellular pump mechanism for Cl need
not be involved, but may neifher be excluded.

(1ii) The relationship between secretion and the unidirectional

ion fluxes across ths serasal boundary

Figurs 27 shows ths effect of 10mN theophylline upon
the unidirectional ion fluxes across the serosal boundary for both Na
and Cl. It is clear that for both Na and Cl uﬁidirectional fluxes
there is a large decrease in the presence of 10mM theophylline. This
"effegt is probably related to the collapse of the lateral spaces.
This will effectivaely reduce the ionic Ffluxes across the serosal
membrane by reducing the area of serosal membrane avaliable for flux.
Similar effects have been oﬁserved for unidirectioﬁal gala;tosa fluxes

across the serosal membrane (Holman and Naftalin (1975b)).
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A collapse of the lateral spaces in the presence oF theophylline
has been inferred from the resistance measurements (Results Section 1).
This view is supported by tissue wet weight determinations, and by
extracellular spacse determinations. The change in resistance due to
lateral space collapse occurs aFﬁar the supposed changs 1n»Cl-
conductance. Hence, lateral space closure must be viewed as a result
of, énd not a cause of, secretion.

Huss and Marsh (1975) have recently‘proposed a modification of
Diamond and Bossert's (1967) model for NaCl and water flows (see
Chapter 1). They consider that the latersl space forms a distensible
. compartment in which the hydrostatic pressures within the spacebwill
detarmine its dimensions, A net secretion of solute and water will
create a negative hydréstatic pressure within the latsral spaces that
will legd to their collapse.

Collapse of the lateral spaﬁes is not concurrent with a reduction

of lateral space hypertonicity (see Chapter 3).

(iv) Evidence supporting the composite membrans model for

secretion

.

(a) The effect of 0.1mM ouabain If the driving force for

net secretion of Na and Cl is ths hypertonic salt solution sequestered
in the lateral spaces, secretion should be abolished if Na pump
activity is inhibited. It ;as previously been shown that 0,1mlM aouabain
abolishes extracellular hypertonicity (Chapter 3). The net secretion
yf both Na and Cl due to theophylline is abolished by 0.1lmM ouabain,
(Results sections 2 and 3).

Figurs 28 shows that there is a theophyllines-dependsnt increase

in Cl exchange across the mucosal boundary, even in the presence of

D.lmfM ouabain. This result is consistent with the increased



‘Figure 28

The effect of theophylline on thé unidirectional fluxes of Na and
Cl across the mucosal boundary for controls, tissues + 20mM triamino-
pyrimidine, 0.1mM ouabain, Cl-free SO4 media (Na fluxes) and Na-free

choline media (Cl fluxes). Error bars denote = S.E.M.
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Cl?permeability deduced from electrical measuremsnts in the presence
of ouabain (Results: section 1).

No theophyllina-dependent decrease in un;directional Na influx
across ths mucosal boundary is expected, nor indeed observed, in the
presence of 0.lmM ouabain (Figure 28).

(b) Effect of Cl-replacement by S0, on Na fluxes Figure 28

shows the effect of thegphylline on the unidirectional Na fluxes across
the mucosal boundary in Cl-free SD4 media. No significant change in
either of the unidirectional Na fluxas gccurs. A reduced change in
net Na flux due to theophylline is seen in 50, media (section 2).

It is apparent that the changs in Na fluxes in the presence of
theophylline across the mucosal boundary requires the pregence of a

mobile anion.

(c) Effect of Na substitution by choline on C1=-fluxes Figure 28

shows that theophylline has no effect on the'net or exchange Cl fluxes
across the mucosal membrane in the absence of the mobile cation.

These findings are thus consiafent with the model that has been
proposed for theophylline-irduced sscretion, since Na-pumping pro-
vides the concentration gradient for net ion movements, whilst
" enhanced Cl-permeability is ultimately depandent upon the presence of
a mobile counterion.

(d) Effect of Ringer Ihél variation on Na fluxes Tha theophyll-

ins-dependent change in net Na flux is abnlished at low Na Ringer
concentrations (25mm)t‘ Since there is no significant extracellular
hypertonicity in 25mM Na containing Ringer (Chapter 3) this result
lends supportive evidence to the mechanism of secretion that has been
proposed., 10mM theophylline causes a small stimulation of unidirect-
ional fluxes across the mucos§l membrans (from 2,12 to 2.89}Jmolas
cm2 hr-l for 31 (p)0.1) and from 1.64 to 2.52 Jmoles em~2 bt for

321 (p<0.05). This effect on mucosal Na fluxes is similar to the
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effect of theophylline observed in a 140mM Na Ringer containing
triaminopyrimidine.

(e) Effect of Ringer ftf\ variation on Cl fluxes Net Cl

secretion if driven by a hypertonic solution of NaCl within the
lateral spaces should be sensitive to Ringer I?il variation. Reduction

of Ringsr[éilto 80mM by S0, does not reduce net Cl flux (Results

4
saction 3). A further reduction in Rinéer [éi] to 10mM abolishes net
Cl secretién. A pump mechanism involved in Cl secration should show
net Cl secrgtion even at lovaPiic Howgver, thé ﬁrésence of 10mm

HCO in the Ringer may be of importance in this respect.

3

(F) The effect of triaminopyrimidine Triaminopyrimidine

reduces Na movement across the tight=-junction. The action of tfiamino-l
pyrimidine in reversiné the direction of nat Na movement in the
presence of theophylline is strong avidence for a passive mode of
coupling. Increased Cl-movement.enhances Na exit across the mucosal
'boundary via the tight=-junction ih the presence of theophylline (see
abova).

The rouﬁe of serosa to mucosa flux involves two componehts, the
transcellul;r and extracellular pathways. A transcellular component
of s~m Na flux is evident.in theophylline~treated tissue since there
exists a triaminopyrimidine insensitive flux component that cannot be
accounted for on the basis of a residual Na permsability in the
presence of triaminopyrimidine (see also Chapter 4). However, extra-
cellular Na movements are of prime importance in the theophylline
induced reversal of net—Na flux across the mucosal boundary.

Triaminopyrimidine has no effect on net Cl movemsnt. A reduction
in net Cl movement might have been expacted on the basis of the model

for secretion that has been proposed.
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The existence of a secretory Cl pump that is stimulated by
thaophylline may not be excluded on the basis of present evidence. A
transcellular Secretory pump mechanism for urganic aniﬁns such as
para-amino hippurate gives rise to'net secretion of Na and water in
kidney praximal tubule (Grantham (1976)).

(g) The effect of 20mM galactose 20mM galactose stimulates a

net absorption of Na both in the presence and absence of 10mM theo-
phylline. This result implies a separation of the absorptive and
secretory modas of ion transport in ileum, De Jonge (1975) has
presented evidence that suggests a functional separation of absorptive
and secretory modes is not achieved by two sntirsly separats epithelial
cell populations. Instead, ‘the secretory and absorptive ﬁodes are
confiﬁed to the same population of cells. It is.likely that nst
secration of Na is achisved by an enhanced exit of Na across the
tight-junction (see above). Stimulation of net Na absorption ;n
control tissues is unaffected by triaminopyrimidine (Chapter 4); this .
suggests that the route of galactose stimulated Na absorption is
transcellular.

The epithelial cell population is thus capable of both absorption
and aeéretion simultaneously. Net transport is roughly the diffserence
between these two processes. Field (1971) has previously suggested
this on thé basis of short-circuit current measuteheﬁts.

Table 27 shows the effect of 20mM galactose on the calculated
unidirectional Na fluxes across the mucosal and serosal boundaries in
the presence and absence of 10mM theophylline. 10mM theophylline has
no effect on the Na fluxes aoross the mucosal boundary in tissuses
incubated in the presence of 20mM galactose. Similarly, thers are no
statistically significant diffarences between the Na fluxes across ths

serosal boundary in the presence of galactose whether in ths pressnce
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or absence of 10mM theophylline. 20mM galactose does, howsver,
cause a significant increase in Na fluxes across the serosal boundary
in the presence of 10mi theophyliine; This effect is most probably
related to dilation of ths lateral spaces due to transport of sugar
Na and water. Calactose has.preuiously been shown to reverse the
theophylline-dependent decrease in tissue water and extracellular
space (Chaptar 3).

(v) Relation to other studies on secretion

The transition betwesn absorption and secretion in
intestine results from a simultansous decreaselin the mucosal to
serosal fluxes of Na and Cl (Field (1971); Field et al (1972);"
Al-Awquati et al (1971); Powell et al (1973); Nellans et él (1974)).
Thesg.Findings are duplicated in the present stddy (Results: sections
2 and 3).

Nellans et al (1974), Frizzell et al (1973) and Nellans et al .’
{(1973) have developed the concept of- a neutral influx process, the
inhibition of which leads to secretion. These worksrs have presented
svidsnce to support this claim, that is based on the measurement of
a ‘unidirectional' influx across the brush-border. Measurements of a
single flux such as influx across the mucosal boundary fail to
incorporate the possible effects of other unidirectional fluxes upon
Na movemsnts through the paracellular pathway. |

The use of triaminopyrimidine and of tschniques designed to
measure all four unidirectional fluxes have shown that the apparent
inhibition of ion flux across the mucosal bouﬁdary is dua to a rapid
reflux of isotope via thas tight-junctions for Na and via another path-
way in the mucosal membrane for Cl.

On the basis of this data, and data identifying the major effect

of theophylline as a developmant ofan anion-selective pathway across



Table 27 The effect of 20mM galactose on the calculated unidirectional Na fluxes in ths presance and

absence of 10mM theophylline

Mucasal f ..:.mmH Serosal fluxes
Mmoles cm < hr~ pumoles cm- hrt
Condition ,_ n. uww umw uwu uuw
Control : 22 13,11 * 0.84 11,28 = 0.84 23.18 = 1.65 - 21.35 X 1,65
10miM theophylline 34 11.42  1.28 11.88 = 1.31 14.43 2-1.15 14.90 I 1,07
20mM galactose . 11 15.48 2 1.24 12.47 2 1.18 26.47 1 2.69 23.46 1 2.60
10mM theophylline/20mM galactoss 13 18,55 = 3,27 16.36 < 3,17 21.75 2 2.09 19.56 < 2.20
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ileum, a new eodel for secretion is proposed that is a composite
membrane model composed of anion and cafion-selective elements. The
driving force for net ion flows is the hypertonic NaCl solution
contained within the latsral spaces that is depsndent upon Na-K
ATPase activity.

The nautral influx model of Schultz and his co-workers, besides
explaining secretion, also satisfactorily explains the effaect of
Cl-replacement upon net Na fluxes and the effect of Na replacement on
net Cl fluxes in small intestine, (Nellans et al (1974); Quay and
Armstrong (1969) and Turnberg st al (1970)), large intestins (Binder
and Rawlins (1973)). |

An alternative mechanism for coupliné of net Cl to net Na flous
is a eassive diffusion of Cl with respect‘to a t:ansmembrane electrical
potential difference. A transmembrane potential may be generated by
an electrogenic Na pump (Thomas (1972)) located at the basal-lateral
cell membfane. Inhibition of the elctrogenic Na pump by replacement
of Na by choline would inhibit net Cl movement. Replacement of Cl by

an impermeant anion such as SO, would lead to an enhanced potential due

4
to electrogenic Na pumping which would reduce, but not abolish, net
- Na flux.

Nellans st al (1974) have pointed out that ion replacement
experiments are usually carried out in the short-circuit condition.
This would eeem to excluds the possibility of electrogenic coupling.
Turnberg et al (1970) report that the change in electrical potential
on ion replacemsnt of Na by choline or of Cl by 504 is insufficient to
generate ths change in ion flux that was experimentally observed.

Electrical coupling between net Na and Cl flows may be attained even

in the absence of transepithelial P.D. changes, (Keynes (1969)).
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A trans-serosal potaﬁtial difference of large magnitude could easily
be attenuated by the cable proparties of the basal-lateral membrane
and by the high conductance shunt pathway '(Frizzell and Schultz (1972)).
A passive mode of coupling between net Na and Cl absorption is
supported by the parzllelism betwesn these two fluxes in Na-depletsd
and ouabain poisoned tissuss. Ths existence of a coupled neutral

influx process at the brush-border membrane may thus be questioned.
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CHAPTER SEVEN

CONCLUDING REMARKS

The work described in this thesis has involved the measuremant
of transcellular and extracellular ion movements in ilaum; Since the
extracellular ion pathway is cation-selective, extracellular Na move-
ments are of greater importance than extracellular movements of Cl.
Extrécéllular Na movements have been assessed by the use of the agent
2,4,6, triaminopyrimidine which blocks Né paésage through the extra=-
callular pathway.

Previous workers (Frizzell and Schultz (1972); Desjeux st al
(1974)) who have studied ion movements through the extracellular
(paracéllular)route conclude ‘that ion.movement adheres strictly to
the laws of elsctrodiffusion; that is to say, the paracellular path-
way behaves as a leak or shunt._.The magnitude of the conductance of
the paracellular pathway relative to that of the transcellular path-
wa? aﬁsures that active transcellular movements of solute, in
particular of Na, are effectively short-circuited;that is,
passive difﬁusional leakage back through the shunt reduces net trans-
intestinal transport. Quantitatively speéking,"the size of the
leakage pathway controls the magnitude of the Ussing flux ratio for
the epithelium (Kedem and Essig (1965)).

In high-resistance epithelia such as frog skin, there is only a
small diffusional passive leak through the shunt pathway. High
Ussing flux ratios, and large ion coAcentration differences are
experimentally ocbserved across frog skin. The existance of a high-
conductance shunt pathway in ileum is in apparent contradiction to
the absorptive role of ileum. UWhat functions may, therefore, be

ascribed to the shunt pathway in ileum?
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Hill (1975a and b) has emphasized ths apparent discrepancy
between tHe osmotic permeability of biological cell membranes and
that needed in epithelia for adequate functioning of a standing-
gradient model for isotonic water absorption. The extracellular
shunt pathway in ilsum is probably freely permeable to wa@ar ( ses
Chapter 1) and thus may serve as a major route of transintestinal
water hovament in response to lateral sbace hypertonicity. Huss and
Marsh (1975) have -demonstrated theoretically that tight-junctional
osmotic’permeability may control the rate of Fo£m§tion and osmolarity
of the absorbate in leaky epithelia. A high-conductance shunt path-
' way may, therefore, allow greater values of net water absorption to
be atgéinedf Net fluid transport is characteristically greater in
leaky epithelia such as intestine and gall-bladder, compared with
high-resistance epithelia such as frog skin (House (1974)).

Assessment of the importanée of tight-junctional water permea=
bility in determining transepithselial water movements requires a
direct measure of both transcellular and junctional water permeabil-
ities. This measurement has yet to be made in ileum. A poséibla
developmant‘is the use of triaminopyrimidine to separate paracellular
and transcellular water-movements, Moreno (1974) has suggested that
triaminopyrimidine binding to the tight-junction ligands physically
occludes the junctional pore. Leak.pathways upon which triamino-
pyrimidine has no action havae, however, been demonstrated (Chapters
4 and 6).

The existance of bulk water flow across the tight-junction in
response to an osmotic pressure gradient is indicated by the results
that show an asymmaetric action of triaminopyrimidine upon bidirectional

Na fluxes under voltage clamp (Chapter 4). Triaminopyrimidine
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.raduces m-s Na flux (313) more than s-m Na flux'(33l) in the Standard
Ringer's éolution. Solute-drag due to the osmotic flow of water
across the tight-junction thus creatss a net flux of Na into the
lateral space. Triaminopyrimidine has been shown to aboiish a pro-
portion of net Na flux in control tissues. These results provide
expsrimental evidence for the operation of ‘'sclute-amplification' by
the ba%ace;lular pathway (Diamond (1974)). Active pumping of salt
into the lateral spaces results in an exfra net'flux of‘Na across - the
tight-junction. The mechanism of solute-amplification is maximal
when the Staverman (reflexion) coefficient (& ) for salt at the tight
| junction is 0.5 (Diamond (1974)). Over half of the net flux of Na in
ileum in control tissues may be attributed to this effect (Chapter d).

Hendrix and Bayless (1970) have stressed the importancs of ileum
as a secretory organ. Apart Frqm pathological conditions,secretion'
of salt and water into the ileal lumen may serve the physiologically
1mpor£ant function of maintaining the lumenal contents hydrateb, thus
facilitating nutrient absorption and passage of material in;o the
colon (Hendrix and Bayless (1970); Schultz et al (1974)). The action
of triaminopyrimidine in reversing the theophylline-dapendent
secration of Na clearly implicates the shunt pathway in the secratory
process (Chapter 6). Indeed, the reversal of net Na movement in the
presence of sacretagogues such as theophyllins results from an
enhanced permeability of the tight-junction to Na. Enhanced junctional
permeability to Na is a conseguencs af electric current circulation
through ths mucosal boundary due to net diffusion of Na and Cl
through separate ion-sselective channels (Neihof and Sollner (1955);
Kedem and Katchalsky (1963); Chapter 6).

The routs of transintestinal water flow in the éecretory state

may be primarily via the extracellular pathway. Since extracellular
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hypertonicity is unaffected by theophylline (Chapter 3) the direction
of net water flow would thus occur against the prevailing concentration
gradient of Na. Tha rate of osmotic water flow JV across z membrans
in response to a salt concentration difference AC is given by the
equation:

Jv = aLp AC
whars L is the osmotic water permeability of the tight-junction and
o is theireflexion coefficient of salt for the membrana. A
negative reflexion coefficient for salt across fhé tight=-junction in
the presence of theophylline could theoretically account for net
water flow from the hypertaonic lateral spaces to the mucosal solution.
Kedem and Katchalsky (1963) have demonstrated that a consequence of
electrical current ciréulation through a composite membrane array is
a negative reflexion coefficent of the membrane for salt. The
hypertonic NaCl solution within fhe lateral spaces is thus the»driving
force for the secretion of water into the intestinal lumen,

As,is the case for absorption no definitive data on the route of
water flow (transcellular or paracellular ?) exists for the secratory
state. Lif;on et al (1972) studied absorption and cholera-induced
sacretion in dog ileum. These authors suggest that the pathways of
water movemsnt are diFFerent in the absorptive and secretory states.
Since changss in the extracellular pathway are known to occur in the
secretory state (Chapters 3 and 6) the data of Lifson et al do not
necessarily show a change in the pathway for water flow. The use of
triaminopyrimidine may be of value in defining the route of trans-
intestinal water flow in the secretory state.

Measurements of the bidirectional transcellular ion fluxes

togsther with an estimate of the ratio of isotope specific activities
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within the tissue fluid have provided the basis for the calculation
of the unidirectional ion fluxes across the mucosal and serosal
boundaries.,

Although direct measurements of ion influx across the mucosal
boundary have previously been made (see Schultz and Curran (1974)),
little information existed concerning ion flux across the basal-
lateral aspect of the epithelial cells. Estimates of ion flux across
this membrane had led to the conclusion that ion flux was completely
rectified with respect to Na; s-m Na flux was regarded as being
entirely due to movement through the paracellular pathway (Frizzell
and Schultz (1972); Schultz and Curran (1974)).

Lindemann and Pring (1969)Vmere the first to suggesththat tha
hyperéonic NaCl soclution contained within the léteral spaces may
modify the intracellular ion concentrations within the ebithelial call.
The present estimates of the unidirectional Na and Cl fluxes across
the basal-lateral membrane show a large exchangs component for both
Na and Cl1 (Chapters 4 and 5). This result is entirely consistent with
the presence of a hypertonic salt solution contained within the
lateral spaces coupled with the existance of a high-capacity Na-K
ATPase located at the basal-lateral membrans.

A major quastion concerning the transcellular movement of Na and
Cl in control tissues is tha nature of the coupliné bétween the net
movamenté of Na and Cl. This question has yet to be resolved in
other leaky epithslia such as gall-bladder {Diamond (1974)). Coupling
may be dus to a neutral influx process as snvisagsd by Nellans,
Frizzell and Schultz (1973); alternatively, coupling hay be electro-
genic as envisaged by Keynmes (1969). The present data showing the.
dependence of net Na and Cl F{uxes‘upon a functional Na-¥X ATPase, the

dependence of net Cl movement on tha presenca of Na, and the partial
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inhibition of net Na movement in the absence of 'a mobile anion,
clearly d6 not differentiate between the two alternatives. The resol-
ution of this question awaits further experimental evidenpe.

The existance of an active pump mechanism for serosa to mucosa
Cl movement in the secretory state need not be invoked (Chapter 6).
Instead, Cl movement is driven by the concentration differencs
for tl.existing between the lateral spaﬁes and the mucosal solution.
RAgents sucﬁ‘as theophylline probably » act in such a way as to
form anion-selective channels across the mucosal boundary. A
quastion of significance is, thersfore, the possible mode of action
of ethacrynic acid which was presumed to inhibit the secretory Cl pump
(Al-Auquati et al (1974)).

Al-Awquati et al suggested that an inhibitory action of etha-
crynic acid upon the NA-K ATPass could not be excluded. A decrease
in the rate of active Na pumpiné would reducs extracellular hyper-
tonicity, so reducing the driving force for net salt secration. An
alternative possibility for the mode of action of ethacrynic acid is
suggested by the work of Cousin and Motais (1976) and motais and
Cousin (1976) upon anion permeability in ox red blood cells. These
authors have shown that diuretics such as furosemide, other
sulphonamides and ethacrynic acid inhibit Cllﬁransport in a compet-
itive fashion., There exists the possibilit& that sthacrynic acid
inhibits secretion in ileum by blocking Cl-diffusion across the
mucosal boundary. Indeed, Cousin and Motais (1976) have suggested
that the diuretic action of these drugs may be mediated by thair
direct action on Cl-permsability. Acetazolamide reduces net Cl
absorption in ilesum but does not effect theophylline induced Cl
secretion Nellans et al (1975)). Acetazolamide does not affect

Cl transport in ox red-cells (Cousin and Motais (1976)).
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Clearly more work is needed to defins the actions of
acetazolamide and ethécrynic acid upon intestine. A possible
'development is to test the action of thése drugs upon ths
theophylline-dependent changes in dilution and biionic potentials
(see Chapters 2 and 6).

The brasent work does not attempt to incofporate thé effects of
Ringer [FCU;l; pH and PCU2 variation on tha model that Eas'been
proposed for sacration. Shesrin and Field (1975) have examined

inter-relationships between Na, Cl and HCO, transport in rabbit

3
ilgum, These authors conclude that net absorption of both Na and Cl
is controlled by ssrosal pH and HCU3 concentration, Clearly future
work must pay attention to these factors in the control of ion flux
in intestine.

A final question concerns the mechanism of gtimulus-secretion :
coupling in smali intestine. Although there is abundant svidence to
suggest that cyclic-AMP is the central mediator of secretion
(Al-Awguati et al (1974); Field (1971); Nellans, Frizzell and Schultz
(1974)) the mode of action of c-AMb in increasing Cl-permeability is
unknown., Increased intracellular levels of Ca have been implicated
in tha majority of cases where activation by c-AMP has been studied

(Rasmussen (1970)). Perhaps Ca plays an important role in the

activation of Cl-permeability by c-AMP.
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H.L, SHACRS,  Ph.D. Thesis. 1876

Parallsl pathwé&s for ion movement exist in rabbit ileum. A
high-conductance cation-selective extracellular pathway parallels the
low-conductance transéellular route, The extracellular pathway
comprises a series array of lateral cell space and tight-junction.
RAspects of ion flux through thess two pathways have been studied.

The cation content of strips of rabbit ilsum has been measured.
The [y%} in the tissue extracellular (inulin) space was calculated to
be 40mM hypertonic to the bathing medium (140mM Na). This result
provides evidence that the lateral intercellular spaces of rabbit
ileum are 80 m.osmoles hypertonic to the bathing medium.

2,4,6, triaminopyrimidine reducses the Na conductance of the
extracellular pathway and has been used as a means of separating
transcellular from extracellular Na movements.

A portion of net Na flux in control tissues is due to asymmstry
generated in the extracellular pathway; this may result from an
osmotic pressure gradient across the tight-junction due to lateral-
space hypertonicity.

Measurement of the tissue isotope specific activity ratio
togethé;qﬁith_the mesasurement of bidirectional transcellular Na or Cl

e -

fluxaes éllows calculation of the four unidirectional ion fluxes across

v

the muéésal and serosal boundaries of the transcellulgr pathway. The

- t
effects of D-galactose, a sugar actively transported by ileum, upon

- i ) e
* .

transcellular unidirectional ion fluxes has been eXéhined. The

coupling between galactose and Na fluxes is discussed in relation to
models for active sugar transport.
The effect of the secretagogus, theophylline, upon Na and Cl

fluxes was tested. Triaminopyrimidine reverses thes theophyllins-

stimulated secretion of Na, indicating that Na secretion occurs via



the tight-junctions. Theophylline causes an incresased passive
permeability of the mucosal border to Cl. Net secretion of NaCl in
the presence of theophylline may result from passive mavement of

NaCl from the hypertonic lateral space to the mucosal solution.



