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Ta Introduction,
The subject of this thesis is the electrical phenomena which are

aggociated with the absorption of ions, water and hexose by the small

intestine of the Rats A method will be described by which the
short-circuit current of small intestinal segments may be measured

in vivo and results will be presented, having been obtained by this
method using both normal rats and rats with an experimentally altered
hormonal status,

The historical development of in vivo and in vitro methods for
the study of intestinal absorption has been traced by T.H, Wilson in his
monogfaph entitled *Intestinal Absorption! (1) and any repetition of this
would be superfluous, In vitro nethods are popular with experimenters
because there is much greater control over environmental conditions than
is possible in vivo, but it is important that data from both types of
experiment should be continually reviewed and compared, After
describing the work of Crabbe and of Edelman on the effects of Aldosterone
on the toad bladder in vitro Mulrow wrote (149):

"If the results of these in vitro studies with toad bladder can be
extrapolated to other tissues in vivo, an important start has been made
in understanding the biological effects of Aldosterone."

Part of the work reported in this thesis is an attempt to carry out
Just such an extrapolation. Despite several reports that the hormone
exerts an influence on Rat jejunum, hindsight makes it clear that
jejunum is a poor choice of tissue with which to study the action of
Aldosterone, A large literature has succeeded in producing a rather
confusing picture of very complicated physiological mechanisms; with the

result that a good deal of the 'Discussion' of this thesis concerns

physiology, uwnaffected by hormones,
I intended to study the effects of hormones on the zeta potential
of isolated mucosal cells because I felt that insufficient attention had

been given, by other workers, to the local ionic environment of the cell
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membrane, which can differ markedly from that of the bulk mediume,
Accordingly, two types of apparatus were constructed, the first for
measuring the electrophoretic mobility of isolated nucosal cells and

the second apparatus was for short~circuit current measurement in vivo.
The latter was used to screen hormones for intestinal effects. While
working for my M.Sc. thesis I had found great difficulty in maintaining
the viability of isolated segments for more than one hour. The

in vivo method allows a rphysiological! application of the hormones and it
makes it possible to detect effects with latent periods of 2 or 3 hours.
The observations of the electrophoretic mobility of normal mucosa showed
that the cells orientate themselves in an electric field

<or hydrodynamically) so that the surface charge which produces the
electrophoretic motion belongs to the side wall (part of the serosal
surface). This means that the brush-~border, the most interesting and
important part of the surface,; is effectively inaccessible. This

finding led” to a concentration of c¢ffort on the short circuit current
technique and it was realised that the method provided a convenient way
of extending the work of Crane et al (<§5°8(2)) to see if Aldosterone
could alter the kinetics of the Sodium-~Hexose interaction. It was

found that although the hormone is able to restore to normal the
transmural potential difference of jejunum after adrenalectomy, the

effect can be mimicked to some extent by Hydrocortisone. Neither

hormone had a significant effect on the Hexose-~dependency of the potential
and the data on this relationship in_vivo did not fi+{ well the saturation
kinetics suggested by Crane. In an attempt to explain these observations
attention was directed to the known behaviour of the jejunum and to the
unknown origin of the potential difference., An explanation has been put
forward which is in general accord with the views cf Crabbe (S 5.6) but

in addition the explanation has been placed within the context of a
hypothesis concerning intestinal physiolocgye. The hypothesis is

tentative but has the merit that it suggests new lines of experimental
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This thesis describes a method for the measurement of the potential

SUMMARY

s

difference (P,D.) and Short—circuit current (Isc) of Rat small intestine,
and presents data which was obtained using the method, The P.D. and Iso
were recorded by a novel technique which allows a semi-automatic and
continuous reccrd ¢f both P.D. and Isc and therefore also of tissue
resistance, Thé technique was used to screen a small number of hormones
which were injected intravenously into the anaesthetised animal and alsc
to follow the increase in P.D. and Isc which is observed when various
hexoses are added to the fluid in the intestinal lumen,

A computer programme was devised and used to find the Michaelis~
Menton kinetic parameters which provided the best statistical fit to the
data, The result highlights a general inadequacy of the Michaelis-Menton
scheme as a model for the Hexose dependency of P.D. and Isce. Linear
regression coefficients were also used to describe the hexose dependent
and hexose—independent terms in the totel P.D. and Isce. These coefficients
were then used to compare data from a number. of groups of animals which
had had various treatments designed to alter their hormone status
particularly with regard to Aldosterone. The only demongtrable effect
was that both Aldosterone and Hydrocortisone were able to restore to
normal the hexose~independent P,D. and Isc which were depressed by
adrenalectomy. Other treatments designed to vary the endogenous
secretion of Aldosterone appeared to be explicable in terms of
nutritional status rather than in terms of plasma levels of Aldosterone.
It ie suggested that the Aldosterone effects which have been reported by
others are a reflaction of increased plasma concentrations of hexose and
electrolytes,

A method is also described for the measurement of the Zeta
potential (J) of the intestinal mucosal cell surface. Data is
presented concerning the variation of < with the pH of the suspending

medium. These results are compared with other data on the "pore-phase"




°f which is obtained from data on the streaming potentials of intact

iﬁtestine. It is concluded that the fluid transfer which generates

tl.e streaming potential probably does not pass through the lateral spaces,
Finally a comprehensive but tentative hypothesis is put forward

concerning the absorptive functioning of the jejunum. An alternative

explanation of the effect of Glucocorticoids on absorption is ocutlined

in terms of specific enzymic interference in the Embden-ieyerhof

pathway of Glycolysis, while Aldosterone is considered in this

explanation to directly affect the membrane transfer of Sodium,
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2 MATERTALS and METHODS,
2,1 Animals

(l) Normal Rats,

Male albino rats of about 300 g were used, These were taken from
stock having been fed and watered ad libitum up until sacrifice. The
diet was Diet 41 B, supplied by Pilsbury Ltd. An analysis of this diet
is given in Appendix 3.

(2) Adrenalectomized Rats,

These were bought as such from Scientific Products Ltd. from whence
they were despatched one or two days after the operation, On arrival at
the University animal house they were put on a normal diet with saline
drinking watexr (009% NaCl), They were maintained thus for at least a
Week before sacrifices

(3) S21t Depleted Rats.

hese were subjected to a procedure described by Edmonds (277)
which briefly is as follows:= The animals are given an intraperitoneal
injection of Glucose solution (Sml,/IOO ge body weight, concentration
5% w/v)s This is removed 2 hours later. Bdmonds found that O.4 mil
Na/lOO g. body weight was removed in this way, representing about 8% of
the rats 24 hr. exchangeable ¥, The rats are then put on a Sodium~
free diet consisting of 80 - 100 g, boiled rice daily for 7 to 1O days.
Boiled rice:~ 100 g, boiled in 200 ml, distilled water with the addition
of 3 mil KC1/100 g, dry rices
The control group were given 0.9% NaCl solution for drinking water.

Edmonds found that such rats remained generally healthy. This was
not my subjective opinion and after one group had been sacrificed the
experiment was not’repeated.

(4) Salt loading,
Some otherwise normal rats were given 009%»Na01 solution as

drinking water for over 7 dayse
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2.2 Hormone treatment

(1) Vasopressine

"Pitressin”, 3mU/0,2 ml. distilled water injected intravenously to
otherwise normal anaesthetised rats during the experimento
(2) Insulin

0.5 IU in 0,9% NaCl solution pH 6.,5. 0,5 ml of solution
injected intravenously,
(3) Aldosterons. Ciba alcohol frees

Two dose levels were used 1Qfgg and 5?/$g/rat,'given by
intraperitoneal injection in 0.5 ml, distilled water, 24 - 30 hrs. before
sactifices The second dose level was the standard dose in all the
experiments reported.
(4) Hydrocortisone. 'Efcortelan' soluble.

0.5 mge in 0,5 ml, distilled water given by intraperitoneal
injection 24 - 30 hrs, before sacrifice (in some cases an additional

injection was given 4 hrs. before sacrifices)
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2,3 THE SHORT CIRCUIT CURRENT APPARATUS

(1) Electrode Assembly.

The apparatus, which is illustrated in fig, l. was essentially the

same as that described by others who used the everted sac preparation
( 2, 9y 190), It consisted of a central or axial silver/silver
chloride wire, about 1.5 mm. in diameter mounted in, end projecting about

5 cm. from the nozzle of a carmula which was tied into a short segment of

intestine, The outer or serpsal electrodes were two half cylindrical
silver/silver chloride plates, These fitted loosely round the serosal
or peritoneal surface and made electrical contact with it by means of two
pads of polystyrene foam soaked in physiological saline solutione The

transmural electrical potential dirference (PD) was menotored using

conventional salt bridges (agar/KCl in polythene capillaxy tubing) which
were positioned, one inside the segment of intestine and the other lying
between the polystyrene pads and the peritoneal surface of the intestinal
muscle, The salt bridges passed into two balanced Hg/Hg012 half cells
and these in turn were conngcted to a valve voltmeter (Pye—dynacap,

input resistance 101?rL ). An expanded scale attachment to this

instrument allowed the PD to be read %o within 0,2 mV,

The lower end of the internal silver electrode (the axial wire)
was wound into a tight helix which, when sheathed in polythene, performed
the double service as a convenient point to ligature the lower end o? the
segment under test and also as a mount for a second (outlet) cannula,

The hydrostatic pressure of the luminal contents was controlled by the

height of the ogtlet orafaces
(2) Recording. (See Figo2),

The P.D. as already mentioned, was measured by a valve voltmeter.
The output of the voltmeﬁer was displayed on one channel of a multipoint
pen records (Devices M4), The applied current, (see Principle of the
S.C.Cs technique, % 504(1) ) was derived from a dry cell and was

made to oscillate slowly (period 30 sec.) between zero and a maximum value,
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This maximum value was set manually at a value which was a little

greater than that necessary to eliminate the FD. The current was

monitored on the adjacent channel of the pen recorder so that ?oth .

PD and ISC were recorded alternately and semi~automaticallye PD, was
read at those points where ISC equalled zero and the ISC was read at
those points on the trace where PD equalled zexo. Not only is this a
convenient arrangement but also gives a continuous measurement of tissue
resistance,

The double comnection to the pen recorder gave some trouble with
ground loops. These were eliminated by linking the ISC leads to the pen
recorder through a DC to DC converter in which the signal was chopped,
amplified, transformer coupled and finally regtified and smoothede The
chopper oscillations were filtered out of IsC,

A complete schematic block diagram ef the system is shown in Fig.Z
and circuit diagrams of the various components in Figs. 3,4,5 and 6o

(3) Amplifiers,

Dgtails of amplifiers used in Pen Recorder (Devices MA)

1, ISC, Devices DC3 with sub unit 5
(after amplification by the DC to DC converter
(see fige 2) the output of the pen drive unit DC5
was calibrated periodically using a moving coil
ammeter (EEL 0 = IOOOIﬁLa resistagce 280 S )
which was placed in tﬁe ISC‘leads,

2, PD, Devices DB3 with sub-unit 5.
The output to the pen drive unit (DC5) was short
circuited to earth by means of a 64//kF electro-

lytic capaciter to filter out a persistent 50Hz hum,

3, Temperature, Devices DC2  Sub unit 2.

Mull scale deflection + 1 mV (See§ 2.,4(5) )
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(4) Insulation,

The bench top was covered by a sheet of insulation board (Paxalite)

and this was given a thin coating of silicone grease. Fluid spilt on
this suxface tended to coalesce into discrete bubbles rather than form
a conducting film,

Rubber gloves were worn for all procedures which required touching
+the animal after the short circuit current and the voltmeter had been
switched omns

These precautions were necessary to avoid inadvertent 'ground loops’s




2.4 Surgical Procedure and Location of Test Segment.
(1)  Anaesthetic.

The procedure followed was entirely dictated by the booklet
"An Tntroduction to the Anaesthesia of Laboratory Animals™ by
PoG. Croft (UFAW) 1964 (189).

'Nembutal® was given by intraperitoneal injection Qe m1/1OO go body
weight, For most experiments lasting 2 hours this was sufficient to
maintain surgical anzesthesia throughout (as judged by lack of foot
refiex and very much reduced eye reflex)o Occasionally ether was given
cautiously as a supplement and additional doses of Wembutal? (half the
original does) were given by spraying the fluid into the peritoneal
cavity if the experiment was to be prolonged.

At the end of the experiment the animal was killed by either
exsangination or by means of an overdose of ether,

It has been repcrted that Sodium Pentobarbitol and Sodium
Hexobarbitol anaesthesia have an inkibitory effect on the Adrenal
Hydroxycorticosteroid secreticn in the dog (279)g in contrast to ether
anaesthesia, which raises the secretion rate (278).

(2) Location.

After the animal had been anaesthetised the visceral cavity was
openeds The pylorus was located and a small incision mades A cannula
was introduced at this point and through it 5 ml., of Krebs~-ringer—
bicarbonate (at 37°C) was injecteds The contents of the small
intestine were thus forced down toward the caecum and it was found that
5 mle of fluid cleared the duodenum completely and a small part of the
jejunum, The jejunum could, therefore, be easily located with a
reasonable margin of error., (see Table No¢2).FL%1t the end of the
experiment after the animal had been kilied the entire small intestine
was dissected out and the location of thz test segment was expressed
as a fraction

length from pylorus to ist, incision of segment x 100
tctal length of small intestine




although the jejunum is difficult to distinguish from the ileum (no /
satisfactory definition of these seems to exist) the duodenal and jejunal
flexure is easy to recognise and it can be said with confidence that none
of the test segments included tissue from the duodenum,

(3) Inserting the Electrodes.

When the appropriate region had been located another cut was made
in the intestine through which the inner part of the electrode assembly,
complete with cannula, was inserted and secured with a ligature round the
cannula, The intestine was then ligatured to the lower end of the
electrode, ("Polythene bulb" fig.1)e A second incision was made just
below the bulb and the outlet cannula was pushed in and into the fbulb?,
A complete perfusion loop was thus established with a test segment some
5 cme long (without tension) defined and isolated‘by the two ligatures
yet still connected to an intact blood supplye. The outer electrodes
were then placed in position with their plastic pads (soaked in Kreb=-
ringer=-bicarbonate at 37°C). The whole animal, except for head and neck
was covered by a polythene sheet, held in place by a weighted pliable rode
(4) Perfusion Method,

Two methods of introducing the perfusate were triede The first,

which was only partly successful, involved the use of a 20 ml. hypodermic
syringe 5 ml, aliquots were injected from this into the intestinal
segment via a polythene capillary, The act of injection was usually
accompanied by a transient surge in the potential and short circuit
current., A similar effect on water transport has already been reported
by Blickenstaff, Bachman, Steinberg and Youmans (192) who attributed it to
a transient increase in surface area due to the mechanical disturbance of
the villi. The second method was a simple gravity fed supply from a

50 ml, reservoir held in clamp and stand which was adjustable for height
over the range O -~ 30 cm, by means of a screw jack attachment. This
eliminated the transient surge effect and is similar to the perfusion

method of Sols and Ponz (193). The outlet cannula was held at a constant
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3 cm, above the test segment. 3 cm., water was therefore the normal
hydrostatic pressure in the lumen, But at high perfusion rates, or when
there was a blockage of the outlet cannula, the luminal pressure rose, the
maximum rise being dictated by the level of the supply reservoir, The
reservoir was raised, and the flow rate increased, during the change over
from one perfusate to another, but after about 5 ml. had passed through
the reservoir was lowered to some 5 or 6 cm, above the test segment which
gave a perfusion rate of one drip/10 secs or 1 ml./&in.approximately.

(5) Temperature Control,

50 ml, quantities of the various stock perfusates were heated in a
water bath set at 3700. The reservoir which held the perfusate was
surrounded, as was the experimental animal, with an atmosphere of warmed
moist air supplied by a fan heater. Thejiemperature was subjectively
Jjudged to be approximately 3700. The temperature of the solution in the
reservoir was monitored and if the temperature fell below 3300 the fan
heater was readjusted to give more heat. The length of tubing (Portex
PP50) which connected the reservoir to the cannula entering the intestinal
segment under test, was enveloped for most of its length by a plastic water
jacket through which was circulated water at 3700 from the neighbouring
water bath, This arrangement ensured that the temperature of the

perfusate was 3700 as it entered the test segment, even although the

temperature of the solution in the reservoir may have dropped a few degrees
below 37°C.

The temperature of fluid emerging from the test segment was
monitored by means of an insulated thermocouple junction which pierced the
outlet cannula about 3 cm., below the point at which the cannula left the
segment. The reference thermocouple junction was placed in the water
bath and the output of the thermocouple system was displayed on the third
channel of the pen recorder,

A1l exposed parts of the viscera, including the test segment of

intestine, the complete electrode assembly and saline soaked pads were



covered by a small sheet of polythene to minimise evaporation, The
temperature of the saline pads was the most difficult part of the sys-tem 4o
control, Although the surrounding air mass was at about 37°C and moist,
a certain amount of evaporation did occur and hence some cooling of the
pads was inevitable. The intact blood supply was the least exposed part
of the apparatus and this would to some extent compensate for any cooling

of the less well protected regionse




2,5 Perfusion Solutions

(1) Replacement Media.

Three perfusate solutions were used, Two of these were based on
0.9% NaC1 solution and the third on Krebs~ringer bisarbonate. In all
of these the sodium and the hexose concentrations were varied but the
osmolarity of the sclution was maintained by means of a suitable

replacement solute.

Perfusate 1, designation Na/bholine (Tris buffer)
Basic solution Na©¥ = 144 meg/1 c1” = 144 meg/1
Glucose 30 mM
Tris Bicarbonate  25mM
Trisbicarbonate was prepared by titrating Tris with 002 until pH
Ts4 wes reached,
Replacement of Na* by Choline” and of Glucose by Mannitol to give
Na = 0, 24, 48, 72, 96, 120, 144 meq/1

Glucose =0, 5, 10, 15, 20, 25, 30 mM

Perfusate 2, designation  Na/K (Sodium Bicarbonate)
Basic solution (va® = 144 meq/1)* c1” = 120 meq/1
Glucose 24 WM
Sodinm Bisarbonate 24mM
*including contribution from NaHCO3
Replacement of Na™* by XK' and of Glucose by Mannitol to give
Na = 24, 48, T2, 96, 120, 144 meg/1
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Perfusate 3. designation Krebs/K
Bagic sclution Kreb=hicarbonate ringer

with Glucose or Galactose = 0o5% w/v
or 27T mM
Replacement of Na™ by k¥ and of Glucose (or Galactose) by Mannitol to give
Na = 24, 48, T2, 96, 120, 144 meq/1

Glucose (or Calactose) O, 5456, 11212, 16,68, 22,24, 27.7 mi

It

or as % w/v 0, 0e1y 0.2; 053, 0.4, 0,5%

]

The pH of each perfusate was adjusted to pH 7 ~ 7.5 before usc.
It is normal practice to gas such solutions with 02/002 (95/5%) before
uses This was done on some occasions but on others the solu%ion was
allowed to equilibrate with the air so ihat much of the tissue oxidation
was stupplied by the animal'’s blood stream as it would be in the intact

animal,

(2) Composition of Krebs~Ringer-Bicarbonate,

Table lNo.1 Composition of Krebs-—Ringer-~Bicarbonate
Sodium 1,433 x 1074 eq/ml. *
Chloride 1,283 x 10“4 "
Potassium 50923 x 10“6 u
Calcium 5.200 x 10_6 "
Magnesium 2.4 x 10“6 "
Bicarbonate 2,5 x 10“5 W
Sulphate 2,388 x 107° "
Phosphate 2,035 x 107 "

(see Refo191; pol149)a
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2,6 Cell Electrophoresis
(1)  Apparatus.

The apperatus is identical in principal to that described by
Bangham et al (220). A cylindrical chamber (precision capillary
tubing) with its axis horizontal is filled with a cell suspension and then
gealed at both ends. When such a cell is subjected to an axial electric
field the solution will move with respect to the chamber walls, and,
because the chamber is sealed, this bulk movement will be cancelled by
an equal but opnosite bulk movement down the axial line, The hydrndynamics
of such a situation has been examined by Lamb (i197)s It is evident that
there is a "stationary point" where the velocity of the solution with
respect to the walls is zero and it has been shown by Bangham et al (220)
using Lamb®s anelysis that this stationary level occurs at a point 0,707 R
units from the axis where R ig the radius of the chamber, or more
conveniently 0,293 R from the wall, Tt is at this "Stationary point”
that the electrophoretic velocity of the cells due to the applied field

can be observed without the complicaticn of fluid movements

1
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Pigure 8 sghows the clectrophoresis chamber. For cleaning purposes
this was medz so that the perspex Ygide blocks™ could be disconnected rrom
the short length of precision capillary tubing of "Verida" glass.
Electrodes of silver wire were introduced through tight fitting rubber
bungs iaserted in the openings AR, The sample of suspended cells was
injected from a syringe through the opening B. B and BY were then cliosed

by means of nylon SCrews. A small side aperture in B? (not shown)allowed
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the final sealing of B' to be accomplished without at the same time
expelling the bungs from A, A®; The complete chamber, as shown (fig.8)
fi*ted tightly inside a perspex box which was mounted on the stage of an
upturned microscope (fig.9). The objective of the miscroscope penetrated
the perspex box through a thin rubber diaphram (Durex® London Rubber Co,,)
and the box was filled with liquid paraffin.

The chamber could be filled with a sample of suspended cells (or
‘fluéhed.out) without removing it from its position on the microscope staga,
Only occasionally was it necessary to disemble it and clean the tubes with
pipe cleaners,

The high voltage was obtained from the H.T. sockets of a "Labgear"
power pack and the current was monotored by a suitably shunted micrometer,
The meter was calibrated by connecting the circuit in series with an Avo
electronic universal test meter and comparing the readings &t several
current values, The rize of the current could be controlled both by
changing the H.T. supply and by means of a wirewound potentiometer, A

reversing switch was also incorporated into the circuit to allow selection

of field polarity.

As described by Bangham et al (220) an “optigj%al flat" is ground on
the cylindrical surface of the capillary tubing which allows the objective
lens to make a close approach to the internal tubes,

(2) Preparation of the cell suspension,

Healthy young adult female rats were Xilled with a blow on the head
and the small intestine flushed out with ice-cold freshly oxygenated
krebs-ringer-bicarbonate solution ( §2°5 (2) )» The whole small
intestine was then everted and quartered, The segments of intestine were
rinsed to remove intestinal flora and fauna and placed in sepsrate petri
dishes of fresh ice~cold ringer (krebs). The intestinal mucosa were then
scrapped off the segments by pulling them through between the prongs of a
pair of forceps held in a nearly closed position. Tnhe cell preparatic:

was washed by cenirifugation at 500g. for ten minutes and resuspension
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(cf refs 221), When it was required to store the cell preparation
overnight, the tube containing it was placed in a refrigerator at 560.

Farly attempts to measure the electrophoretic velocity of intestinal
mucosa in krebs-ringer-bicarbonate fuziled due to the fact that the cells
settled out of suspension very rapidly. It was found that a more dense,
viscous suspending medium was required and for this purpose the Sodium
Chloride of Krebs--ringer-bicarbonate was replaced by isoosmotic Sucrose
solutiono* Assuming total dissociation of the icnic components the
various media had an osmolarity of approximately 300 mosms. The sample
of cells was resuspsnded twice in the Sucrose medium after centrifugation
at 500 g for ten minutes,

It was found by trial and error that a fairly dispersed suspension
was the most satisfactory a 1 ml pellet of cells being dispersed in about
100 ml. of sucros-medium, The experiments were carried out a’t room
temperature.

(3) Recording Results,

After a sample of suspended cells had been introduced into the
clectrophoresis chamber, air bubbles expelled and the chamber sealed, the
microscope was focused on the capillaiy tuking. The mid-point was found
by using the vertical stage vernier to bisect ‘the distance between the
upper and lower bounds of the horizontal tube. The micrcscope was then
focused on the nearside inner wall of the tube using the course focus
coantrol with the fine focus contiel szt at zero. This point is labellecd

"Reference Zero" below,
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*A similar suspension medium 0,2M Sucrose buffered with Potassic:i Phosphate
was used by Stern and Reilly in their investigation of the respiration of
intestinal nmcosa cells (96).
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In this position the optical axisz passes through the sanple tube
axis, The fine focus control; which had been calibrated; was used to move
the focus point inwards to the sigtionary point, It was found that when
the cells were highly disversed it was difficult to find a sufficient
number of cells +o make up a statistically satisfactory sample, On the
other hand if the suspension was congested the cells near %o the nearside
wall obscured those at greater depth. A comprcmise was reached using a
moderately dispersed suspesnsion (as mentioned in the previous section

§-2°6 (2) )e It was then possible %o find a number of cells (about 20)
whose positions straddled the'stationary point? When the electrophorectic
velocity of these had becen found the "stationary poini" value was calculated
as described below ( §303°). After the refesrence zero point had been
found the following procedure was followed in chronological ordcer,

(1) The current was switched on and adjusied to a standard mark
corresponding to 1.5 ma, The current was switched off,

(2)  The microscope was racked irwards to focus on a single mucosal
cell, recognisable by its brush border,

(3) The current was switched on again and the movement of the cell
across a fixed number of divisions of the eyepiece graticule
was timed using a stop waich.

(4) Tne current was read and switched off,

(4) The following date was noted (in this order) Current, direction
of movement, orientation of cell, distance moved (number of
divisions), time taken (to the nearest tenth of a second),
depth (reading on the fine focus control), polarity (switch
position)°

(6) The polarity of the field was then reversed in readiness for
the next measurement.

Bangham et al (220) state that there is little danger of

contamination by electrode products if the current (2.0 ma in this case)

lasts only five times that required for the measurements,




(4) Calibrations.

(i) The eyepiece graticule of the microscope was calibrated by

means of a microscope stage micrometer.,

(ii) The graduations on the fine focus conirol knob were calibrated
thus:

A number of pieces of glass ranging in thickness from a microscope
cover slip upwards were brcken to provide a jagged edge. The

edge was then observed under the microscope, focusing first on the
upper and then on the lower edge and the scale graduation was noted
The thickness of the glass was then measured using an engineers

micrometer gauge. The readings were repeated at least 12 times

and the mean value taken.

According to Bangham et al (220), Henry's correction applied to
Verida Glass (refractive index 1.47) amounts to only 0,01 R when the
tube is in contact with water (where R is the capillary tube radius) and

the correction may accordingly be ignored.




3 Calculations

3.1 The Calculation of the Linear Regression Coefficients.

The coefficients of the linear regression line y = & + Bx (where
y = P.De or Isc and x = hexose concentration.) were calculated by the
method of least squares for each individual animal. These individual
coefficients were then used to calculate the overall A and B for a
treatment group and also the standard error of the mean., The nwnber

of degrees of freedcm ig equal to the number of animals minus the

number of parameters.
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3.2 Calculations of Michaelis Menton Kinetioé Parameters,
(1)  Introduction.

As has been already mentioned Michaelis Menton kinetics have been
used by a number of workers to analyse the flux rates of various
transported materials. In particular the work of Lyon and Crane (230)
investigated the relationship between hexose concentration and the P.D.
uging the classical Lineweaver - Burke Plot (an inverse plot) to obtain
estimates of Km and Viaz, Their data for the jejunum did not in' fact
fit the inverse plot conspicucusly well (230, Fig,7) and in any case
Lineweaver~Burke plot is itself highly suspect (147)0 The defects in
the plot can be partially corrected by using weighted points provided
the errors associated with the points are small and are reasonably
constant, This method was used to find first approximations fox the
parameters (Vmax and Km) using data points which were the mean points
for all rats in a single treatment group. Unfortunately this method
although giving moderately good estimates of Vmax and Km. gives no
information about the precisicn of the estimates so that it is
impossible to compars the calculated parameters associated with *%wo
treatments using any kind of statistical test for significance, An
alternative method based on the "Prindipal of Maximum Likelihood™ has
become popular since the adven®t of computers. A good description of the
method has been given by Cleland <l46)o In addition he gives a full
computer pfogramme, wfortunately in Fortran, which the Elliot 803
installation a® Aston University will not accept. INox were the staff of
the computer centre able tc undertake the rewriting of this programme.
Instead I have written a similar, but not identical programme, using the
method of Least Squares, in Elliot 803 Algol suitable for 5 - hole tapesa
A description of this and the preliminary programme to obtain first
approximations are given below and the full text of the programme appears

in appendix No. 2(2)s




The Michaelis Menton kinetic analyrsis deals with the reastion.

Q \ K2, ~ ‘ . l i i
9+ X :‘# <SX) “\?‘J”} K‘oc.\ucji& <%"\f0c{\&@<\ o}: “?C*-\Q» VJ
yA

Vhere S is a substrate, (Sx) is a substrate/carrier er

substrate/enzyme complex, X is the free species of carrier er

enzyme and "concentrations" are implied throughoute

A maximum velocity Vmax is imposed on the reaction because of the
limited supply of carrier X=X+ (SX). At steady state the rate V and

substrate concentration S are r:lated by the equation.

. e \-

vhere Ky= Rav Ry oone Re
\ = Viax. S| e, R,
Km + S SN \C‘\z >> Q’s

L

1/Km described the affinity of S for X, Xm is numerically equal to
the concentration of S which gives the "half maximum" velocity.

In the situation described here X is presumably some carrier
species Cng) while V is the P«D. or Isc presumably propsrtional to the
rate of transfer c¢f some ionic species, Doubt can be cast upon the
validity of this treatment but these doubts will be discussed later.

Inversion of equation (2) gives.

- e ()l e BB o heidi i)

: \ \ v \‘('I\V\¢\ / _ \ /
Lol R k’\\ = y\/ A = ,/\JW‘ 5 = \JW\ D = /S

(2) Programme No. 1

The classical Lineweaver — Burke method plots Y against X to ebtain
a straight line of gradient = B and Y-intercept = 4, If the points are
scrupulously accurate this ig a valid and convenient method for finding
Km aﬁé Vmax; Unfortunately, however, if the points are subject to an
experimental error the inversed data is subjected to highly distorted

error, That is, it is no longer distributed normal}y about its mean and

is no longer constant for all points along the line. If the "error" is




measured by the variance (CTI) then

g

C‘-:- = 'J/.\/"r C"»';,?

-

(vefs 148, P, 187)

That is the variance of Y ig equal to the variance of V modified by
a factor ({/@u). To correct for this the values of ¥ must be weighted
a factor v4 before finding the best straight line by the method of least
squarese This is the technique which was used by Programme No. 1 used to
find the first approximations to Vmax and Km, This programme operates
on mean data snly, It is not suitable for plotting a curve from all
points drawn from a treatment group otherwise the ;esulting curve is
biased in favour of rats yielding high values of V, It could be used on
a single set of points from a single rat, but it was found that the
individual values were so variable and with only six points per rat that
the results were often nonsensical since a single erroneous point might
imply a Vmax of infinity (indicated by negative values of Vﬁax and Ku.)
The mean points on the other hand gave a satisfactory curve. The
programme algo assumes that the values of S are not subject to errox,
and no weighting correction 1s applied to u/S

The full text of this programme appears in appendix No, 2 (1)

DATA TAPE, N,

(s1, V1), (s2, V2), - - - - (Sa. Vn)
where N = No. of Pairs of Data
(S1, V1) = Pair No.,1., Substrate conce, Velocity (PD) respectively
Note that S = O is impermissible because 1/S = 00,

These are Hexose - Depenlent data only and the base level must be

subtracted. Similarly if V= 0 is required it is preferable to convert

this to a small number, Since these are Hexose ~ Dependent data V = O
should not occure

Owtput A = 1/

B = K'm/Vm
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(3) Progremme No, 20

m
the programme follows a procedure similar to that described by

Clsiland (146) (p5 = 6)e  The prinzipal is stated perhaps moxe succinctly

by Peradine and Rivett (148, p.263)s  The technique is to generate the

equations:

z, N o .
e)(}\ z«fi‘—-‘- 4 z\b*"‘"‘“‘—:"‘ - - 6‘!..
2 T’)CLE'D bfk
. . - — e e e e &g
(o2 4 Ch L k| !
done O »br Yoo
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Where L = fuaction. (E; o, | \: > (liﬁ_w__.v\
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n
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substrate, ¢, (4 are required parameters
a,b are estimates of« % respectively.
Th » - 1 ¢ /L ) " R
e equations are then solved for oo, % which are corrections %o
be applied to a and b,
Eztimates for a and b are obtained from Programme No.1.
The variance of a and b are given by the diagonal elements of the

obt e ined L_)\/) mw\h(\)\\ w\:} t\ie WIS 0\ %7& We k. Ml xe -
matrix . on the left hand side of equatlon (4) by & o Where & is the mean

A
squared deviation of the residuals, The calculation of & presents some
difficulties, 1elland (146) states that required degmee of frecdeom
(pF) is (P - n) where P = number of pointe, n = number of parameters to
be extracted from the data (2 in this case). However, as already
explained the calculation of a curve for each individual rat proved
impractical and the calculation of a curve from meaned data would give an
accurate curve but an over optimistic estimate of the precision of the

12D o 1,4 s -
estimates of parameters opbtained in this way.  -+nat this is sc can be

seen by reference to the diagrams below
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lisan points giving perfect Scatter Diagram showing two sets of

Saturation Curve Data, The True Variance of Vmax

Varpiance of Vmax = Virtually nile is not egual to Zerc,




It is required then to calculate ﬁhéféﬁfvézparameterS'from the :
original scattier diagram, This requiremerit introduces problems in
desiding the DFs  The total number of points (P) appear in sets
belonging to individual animals (N sets of K) and within a set it camot
be said that the pcints are truly independent, The figure (P ~n) would
therefore also give an over optimistic value for DF, Conversely the
number of data points (K) (i.e.» values for S used to plot the curve )
cannot be accepted as this would ignore the number of animals used which
is the most important factor. I have been unable to find any advice as to

the procedure to follow in these circumstances and so have adopted a

compromise, The DI uged in programme No. 2. is given by the

relationship,
DF = P« Nn +n <« K
De¥y = Degrees of freedom.
Where P? = total number of points
N, = number of amimals,
K, = number of data from each animal (X =5)
n., = number of parameters.

I can supply no rigerous theoretical for this relationship, but L

am of the opinion that it is a veasonable one on the basis of the

following argument,

For a single set of points (i.es from one animal) one would use the

formula DeFo = (¥ -~ n)

But these are N, animals. If parameters could be calculated for

each individually the over all mean would be calculated using D.Fe =
(N'ml), Combining these we have D.F, = (K - n)(N -1)

(K - ¥n) -~ (K = n)

(P -~ Mn) - (K ~n)

i

i

=P"‘Nn+n°‘K
Numerically this means; for example, that if 10 animals are used and 5

items of data measured on each, and that the calculated curve hag two




parameters, Thens--
Po = 50, N, = 10, Ko = 5y ne =2
DeFo = 50 =20+ 2 = 5 = 27,

Which is appropriaﬁely midway between the optimistic (50 = 2) and
the pessimistic (10 = 2),

. The programme has been testedhon a set of data which was generated
from a ficticious set of parametesrs. Since the parameters were known the
true mean values and standard deviations of these parameters could be
calculated and compared directly with the computed results.  The
computed standard deviations are in good agreement with the true values
but the parameter values are low. This is due to the fact that those
curves with higher Vmax are truncated to a greater extent than those with
smaller Vmax, The computed curve however, is almost identical with the
"ourve of means”, This phenomenon, of differential truncation, would
appear no matter what scheme was used for calculating the parameters
because in the case where the curves were calculated for individual
rats the curves with higher Vmax would require the greafest extrapolation
and therefore be associated with the least precision, In all cases
the overall means will be weighted in favour of the lowest values.

It was found in practice that the first approximations of A and B
were not sufficiently good for the method outlined above (and
characterised by equation 4) to be immediately applicable. For this to
be the case the errors 7« and ‘fmust be less than wnity otherwise it is
quite impermissible to ignore the higher terms (in powers of SCL)l%E; )
which ocour in the Taylor saries used in forming equations Bq.(4).

Accordingly the programme first scales all input data by factors to bring

these data to lie between zero and wnitys A damping term "Divisor" is
also introduced which reduces the calculated error and forces the

compuber "to take small steps" initially. The magnitude of "Divisor"

is progressively reduced to unity after 100 iterations.




Four forms of instability occurredo://77

1) Progressive increase o extremely large values of Vmax and ¥m
This can be interpreted as a straight line velationshipe

2) Negative values of Vm and Ku which implies that the cuxve is
concave upwards and rises to infinity at S = -Km.

2

J) When the relationship between L (the error) and the

parameters is plotted as a map (with contour heights in L),

the map often resembles a long nerrow troughe In its attempt
to find the lowest point the Programme sometimes entens the i
trough and progresses down it in a series of infinitessimax

stepse This is a common failing of hill climbing techniques.

i

4) If the error in spite of scaling exceeds unity the programme

diverges from the true end point,

To minimise the problem of these types of error the programme
automatically terminates after 150 steps and selects the best values
encountered during the computation, but in these cases the calculated
variances are highly suspect since the gradients of the error/parameter
surface are not Zero at the at the point defined by the best values,

Another modification which was introduced in later computations
wag the use of a lower 1imit to the parameters. These lower limits

were set on the data tape.

Date tapes~
Data Ref. Fo.
Approximate Vmax (from programme 1)
Approximate Km (frem programme 1)
Lower limit Vmax (vy inspeetion)

Lower limit Km (by inspection)

Data for each individual rat consists of a series of pairs of

numbers referring to the hexose concentration and the PD or Isc

. . s L 2 0 .
respectively.  The series nust begin with a pair with concentration

zero is used as a recognition of individual rats and

=O,sﬂmetMs
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separates the data used to caloulate fhei e ;,,(the hexose =

independent PD or Iso):

g5 -
“hen the data for 2ll rats has been given the programme commences
to compute the parameters on reading the terminating pair

10,000 10,000

The compleﬁe programme is concluded by the Data Refexrence

Number 101,

The computer will then output the first approximations and all
succeeding approximations with the computed error. On reaching the
desired ‘end point! (Qr after 150 steps) the computer will output the
final Vm and Km and C, with variances and the corresponding "Best Plots"

so that the curve can be drawn to fit the equation.

Vm x
y = Iﬁn"“""“"""‘_*_x + C

where y PD or Isc

x = Hexose concentration
C = Independent parameter
(i,es y=C vwhenx-= 0)e
Vm and Km are as described above.
The computer will then continie to input data and repeat the

above process until the Data Ref., No. greater than 100 is reached.

(4) Theoretical Note
Because the data is subject to a large error and the cuxves

computed from the data of a single animal is oversensitive to error even

in a single point, i+ was not considered practical to attempt te compute

separate curves for cach animal and then to find the Mean Parameters from

these, This, however, is theoretically the correct method for finding

the parameterse It is not theoretically sound to find mean data points

and then to compute & gingle cuxve from the meaned datas It is of

a7 . tg obtained by these two methods
interest, lowever, to compare the resul ze

39




Let the two curves so obtained be given by +he e-r, ﬁress ]/rzxs--

&
¥ B+ x ..____,.Eq(1)
At ¥
= - meww= E
BY + x q(2)

wnere A’B are the mean parameters (Vm + Km resp). lst methcd.

and A', B' are the parameters from the mean curve., 2nd method.

G i,

Ao ST Ty . s A
RosZo s B =2 Ty
i

= ' 1=

where Ai and bi are the parameters corresponding to the cuxves

of individual animals,.

We require the relationship between A and A' 3 B and B's

N
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Jo AV = A

i.e, both methods give the same estimate of Vmax.
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now since A = A' then A
B

[

A' & B'=3B (and conversely)
BY .
and

B =23 | )

al, a2
S EHE ) - (E

R
+
“E

which is not true in general,
As mentioned above the first method is theoretically sound, but

this is only so if A and B are independent of one another. The true

values of A and»B may indeed be independent but the best estimates of

A and B are not. The independent parameter is ail . #i
bi *

It is the second method which treats this pai'ameter as

independent, since

du' AY ‘252{ = 75
S-S = ——— = - - M ey
a7 n LA

H=O

For this reason it is felt that the second method is valid and

may even be prererable to the first.
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3¢3 Electrophoretic Velocity

The value of the electrophoretic veloci‘cy:at the "Stationary Point'
( §2o6 (1). ) was calculated from a series of values which straddled the
stationary point, by fitting a quadratic curve to the data, This is the
theoretical velocity profile (Poisseiullets Law), The curve was fitted
using orthogonal polynomials by an Elliot Library Computer Programme
(803 - Y2)., The Stationary Point value was then calculated using the

output parameters of the best curve.







4 rather 1

Students t-test ,, ,
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vpper and lo
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vs Hexose a : _ . - .
ad Tsc vs Hexose curves respectively arameter A is a

measure of the P . - , . ‘ -
¢ (or Isc) vhen 0¢5% Mannitol is present in the

erfu i o s , L
perfusate which parameter B is the gradient of the Galactose (or Glucose)

dependent increase,

where y = PD or._ Isc
x = Concentration of Galactose (or Glucose)

o WV
The basic data from which the regression lines were calculated is
not obtained from tables 4 and 5 but instead is obtained from the data of
individual animals as described in é 3

/

Tables 8 and 9 give the Michaelis-Menton kinetic parameters

Vm and Km, The method of calculation has been described in é 3626

Data for which the computer programme failed to find a satisfactory ‘end
point! have been indicated *¥, In these cases no standard error has
been;given since the best values of Vm and Km obtainable do not
correspond to points on the error/parameter surface where the gradient

is zeroe The parameter "C" is equivalent to A4 of the linear regression

line (given in tables 6 and 7) and is approximately equal to-it.

The equation to which the data has been fitted is

VX
., e Y
y Km + x

where y = PD (or Isc)

x = concentration of Galactose (or Glucose) % Wav,

Vm, Km are the Michaelis=Menton Parameters

¢ = a constant.

Table 10 presents the P values using the same notation described

for table 3. Values of P which are below the 5% level (commonly

described as nSignificant") have been indicated ¥,

Table 11 gives P values for the linear regression coefficients,
Llable -2

Regrettably the data on Vm and Km are not sufficiently precise to allow

a gimilar comparison for these parameters.




TABIE 6 Linear Regression Coon
PD '

A

Normal 0626:* 0,27 T 6340 . VOJO‘ f_'
Adrx  »6".49 ~.*; o | 0.29 i
Adrz + A | o 167#0:;;#_* 6971 ov.43
Adrx + H 2.01 & 0.5 544 = 0,69
So0d,D 0,73 = 0,50 T 6,60 = 0,56
Sod. DG 1253 £ 0,57 |  5.23 % 1.20
Sode L 0084 + 0,37 5,68 + 0;,66
Sodo L + A 1,58 + 0.38 5,85 + 0,51
Adrx + H (Gluc) 2.29 = 0,72 4,11 * 1,19
Adrx + H + A (Gluc)f 1,36 = 0,37 6,38 = 1,06

whexre PD=4A +B (% [Hoxose/)

TABLE 7 Linear Regression Coefficients of the 15C/Substrate curve.

Isc
A B
Normal 110 = 84 1M77 = 101
Adrx =40 + 30 548 =+ 51
Adrx + A 661 £ 247 1077 =+ 289
Adrx + H 392 = 85 1254 =*= 337
Sod, D 94 = 56 481 = 113
Sod, DC 158 = 65 765 = 234
SodoL 287 = 184 3212 =+ 1397
Sod, L + 4 161 == 107 1314 =+ 164
Adrx + H 588 = 201 627 = 233
Adrx + H+ 4 250 = T2 1232 * 451

where PD = A + B (% [Hexose/)




TABLE 8,

Michaelis-Menton Pararm

s w e |

Normal
Adry el | g
Adr*x + Aldo 10.75+5.5 | 1.31+0,86

AdrSx + Hydroc 9. 6% 3,6 | 1,255 0,61 |
Sod. Depletion ¥ 5.2 2100 | 0.1 10?—}1‘;%‘)

S e

Sod. Depl, Cont, ** 26,4 4055 :
Sod, Loaded Aed *1.06 | 0.48%0.: 2‘ 1.45%1.0
Sod. Loaded + Aldo 8,62 £2,01 | 1,15%0, 36 1056*40 67 2
(Adr'x + Hydroc 4,62 £1,8 0.60&0,375 2,08 +1,05 8
(Adrfx + H + Aldo, 8,75 % 2,13 o;85t0.,«30 1,133 0«53' 2
where P.D. = Vm * + C
Km + x
and x = % Hexose

In the computation for Sodium Depletion the programme reached the

arbitary lower limit for Km = O.1 and proceeded into unstable

oscillations. It is thought that its true value would have been negatives,

180 / Substrate curve.

TABLE 9, Michaelis=Menton Parameters of the
Isc s g o
Normal 2268 * 557 l.38 +* 0.44 89 = 80 1
Adrx *K 8081 14,248 ~40,8 5
Adrx + A 1430 = 882 0,80 + 0,62 | 620 = 335 T
Adrx + H 2371 £1670 1,354 % 1,22 | 356 + 168 7
Sode D ¥ 7755 18.2 81 4
Sod. D.C. ** 11089 13 x J.O6 159 A
Sode L o 58317 20.5 316 6
Sod, L + A neg values neg values ‘ - 8
Adrx + H 458 100 0,167 = 0,10 | 514 £ 240 8
Adrx + 0 + A *¥ 1486 0.679 200 9
where Isc = ....I.{.::.).H.).;T-o + C
and x = % Hexose




TABLE 10

e

i L Eee |
Lo s e e ]
T T 1, | 7 [l o |
ﬁi:ﬁ + Aldo oy | 2y ;170,1* 5/ e Oﬂ : 1'_“_1/;0:;1;
Adete + Hydroo, gt | At | Vour| Vour| ¥t U1t
ﬁgﬁ : %;igoc, 60/50 60/ 50 / 90 30/ 20 QO/ 70 80'/70 3
223 gZﬁEoontml) 50/ 40 20/ 101 29/ 5 | 30/ 20 80/ 20/15
Sod. Load + Aldo 10 | 195 |9%g0 | 160 | 540 | 2%10
iiﬁiiiiﬁiiizmu@ /50 | 3750 9%g0 | 540 | 160 | Y50 _
iiﬁ:z : g Ll (Glucose) 60/50 90/80 30/20 10/5 90/80 _90/80
P values as percentage the expression 60/50 60% > P> 50%
TABLE 11.
P values. PD Isc
A B A B
Norm 20/14 /90 30/ 55 I ek
ig;{c.iijdo 0.1/ ¥ 4930 oy %) 29
Rdrx. 1/0.1 40/30 1/0,1* 20/10
ﬁi}; : fij‘{iﬁw' 60/50 10/5 40/ 30 7% ¢o
Sod., Eozgei 140 3¢/ 5o 9/ g4 60/50 30/ 50
igi;. i Hydroc (Gal.)) 80/70 40/30 50/40 30/20
e e W | 0 | o | a0
Adrx + H + Aldo (Gluc.)

P ag a percentage

60/50 indicates 60% > P > 50%

A R i

s e e S

oo




4s2  The Effect of Replacing73

Sodium in the perfusate, The columns headed "Mannitol™ and."Galactosé‘0¥;
Glucose™ mean that the added substrate was 005% Mannitol (i.e. no
actively transported Hexose) or OaS% Galatose (Glucose in the case of
the last two rows of data),

It will be seen from the table that Potassium replacement

increases the P,D. in every case where data are available., When an

actively transported Hexose is present, however, the effect is less

dramatic or absent in some cases,
Table 13 is equivalent to table 12 but gives data on the Isc.
As for PD there is an increase in Isc when Potassium replaces
Sodium provided Mannitol is the Hexose present. When an actively
transported Hexose is present, however, there is a decrease in Isc

except in the case of the second last row (Adr'x + Hydroc (Gluc.) )e




TABLE 12.

The Effect‘of;PotasSium$ 

Mamitol Galactoss or Glucoss |

Sodium T E;kaséiém'  Scdimm V ?otassiuﬁ¥
Normal 0,20 * 0,25 - 355 0,25 =
Adrx =0.46 * 0,35 ~ 2.64 = 0,33 -
Adrx + Aldo 1,91 £ 0,51 3:94 * 0,25 484 = 0.22] 4,562 0,59
Adr’x + Hydroc 1:90 * 0,37 3,60 0,611 4,67 % 0.56] 3,87% 0,64
2od. Depl, 0,70 = 0,26; 3,33 % 0,99| 3,86 % 0,62 4636075
Sod, Depl.Contr, 1.50 * 0.48] 3,48 % 0,90| 4,13 * 0,19 5,60 0,77
Sod, Load 1,45 * 0,78 - 3,68 +.0,30 -
Sod Load
+ Aldo 1057 2,65 = 0,601 4,16 * 0,52] 4,88 %0,5%
Adr'x + Hydroc
(Gluc.) 2,1 = 0,70 4.3 * 0,581 4,3 * 0.58] 4,7 * Qg
Adr'x + Hydroc
+ Aldo (Qluc.) 1.13% 04351 4.4 = 0449 4od * 0,49 5.6 0,54

TABLE 13, The Effect of Potassium replacement on Isce
Mannitol Gaiécfose or d1;;:;e

Sodium .. Potassiwh Sodium Potassium
Normal 93 * 82 - 689 == 112 _ -
Adr'x —40 * 24 - 231 * 33 -
Adr'x + Aldo 620 = 223 821+ 193 | 1131 * 168 979 = 246
Adr®x + Hydroc| 353 * 84 330 * 98 | 1022 * 228 544 * 122
Sod, Depl. 81 = 46 390 = 50 350 = 30 338 £ 38
Sod. Depl.Contds 159 * 47 323 * 116 536 =+ 117 528 = 148
Sod, Load 316 * 169 - 1742 = 630 =
Sod, Load 206 = 84 497 = 90 | 820 = 90 | 790 = g5
(o 3% )+ 168 836 T4 | B45=175 | 836 = 74
fﬁ‘;é‘:éﬁﬁ?} 200 * 76 650_* 163 808 = 160 931 = 260

53




4.3 The Electrical Resistance bf Jejuﬁmn

7 1 3 . - - ’ -
he electrical lesistance is calculated from the simple equation

associated with Omm'sg Law,

—

Where A%— open circuit potential difference., (in volts)

I

iy

short circuit current. (in amps)

X

f

Resistance (in Ohms )

Table 14 gives the collected data on Tissue resistance but it
may be found that Figure 15 gives a less confused impression of the
salient features, which are
i) A striking increase in resistance due to the replacement of

Sodium by Potassium.

ii)  An increase due to Adrenalectomy.

iii) An apparent increase in resistance due to the Sodium depletion
diets This increase can be partially explained as an artifact,
howevers  Reference to TABLE 2 wiil show that the position
measurements of the Sodium Depletion pair one greater than those
of other groups.

16.7

eg. Normal position

it

Sod. Depl. position = 34.8.

No error is involved provided comparisons are made within

treatment/control pairs but when comparison is made as above the
difference in position must be taken into account. As described in

§ 2.4 (2) the segment was located by injecting 5 ml. of solution into the
intestine at the pylorus. The different lengths of intestine flushed
out by this 5 ml. can be attributed to differing radii of intestines.

The intestinal segments will therefore have differing surface areas even
when the segment lengths are equal. The position measurement can,

however, be used to correct for this effect,




A volume V of solution flushes the i ,7wqthférbssésec¥ional,'L

area 11~ to the position P.

'o’ V = \ob(TrYt

X = ——‘———‘!_ x C9 ﬁS\—

{F

The surface area of a segment is proportional to the circumference
The surface area is therefore proportional to ;6;;
Since the electrical resistance of the segment is inversely
proportional to the surface area, the resistance/segment data can be‘
standardized to resistance/unit area by multiplying by the factor ;ﬁTT‘ o
Standardization of this kind reduces (but does not eliminate) the
apparent difference in tissue resistance between normal Rats and those en
a Sodium depletion diet but it enhances the increase in resistance due to
adrenalectomye.

Table 15 compares the standardizetion to the standardized mean
resistances, These mean data were taken from Figure 15 and ignores the

data for Potassium ringer fluid.

TABLE 14 The resistance in ohms/segment.

Galactose/ Without
Glucoge cong. + 0,0 . 0,1 0.2 0.3 0.4 0,5 Bexose
Noxmal. 2,15 | 4.48 | 3.86 | 4.41 | 4.74 | 4,82 | 5.7
Adr’x 8.7 1 5.3 12,8 111.0 N1,8 l11.4 18,6
Adr'x + Aldo 3,07 | 3.55 | 3.60 | 4.03 | 3.84 | 4.28 | 3.5
Ady'x + Hydroc, 5638 | 4.86 1 4.68 | 5.00 | 4.80 | 5.25 | 3.83
Sod. Depl. 8:63 | 9.64 | 8,70 110,01 | 9.85 11,00 110.5
Sod. Deple. Controls | 9.42 | 8.90 | 8,30 | 8,16 | 7.59 | T.7L1 | 7.8
Sod, Load. 4,59 | 3.60 | 3,03 | 3.26 | 2,30 | 2,11 | 2,35
Sod. Load + Aldg., 4,18 | 4.64 | 6.77 | 5.03 | 4.80 | 4.54 | 6.3
Adr'x + Hydroc,(Glue)| 4.08 | 3.95 | 4.55 | 4.26 | 4.48 | 5,07 | 5.6
Adr'x + Hydroc. +

Aldo (Glue)| 5.5 | 5.35 | 5.15 | 5.44 | 5.25 | 5.45 | 4.6




The standardization
P = Position

TABLE 15

Unstandardized E,_,_§§Q§Q§2QE§QQ,+\

Norymal | 4.5 18?7, .3
Adr'x 11 13,1 |. 2.8
Adr'x + Aldo ‘ 3,5 17.8 : 0,8
Adr'x + Hydroc, 405 22,4 1 09
Sod, Depl, g 34.8 1.5
Sods Depl, controls, 8 30.7 1.5
Sc»dvn Load. 3 17.7 0.7
Sode Load + Aldo 4:5 22,6 069
AZ?x + Hydroc. (Glue) 4.0 2004 0,8
Adr'x + Hydroc, + Aldo (Glue) 5.0 21,8 1.1

It has been observed (79) that the resistance of Rat jejunum
increases as do the P.D, and Isc. with increasing concentration of
Glucose. Figure 15 shows that this is also true of normal animals
(colum J) when Galactose is the actively transported Hexose. The
Linear Regression Coefficient of the data (Table 14) is equal to 4.2 and
the Correlation Coefficient of 0.79 indicates that the regression Line
is significant at the 5% level.

The pattern of increasing resistance is not repeated, however, in
all other groups. (colums A - I in Figure 15). It is perhaps
significant that the two columns (C and F) which have a negative
Regression Coefficient are associated with groups of animals which had
saline drinking water (Sodium Loaded and the Sodium Depleted Control
group) without having any compensating factor such as Adrenalectomy.

Figure 16 shows that when an overdose of ether is given not only
does the P.D. fall exporentially to zero but the tissue resistance
increases. This increase in resistance may be due to a fall in blood

pressure associated with death.



when 28mM Mamitol

TABLE 16  The Streaming Potential
is added to- the perfusa'te;//
4 }{Z ()| ATs (pa)
Normal —.1322 - 159
Adr'x - 1.76 - 112
Adr'x + Aldo - 1.22 - 276
Adr'x + Hydroc = 0,93 ~ 134
Sod. Depleﬁion - 1.88 - 148
Sod. Depletion controls | - 1,58 - 136
Sod. Load - 1,10 - 766
Sod, Loaded + Aldo - 1,31 - 230
Adr'x + Hydroc. + Aldo - 1,30 ~ 319

=gy d



444 The Effect of Intravenous injet  4some£Hormonésp

The results of these experiments, ir which a solution of a
hormone was injected into the femoral vein of an anaesthetised rat and
the PD and Isc of the perfused Jejunum was recorded, were mainly
negative, This is not altogether unexpected but there was the
possibility that the failure to elicit effects on the everted sac in
YEEEP could have been due to the inability of the large hormone
molecules to penetrate either the mucosal curface of the epithelial cells
on the thick muscle layers of the intestine. For the sake of
completeness the results are given below,

(1) Insulin (dose: 0.5 I.U.) no noticeable effect within
30 minutes of injection.
Perfusate: Krebs-ringer-bicarbonate solution with 0.25% Glucose,
Number of experiments: 3.

(2) Aldosterone (dose: 3mg in H20)° no noticeable effect within
2 hours of injection,
Perfusate: Krebs-ringer-bicarbonate solution with 0.25% Glucoses
Number of experiments: 2,

(3) Vasopressin (dose: 3 mll in 0.2 ml distilled water).
There was a transient increase in P.D. (no record of Isc)
3 to 4 minutes aftex injection which lasted for about 5 minutese.
The amplitude of this pulse was variable (32% to 59%) on a
base line of approximately 2 mV,
Perfusate: Krebs-ringer-bicarbonate solution milk 0.25% Glucose,
Number of experiments: 3.

This last effect (of Vasopressin) has been observed by Field,
Plotkin and Silen (95) for Rabbit ileum which had been stripped off the
longitudinal muscle. If it were not for this report one would be
tempted to explain the effect observed in the present experiments as

being due to an increase in vascular pressure. The observation of

[~g ®]



Field et al (95) that subsequéhi:§ sopressin produced
no effect was also confirmed in the present experiments (in:th}sxggsq
even when the dose was increased by a faction of 10).,

Figure 17 is a redrawn trace of the Vasopressin 'Effect?.



.

/ 0405
4e5 The Electrophoretic mobility of/ﬁ;66sél cellsa

Table 17 gives the values of U the velocity of mucosal cells as
observed in eye piece divisions/second and the pH of the suspending
medium (Sucrose Buffer).

Figure 18 represents these results graphically.

It has been suggested with reference to Red Cells that the
electrophoretic mobility varies greatly with storage times at very
low pH values (263)., Bearing this in mind Figure 18 emphasises that the
most reliable (and important) section of the graph lies in the
physiological region pH 5-8, Taking these data alone the regression
line of velocity on pH has parameters:

A = 1,680 B = 00372
where: velocity = A + B (pH).
The Correlation Coefficient = 0,767
which indicates a Probability of less than 2%, that
is the regression line is "Significant".

The regression line indicates that the velocity will be equal to
zero (isoelectric point) at pH 4.5 Both the regression line and the
curve on Tigure 18 indicate a velocity of approximately 0,75 at pH T.
and it is this value which has been used to calculate the mobility in

cm/second and hence the Zeta potential (F).

Calibration data used to calculate the mobility (U) and N

(1) 1 eye piece division = 1.09 x 1073 o,
(2) The applied current (I) = 1.5 ma. = 1,5 x 10—3 amps.,
(3) The viscosity of Sucrose Buffer at 18°¢, (b ) = 2. x 1Om2 poise,

(extrapolated from reference tables (275) ).
(4) The equivalent conductance (/\) of Sodium Bicarbonate Solution,
the most abundant ion in the Sucrose Buffer ( { 2.6 (2) ).
)
-
= T2.5 ohms

(interpclated from reference tables (275) ).



(5) Radius of the capillary tube whi/c:h formed the electrophoresis cell
= 1 mm,

(6) The dielectric constant of the medium has been taken to be equal

to that of pure water = 80,

The Field strength (E) is given by

E = IR
where I = current in amps
R = resistance in ohms/cm
E = Volts/cm.
also R = g L _
T r2
where f> = Specific Resistance
L = length = 1 cm,
r = radius = 0.1 cm,
and fi = f]%gé-
where C = concentration (gm formula wts/litre)
A = equivalent conductance

Substituting the data given above in these formulae

E

i

26,3 volts/cm.

26931/300 eﬁﬁt/cm,,

The mobility 1.5 x 1,09 x 1073 om/s

(and
it

1

1.63 x 1073 om/s.
Substituting these values in the formula

o - 4T

-3

5683 x 10~0  esu

it

5,83 x 10™2 x 300 volts

it

(]

1705 mV.



TABLE 17

Electrophoretic speed vs pH.

Spzed is in units of eye~piece divisions/seoondo

g

pH speed '
3.25 0.62
3.5 1.00
55 0,41
6.0 0,51
6.0 0.37
6.0 0.89
604 0.51
T-1 1.27
Te2 0s79
To4 C.70
Te5 0,76
Te9 1.54




Se REVIEW AND DISCUSSION,
51  Introduction.

This chapter is devoted to a review of the literature on
electrolyte and Hexose absorption by the small intestine, and to a
discussion of my own experimental results. Inevitably such a review
will cover grcund which has already been reviewed by established
authorities on th2 subject (1, 2, 3, 4)s My aim therefore, has besn
to keep the review fairly brief in general and 1o expand only those

aspscts to which my omm results have particular relevances



5.2 TFluid and Electrolyte.,
(1) General Characteristics,

Clarkson (145) has identified two types of epithelial tissue
according to their absorptive properties.

(a) Tissues, which in vive separate solutions of very different
ionic strength and composition, possess a high resistance, a large
open~circuit voltage and a low short—circuit current (see % 504)

(b) Tissues, which in vivo separate solutions of similar
composition have low resistance and open—circuit voltage but relatively
high short circuit currents,

The small intestine falls in%o the second category. The high
permeability of the tissue in comparison to (say) Frog skin, makes it
difficult to dis*inguish betwzen transport phencmena which are directiy
powered by metabolic znergy (Active Transport) and those which are
secondary (or Passive), being driven by the conditions of disequilibria
set up by the acvive transportation. Three types of disequilibrium are
frequently encountered.

(a) A spontaneous electric-potential difference (PD or @%ﬁ) is
fourd to exist across the epithelial sheet due to the
transport of ions,

(v) Concentration gradients.

(¢) The bulk flow of fluid through water filled pores.

Since an epithelial sheet is a muiti compartment system of membranes,
leocal disequilibria, of the kinds described above, might easily essape
detection, with the result that a particular transport phenomenon will
wrongly be attributed to metabolic energy. Indeed, in a situation like
this, to distinguish "Active" from "Passive" transport becomes a matter

of semantics (200).

One of the main features of intestinal absorption is the rapid
flux of Sodium, Chloride and water which is described as "fluid® transfer

rather than water transfer. Hydrostatic and osmotic pressure gradients

EA



are fairly obvious candidates for the’roleiﬁf-controlling factors
(2) Hyrdestatic Pressure.

In the absence of Hexose; the absorption of fluid by the intestine
is not assisted to eny great extent by a favourable hydrostatic pressure
gradient up to and including 85 cm.H,0, (38) which is greater than the
intraluminal pressures normally encountered in Vivo (196). However,
an adverse hydrostatic pressure gradient of as little as 4 cm.H2O, can
effectively prevent fluid absorption (101). It has been suggested that
this effect may be due to physical collapsing or kinking of various
structures on the serosal side of the tissue (198).

During in_vivo experiments it has been observed that there appears
to be an optium intraluminal hydrostatic pressure (192) but it was
thought that this was due to stimulation of the intestinal villus motione
Whea the supply of oxygen was interrupted motor activity was observed
when an intraluminal pressure of 35 cm.H,0 was applied (107) .

These data refer to gross hydrostatic pressures. There is little
information about local internal hydrostatic pressures although these
have been invoked to explain one step in the solute~linked fluid
transfer (199). The observed accumulation of fluid in the intestinal
wall during Glucose-stimulated fluid absorption (13, 201) seems to imply
that fluid traverses at least the last stage of its journey through the
muscle layers (in vitro) with the assistance of a hydrostatic pressure.
(3) Osmotic Pressure.

There is no doubt that osmotic pressure has a considerable
influence on water movemrent in the colon (106) and in the small intestine,
(64, 140, 200) the effect being more pronounced in the jejunum than in
the ileum (201)° Nevertheless fluid absorption continues to some extent
in the presence of suitable substrate despite an unfavourable osmotic
pressure gradient (106, 200, 201, 202). V“hether this can be described as
tActive transport' or not, is, as Parsons et al have remarked (2C0), a

matter of definition. The osmotic pressure required to eliminate the



net fluid movement is about 5 stmospheres (38)3
(4) Local Osmousise

There is a strong correlation between the movement of fluid and the
movement of certain solutes (particularly sodium) in a number of
intestinal preparations (69, 140, 38, 90, 122, 203, 204, 205, 206, 207,
209, 210, 211). But there is a problem in deciding which of these two
fluxes represents the primary flux. The view of Curran and Solomon
(213, 140) is that the Sodium flux is primary with water movement being
created by local osmosise. This mechanism is explained in principle by
Curran and MacIntosh (199)., It requires a system of two semipermeable
membrances in series. The first has a high Staverman Relection
Coefficient with respect to a single solute species, and the s=scond
membrane has a much lower Reflection Coefficient. The solute molecule
is pumped across the first membrane into the space enclosed between the
two membranes. Water is then drawn into the intermembrance space by the
local osmotic pressure across that membrane and the resultant local
hydrostatic pressure forces both solute and solvent through the second
membrane. In this way a movement of total fluid across the membrane
gystem is achieved by means of a solute pump. The model has been
successfully operated using synthetic membrances by Curran and MacIntosh.

A similar suggestion for fluid transport in the gall bladder has
been made by Diamond and Tormey (214) but in this case the fintermembranc
space! is considered to lie in the long extracellular channel, "The
first membrane" (the osmotic barrier) is the serosal surface of the
epithelial cells and the "second membrane”™ is a transient effect produced
by opening and closing the serosal end of the extracellular space, Since
Sodium is thought to be expelled from the epithelial cells across their
gserosal surface (discussed later) this is an attractive theory.
(5) Sodium and Local Osmosis.

The view that the Sodivm pump is the most important agent in

bringing about the movement of fluid has accumulated somz powerful support,



(a) Under normal conditions sédiﬁm is tr&nsporéed in the same
or slightly greater concentrations as it is present in the
mucosal fluid (from which it originated) while the concentration
of other solutes vary (38, 54).

(b) It is possible to obtain net Sodium absorption while net
water secretion is created by am unfavourable osmotic
gradient (208).

(c) V¥hen the tissue is short—circuited (see section %}504) thereby
removing the restraining influence of the transmural electric
potential, the flux of Sodium increases without a concomitant
increase in fluid transport (72).

(6) sugarss

Pluid transport in the jejunum is profoundly influenced by the
presence of certain Hexoses. This phenomenon will be discussed in the
section devoted to Sugars (section.%S.S).
(7) Bicarbonate and pH.

The presence of Bicarbonate is necessary for fluid transport in
Rat jeiunum (109) and this has been confirmed for Human je junum (91),
Carbonic Anhydrase inhibitor 6063 depresses the absorption of fluid and
electrolytes from jejunum and reverses the direction of COo net movement
in ileal segments (90) whers it is normally secreted (vnlike the jejunum
where it is absorbed) (90, 92), In small intestine the luminal contents
are normally acidic in the duodenum and become progressively more
alkaline in the distal regions (e.g. dog, 215)., Hydrogen ions are
secreted into the mucosal fluid in the jejunum as a bye=product of
Lactic acid production in glycolysis (23, 216,, This is diminished but
not abolished in the presence of Oxygen (80)., The effect of
acidification (of the lumen) on fluid, Sodium and Potassium flux rates
were examined by Code et al (170) in Dog duodenum. They chserved that
all flux rates increased, including secretion rates and concluded that

this was a mechanism whereby the duodem could rapidly achieve



equilibratiion of luminal contents with plasma before the total solution'
was reabsorbed by the more distal regions.

McHardy and Parsons examined the effect of pH variations on the
absorptive behaviour of Rat jejunal segments. In the region pH 4 to 8
the flvx rate of fluid rose in approximately linear fashion with pH.
The flux rate of Sodium was parallel to that of fluid below pH 7 but
showed a distinct peak at pH 7 (148).
(8) Diffusion Potentials,

The small intestine generates a PD. of a few millivolts (0-10 mV)

in vivo and in vitro, even when identical media bathe the two sides of

the Tissue, The PD. is therefore due ultimately, if not primarily, to
metabolic processes within the tissue. The transfer of any ionic
component across the membrane will generate the PD, which will continuc
to rise until a coun*er current, driven passively by the PD, is equal and
opposite to the first current., Calling these two currents The Active
current (Ia)* and the reverse current (Ir) we have

Ia + Irx = o

andgk(z=1r.x S - Y € )

where X'is an ohmic resistance.
Both Ia and Ir however consist of a number of subcurrents I;
where ! denotes a number of icnic components.
Therefore, although at steady state Ia = -Ir, it does nct follow that for
each component  (I;), = —(IL)r
Tre fact that the Active and Reverse currents may be equal in maganitude
but not identical in structure is probatly the explanation of the
anomalous findings by Wright (176) that the diffusion permeability,
coefficient ratio ©Sodium ¢ Chloride = 10:1 although it has been
experimentally observed that Chloride ions are absorbed at a rate

approximately equal to that at which Sodium is absorbed (56, 148, 213),

* Wictive Current” is used here to imply ™non-diffusional™. It is no:
intended to restrict the term to the conventional functional
definiticn of Active Transport.



It would appear that the Chloride flux is a majof component of Ia but
not of Ir and is therefore not described adequately by the conventional
eqration for diffusion potentials,

An equation often used to describe diffusion potentials isgm=

X
Pk + PNa Na + P02 02 2
Pk X

= R.T. In e o o o oEq.(2)

5 + Pya Na.2 + Peo G2 1

See list of Symbols,

which was derived by Hodgkin and Katz (136) using an analysis due to
Goldman (180)., As well as assuming that Potassium, Sodium and Chloride
are the only important contributers to the diffusion current, this
equation depends on the fundamental Goldman assumption, that the

gradient of potential is constant throughout the membrane. This
assumption most definitely does not hold in the case of small intestine
as has been shown by micro electrode puncture (83). The Goldman-Hodgkine—
Katz equation, however, will still hold even if the Goldman assumption is
not made, provided certain other restrictions are not violated (262)a
These restrictions require ithat the membrane should separate solutions of
equal ionic strength. The technique of replacing Sodium with a non-lonic
solute, such as Mannitol, will therefore give results which are
misleading quantitatively, although the qualitative interpretation may
still be valide.

It has been observed that the replacement of Sodium by Potassium
leads to an increase in the PD. (with 0.5% Mannitol; table 12), and to
an increase in Isc (table 13). These observations would be readily
explained as a diffusion potential with Potassium having a greater
permeability coefficient than Sodium (176) if it was not for the fact
that these changes are also accompanied by an increase in the tissue
resistance (Figure 15), On a number of occasions the direction of the
applied current was reversed in order to check on the possibility -~
that the jejunum possess the property of rectification ( %5.2 (13) ),
but there was no indication of rectification the ratio L*P /AT

fINa.

being identical to that obtained in the ¥forwsard® direction,.



It does not appear, therefore, that the increased PD, associated with
Potassium perfusate, can be due to an increased flux of cations through
water filled pores or by way of any mechanism which is highly susceptable
to changes in the P.D. The observed changes may, however, be explained
by one of the following:
(a) Potassium, entering readily into the cytoplasm of the

mucosal cells from the luminal fluid would eliminate the

*downhill® step in the potential profile at the musocal

surface. To explain this more fully,

Wright (83), by micro-electrode puncture, has measured the

profile of potential across the jejunum., Schematically it is as shown

in Sketch & R
% T
e | !
| !
Mucosal P.D, Serosalg :
Flu}ld ‘L, Fluid. ! Ko }
i i !
| | |
mucosal i "serosal i
membrane; | membrane

i

Perfusion by Potassium fluid, however, may produce the conditions
shown in sketch B thus increasing the overall PD, by eliminating the
reversed mucosal step, In addition the high cytoplasmic concentration of
Potassium may increase the resistance of the serosal membrane. If the
high step at the serosal membrane is due to the extrusion of Sodium this
would necessarily be supplied by Sodium from the serosal fluid.

(b) An alternative explanation is based on the suggestion (which

has often been put forward, but most specifically by
Clarkson (145) ), that there exist two channels for ion
transport in the small intestine. One is described as an

active channel and the other passive (145)o The passive
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channel is extra cellular. In addition to these functional channels
there exists within the preparation, as described, a barrier including the
intestinal muscle layers., This barrier has an electrical resistance
which is not present in the physiological functioning of the intact
animal and has only been introduced by the positionirg of the electrodeso,
It is, therefore, described as the “error resistance" (Xe)s

From this an equivalentcircuit can be drawn to represent the

experimental conditicns,
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where E&V,A%H = real and *measured'! PD. respectivelye.
v = equivalent voltage of active transpori,
X = resistance
{ = current,

suffices a,p,e,sc,m = aciive, passive, error, short--circuit and

measured respectivelye

In open-circuit conditions: (isc = 0,)
then ia = {p and ﬁg& = A¥) = ipo N iaXp o o1 e equ(l}
In shorte—circuit conditions: (&k‘zo)
“} - pXp = | scXe o o ip = 2vrsc (Xe/%p)
Also ;sc = 1a - ;p = ia - zsc (Xe/¥p)

a @ 2SC = ‘(a/(l‘*‘Xe/Xp)oaoa-oooa.aoaqua(Z)



The term 1/(1 + Xe/Xp) is therefore the correction factor for Isce

i )
Now the measured resistance Xm = fyfh(open—cir?qlt)
} so (sh-circuit)
.°e using Eq. (1) and Eq. (2)
! a¥p

Xn = T3 (1 +Xe/S%p) = Xp +Xe o o 00 oo Eg.(3)

(as might be expected)
Consideration of Equations (2) and (3) will show that both ;sc and Zm
will increase as Xp increases.
This effect might be put in words thuss "Ar the passive channel
resistance increases, not only does the measured tissue resistance
increase but the short circuit current appears to increase, dve to the
fact that that part of the active current which is "lost?® to the short-
circuit current by returning passively through the membrance is
gradually eliminated”.
(9) Solvent Drag.

Ussing has described the phenomenon known as ¥solvent drag” {137)
whereby solute molecules are carried through the membrane .system in a
stream of solvent. Kedem and Katchalsky (138) have given a more
generalised treatment with a physical interpretation in terms of friction
coefficients. The fluid movement may arise in three ways

(a) movement of some other ionic species (solute drag)

(b) osmotic pressure gradients

(¢) hydrostatic pressure gradients
(10) Mechanical Filtration.

An Yequivalent® pore size of 4X radiue (an average value) has teen
calculated for intestine from a comparison of the molecular size of
neutral solutes and their permeability (139). Five years earlier
Curran and Solomon used a value of 36& radius (140) based on electron—
micrographs by Granger and Baker (141) but these pictures are poor by
present day standards. The discrepancy may be explained by the

observations of Tidball (142) and Tidball and Cassidy (143) that



Calcium and Magnesium ions control the aqueous permeability of the
intestine, It has been suggested that this influence is exerted at the
jur.ctions between the mucosal cells (144). Such a mechanism may well
open up large pores leaving the 42 radius pore in the cell membrane
proper. Clarkson has suggested that in rat ileum, exfoliation of the
mucosal cells will open pores whose radius is measured in microns
rather than Angstrom Units (145). Such & pore would allow relatively
free access of the mucosal fluid to the baseirent membrane. Clarkson,
using an analysis based on that of Kedem and Katchalsky, has presented
evidence that Yfriction with the ions in the membrane' presents the
greatest barrier to electrolyte movement across the intestine rather
than friction with the membrane itself (138),

(11) Ionic Tiltration.

There seems to he general agreement that the pores in the cell
membrane are negatively charged (145, 140, 88)., If fluid is forced
through such pores, negatively charged ions will tend to be restrained,
while positively charged ions will pass through with relative ease.
Fluid movement in the intestine, driven by osmotic or hydrostatic
pressure gradients are associated with an electric potential which can
be explained by such a mechanism (streaming potential). Such cbservaticns
have been used to calculate an equivalent pore radius of 43 which agrees
with the figure arrived at independently by Lindemann ani Solomon (139),

The relationship between the hydrostatic pressure (or osmotic

pressure) and the streaming potential which it generates is givea by

A\v/ _OE\\F
~r= : - oscoocotoEq.(l)
‘ = !4_7—1’2L
t
where A#@ = gireaming potential (esu volts) P = pressure
(dynes/cmz)
v = viscosity (poise) L = Specific conductance
b (esu ohms™1)
& = dielectric constant Y = Zeta potential

(esu volts)



Table 4 shows that the PD. falls when Mannitol is added to the periusate
(28 mV;s If this effect is attributable to a streaming potential
geaerated by the osmotic pressure gradient then the :f«potential can

be calculated,

P = 0,68 atm = 0.69 x 10° dynes/cmg = 6.9 x 107 dynes/cm2
¢ = 80
Aﬁg = 1.2 x 1072 volts = 0.4 x 1072 esu volis = 4 x 1070 esu volts.
P( = 6.9 x 1073 poise (water at 37°C)
L = fic x 103 (ohm Cm)—l =120 x 144 x 1070 = 1,73 x 10~2 (ohm cm)"1

11 esu reciprocal units

fi

1,73 x 1072 x 9 x 10

1,56 x 1010 (esu ohms )1

Substitution of these data in Eq. (1) give aj<potential cf 28 mV,

This figure of 28mV is not so greatly different from the 50 mV calculated
by Smyth and ¥Wright (88). If the value of viscosity is changed to agree
with the value of 10 x 1073 poise used by them, then the calculated

potential increases to 41 mV, Although 6,9 millipoise is the more
correct value for pure bulk water at 37°C there is considerable cdoubt
as to whether such figures are relevant to the electrolyte within the
double layer., Smith and Wrigh% (88) examined the streaming potential
caused by equal concentrations of solutes and by using Mannitol as
gtandard calculated their reflection coefficients. The result was an
estimated, pore size of 4Ko In & pore of this size the assumption
(that the doubke-layer thickness is much smaller than the pore radius)
which was used to derive Eq. (1) is no longer tenable, Rice and
Whitehead (264) have studied the electrokinetic behaviour of very
narrow capillary tubes. Quantitatively their conclusions are valid for

values of 7 less than 50mV. One result is that the { potential
calculated from Eqs (1) (- apparent, denoted f, ) is less than the
true :;~potential. By inserting the present data into the appropriate
equations of Rice et al. (264) an inverse Debye — double layer

thickness (K) = 1,23 x lO7 is obtained and the product Kr = 0,465 where
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r is the radius of the pore in centimetres, (This is much smaller than
anything considered by Rice et al.) Entrapolating from their Figure 4

the surprising result is obtained.

] apparent - 0,05 approximately
] true

This result is probably incorrect since at the order of Angstrom
Units the Poisson-Boltman formula for the potential distribution adjacent
to a charged surface will not hold, Nevertheless the result indicates
that there is probably a gross under-—estimation of the +true pore surface
potential. Similarly the volume transfer due to electro-osmosis as
calculated by the oiassical formula is an over—estimation which
underlines the conclusion of Smith and Wright (88) that fluid transfer
in Rat small intestine cannot be Gue to electro-osmosis. This statement

was based on the fact that their various data did not fit the general

relationship.
A v
....._..?_...._._ = -—]-:-'—- ..a.oooooolEq‘(z)

where V = volume transfer and I the current both due to electro-osmosis
when P = o (266),

"hile the failure of Eq. (2) to fit the data implies that the fluid
transfer is not driven electro-osmotically by a transmural potential (in
this case because the fluid transfer is far in excess of that expected
from the observed values of &#V/P and I the current), the converse
is not tested by this equation i.e. that the pofential is generated by
fluid transfer,

If it is assumed that fluid transfer takes place through water—
filled pores which also determine the electrical resistance of the tissue
then using the classical formulae for flow in a right—circular pore we
have = )

!

L1 RN

Resistance X = o s o 6 v o s o o o Bge (3)
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where | = length of pore L. = Specific conductivity of the
mediume
2 .
R = Radius of the pore N = number of pores/cm tissue,
and the Volume transfer
3
V:__%}‘i‘?._.___. N oaaoaeo‘aoEqa(4)
"‘A‘A“
.. . 2 L . . .
where P = driving pressure in dynes/cm ; = viscosity (p01se)

Bqe. (3) gives an expression for Ny = I/LTT.RZX

Substituting this in Eq. (4) and re-arranging

Vv _6h LT X
R

This is an expression for the pressure required to produce of volume

P woavo-aooqu°(5)

flow V cm3/secocm2o

By substituting the appropriate values for L andbg and using

I x 10'”5 cm3/sec cm2

Vo= ; See ref., 88
R = 4x10"8 cm )
X = 25 ohms/cm2 = 25/9 ¥ 1011 esu ohms,

the surprisingly low figure of
P = 55 dynes/cmZHe 55 x 10'"6 atmospheres is obtained,

Such a pressure difference would be created by a difference in
concentration of 2 x 10"'6 M. That much larger fluid flux rates are not
observed must be due to the ‘Electroviscous?! effect described by Rice
and Whitehead (264). This is a clear indication of how firmly fluid
transfer is under ithe control of the pore-~phase Zeta potential, It also
demonstrates that although the electro-potential does not cause fluid
transfer it mey well in turn be caused by fluid transfer,

Smyth and Wright (88) found that the apparent value of ' declined
with decreasing pH as one would expect if the j— potential is due to
dissociated weak acidic groups., In view of what has been said above
therefore it is surprising to note that water transfer decreases with
decreasing pH % 5.2 (7)

The value of 28 mV. calculated here for the pore—phase:}-potential

is considerably above that of 17.5 mV measured by electrophoresis(é 4.5)
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of the cell surface particularly if; as expected, the surface potential
decreases as the ionic strength increases. It therefore seems unlikely
that the lateral wall the mucosa form the "pores" through which the
fluid passes to generate the streaming potential. It is still possible
however that small more highly charged pores exist in the region of the
terminal bar.

(12) Zeta Potential,

A charged solid surface in contact with an electrolytic solution
induces in the solution an electric counter~charge which takes the form
of a diffuse layer adjacent to the surface (Gouy -~ Chapman layer). When
such an electrical double layer is placed in a tangential electric field
the two layers are, as a result of their opposite polarities, driven in
opposite directions. The result is a relative motion of surface and
solution. Shearing at the interface takes place within the solution
leaving a very thin layer of molecular dimensions clinging to the solid
surface and it is the electric potentiali difference between this layer
and the bulk solution (reference zero) which controls the electrophoretic
velocity of suspended particles. It is called the "Zeta" potential (:X),
For a cylindrical particle with axis parallel to the applied field the

following relationship holds

o= 2l .‘E}Du‘ x 9 x 104
where jg = Zeta Potential (volts)
1 = coeff, of viscosity (poise)
U = electrophoretic velccity (cm/sec)
hik = Field Strength (volts/cm)
D = Dielectric const. of the medium (dimensionless)

(D taken as 80 for water)

(for derivation see for example Glasstone (254) ).

. 4 . .
The facior 9 x 107 converts both ;f and E from esu terms to volts and

volt/cm respectively.



This relationship has been used by many workers in the field
(2567 257, 258), and applies to non-—conducting cylindrical cells only,
The electrical resistance of rat small intestine is considerably greater
than that of the free solution so that the isolated cells may be regarded
as "non-conducting" despite their ability to maintair high rates of
electrolyte transport,

A study of the_j*potential is important for several reasonss
Clarkson {145) has outlined a hypothesis regarding the movement of
electrolyte through the spaces vacated by exfoliated mucosal cells.

The electric charge on the surface of the surrounding cells would
therefore play an important part in the generation of streaming potentials
and of related phenomena, Clarkson calculated, from his data cn water
(volume) iransport against imposed electric current, that the j notential
was about 14 mV, The figure of 17.5 mV calculated here is in remarkably
good agreement. It should be borne in mind that the experiments
described in this thesis ({)ZWS (2) ) were carried out at a subnormsl
jonic strength (with Sucrose replacing Sodium in normal Krebs ringer) and
that it has been found that theji potential of Toad bladder cells is
proportional to the inverse of the square root of the ionic strength of
the medium (256) and by anslogy one would expect the :ﬁpotential of
intestinal mucosa to decrease as the ionic strength is increased to
normal. It is unwise. however, o be catagorical at this stage in view
of the amount of work which remains to be done on this problem; and

it should be noted that an increase of\g with increasing ionic strength
hase been found for red cells (262). 1t can be stated firmly that the
surface of the intestinal mucosa carries a negative sign a®

physiological pH values.,

The sign and magnitude of the surface charge densily can have an
influence over the ionic composition and pHd of the medium adjacen®t to the
surface, The Gibbs~Donnan equilibriuwm relationship has been used

successTully to calculate the pH of the surface layer of Cetyl Sulphate



micelles (265). The same workers also investigated the Na/Ca ratio in
the sarface layer. As anticipated the negative surface layer favoured
tae divalent ion but the effect was even more pronounced than the
prediction made using the Gibbs-Donnan relationships This was attributed
to binding of Calcium to the surface (265),

The pH of the surface layer associated with epithelial transporting
cells is of crucial importance in the transportation of weak organic acid
and in considering the transport of ionms {and Sodium in particular) it is
necessary to know that concentration of these ions the transporting cell
"sees", The important region of the surface of intestinal mucosal ceils
is the brush-border. It was observed that in an electric field the cells,
besides moving towards the positive pole, also habitually orizntated
themselves with brush-border pointing at the negative pole, There are
two possible explanations for this:i-

(i) The brush-border is less negative than other regions (or

ig positively charged).
(i1) The orientation is due to the dart-like shape of the
mucosal cell,

It does not appear possible to establish which explanation is
correct with the experimental apparatus and cell preparatior described
here, Preparations of brush-borders only have bsen described (93) but
the method of preparation, invoiving Tris disruption, does not appear
likely to leave the ! potential unaltered. Alternatively the :fpotential
might be measured in situ using a longitudinal electric field to drive
a stream of fluid along a section of the intestinal lumen. The technical
problems, however, seem formidable,

(13) Rectification.

The phenomenon of membrane rectification" is analogous to
rectification in electronics. A membrane which rectifies has a
resistance to the passage of water and solutes which varies with

direction, For example, it has been shown for Toad bladder that a



large fluid flux can be produced in the mucosal to serosal direction
by a favouratle osmotic pressure gradient while an equal but opposite
osrotic gradient produces only a small fluid flux in serosal to mucosal
direction (159).

Oki (161) has made a theoretical examination of the conditions
required for rectification. He has concluded that rectification will
occur wWhen:

(a) The membrane is pierced by cha;ged POres,

(b) The two surfaces of the membrane carry surface changes
of opposite polarity.

(¢) The surface change density is in excess of the ionic
charge concentration of the bathing media,

The situation can be explained qualitatively thus:

The membrane is sandwiched between two oppositly charged "atmospheres"
of counter ions (The Gouy-Chapman layers) and only one of those has a
change sign favourable to a passage through the changed pores.

Reference to the possible existance of Rectification in je junum
has been made in 5?5.2 (8) %506 (2) and §36. It should be noted
however that the 6pposite poles of the mucosa could each possess
rectifying properties with opposite orientations which would give an

overall high ohmic resistance,
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5.3 The Sodium Pump
(1) Introduction.

Present knowledee of this ubiguitous phenomeion cwes much to
research on nerve axons, red cells and amphibian epithelia, Baker
(247) has written an excellent short review of its subject. Only those
aspeats which are relevant to the present discussion have been noted here.
(2) A summary of the Properties.

(1) The Sodium Pump has an energy requirement which is supplied

by Acdenosine triphosphate (ATP) in 8quid Axon (268)

(i) Located on Red cell membranes is an enzyme system
often referred to ac "Na-k-membrane ATPase'" which is
sensitive to Sodium and Potassium and Hydrolyses
ATP to ADP. (248)

(iii) Similar Membrane - ATPase systems have been isolated
from a wide variety of tissues. (249)

(iv) Reversal of the Sodium pump in Red cells (by
alteraticn of the Sodium - Potasgium concentration
gradients) can result in the incorporation of
inorganic phosphate into ATP. (250)

(v) The oxygen uptake of kidney Homogenates in relation to
the intracellular concentration of Adenosine
Diphosphate (ADP) is regulated by cell membrane
ATPase (251)
(In addition Potassium is able to stimulate oxygen
uptake by another mechanism, possibiy a direct effect
on the mitochondria)

(vi) In transporting intestinal epithelial cells the functioning
Sodium pump is thought to be located on the serosal membrane
since the electropotential profile as examined by
microelectrode seems to indicate that the thermodynamic

"wphill' step occurs at this point.
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(vii)

(viii)

The situation is more complicated, however, in Frog skin
and Toad bladder where two positive or uphill steps

have been detected and in scme cases more. (252, 154)
ATP stimulates the P.D, of Rat jejunum., (85)
Sodium transport is diminished but not abolished

by lack of oxygen in turtle bladder. Under

anaerobic conditions it has been found that Sodium

transport is linked stoichiometrically with glycolysis (269)
It is also suggested that Sodium controls the aerobic
glycolysis of Glucose and some other substrates by
controlling the supply of ADP. in pig ciliary

processes, (270)

Although some of the above remarks are tentative there appears to

be a growing body of opinion that the transport of Sodium is linked to

Glycolysis

through the supply and conversion of ATP to ADP, It might

be saild that the Sodium pump acts as an escapement mechanism to the

Glycolytic pathways.



5.4  The Short Circuit Current Technique,
(1) General,

The Short Circuit Current technique is a method for measuring the
ionic current trgversing a membrane which is separating two accessible
bodies of fluid. By means of two electrodes and an externally energised
circuit the electric potential difference (PD) (which is often found to
exist across biological membranes) is cancelled to zero. The electric
current required to maintain this condition is exactly equal to the net
ionic current traversing the membrane. Ussing and Zerhan (134) who
introduced the term 'short circuit current' (Isc) used identical bathing
media on either side of the membrane (frog skin). In such a case the
net ionic current is moving between media of identical electrochemical
potential and is, therefore, the "active transport current", by definition,
If the media are net identical then part of the ionic current is driven by
the thermodynamic disequilibrium. The condition of zers PD is, however,
still important, not least because the electrical resistance of the

tissue is defined by the relationship:
LAY = IX

where z&%» is the open circuit potential (PD)
I is the current at zero potential (Isc)

X is the resistance.

B

L0 [a?
Ci.

A useful forn of this relationship is X = “ir = &7

L

where AY , AL are the related changes in PD and current respectively
and “T.: is the associated differential (136)
(2)  Short Circuit Current and Toad Bladder.
. N . . . 22N 24
Using a double labelling with radioactive isotopes a and 'Na
Ussing and Zerhan were able to show that Isc equalled the net flux of

Sodium, It was concluded that sodium was actively transported and was

responsible for the spontaneous transmural PD (134).
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This experiment has been the inspiration for a nvmber of similax

(3) Short Circuit Current and Small Intestine,

experiments designed to find the origin of the PD generated by small and
large intestine (75, 81, 94, 79, T2, T4. T3)>

In Rat ileum the net Sodium transfer and the short circuilt current
(Isc) are almost exactly equal (72)., This is also the case in Rabbit
ileum (73, T4)« In rat jejunum, however, the relationship is more
complex, The PD and/or Isc of rat jejunum is greatly enhanced by the
presence of the actively transported hexoses (20, 21, 22, 61, 62, 70, 75,
T6y TTy 18. T9, 81, 82): With Glucose in the bathing medium the ned
Sodium flux can account for about § of the Isc, but when CGalactose
replaces Glucose the net Sodium flux is only equai to about 4 of the
Isc (75)«

So far no stoichiometric relationshiyp has been found between Isc

and any transferred component of the bathing medium (78).



5¢5 Abserption of Sugars.
(1) Transfer Steps

The transport of monosacharides through the intestine is thought to

take place in at least two identifiable steps (33):~

i) an entry mechanism which transports hexose across the cell
membrane and by itself would achieve thermodynamic
equilibrium with the environment in terms of the transported
material,

ii) an active transport mechanism which results in the transported
material being concentrated within the cell (24). A third
step is implied by this scheme, namely the exit of the hexose
through the serosal border of the mucosal cells (33). There is
little information about the nature of this exit mechanism.

It has frequently been assumed that it is governed by simple
diffusion. On the other hand there is considerable data
relating to steps i) and ii).

(2) Specificity and Energetics.,

Step(i) is thought to be a carrier mediated process with a wide
specificity for sugar molecules. L-Arabinose, L~Rhamnose
and L~Fructose enter the cell in this way along with
D-Glucose, D-Galactose, 3-O-Methyglucose and a variety of
others (32), The entry step is probably unaffected by
lack of Oxygen or the presence of INP (33,130,50) Analysis
of the mechanism by means of the Michaelis-Menton Kinetic
scheme (35, 55, p.227) shows that all the sugars tested
have the same maximum rate of transfer and that there is
competition between them (34, 35) which suggests strongly
that there is only one species of carrier (32).

Step (ii) has a much narrower specificity than step (i) (32) and

produces the active transport of certain sugars across the

intestinal epithelium. Step (ii) is inhibited by lack of
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Oxygen and the presence of INP (33), and is therefore dependent on
metabolic energy. It has been suggested that in particular the
Citric Acid Cycle provides enough for step (ii) (33,37,126).

The presence of Sodiam has profound influence on the
behaviour of hexose transfer. This phenomenon will be discussed
in detail later ( §5.8).

(3) Localisation. |

The location of these steps in relation to morphology has been the
subject of a number of studies. Phlorrhizinesis a glycoside which has
been shown to have an inhibitory effect on hexose transfer (40,33,31,53,
41,43,45). This effect is demonsirable at concentrations of phlorrhizin
lower than that at which it inhibits endogeneous metabolism (42).
Phlorrhizin, a known inhibitor of hexose absorption (39), inhibits the
transfer of hexose, not merely the concentration thereof (i.e. step (i)
rather than step (ii)) (33) and an analysis of the inhibition on the
oasis of Michaelis-Menton Iinetics suggests that it competes with the
hexose for sites on the carrier molecule responsible for step (i) (45,51),
High resolution autoradiography of phlorrhizin -3H in rings of Hamster
small intestine has shown that the glycoside accumulates in the brush--
border of the mucosa (47,48). From this evidence Stirling (48) has
calculated that there are some 2.6 x 106 transporting sites per
epithelial cell or 1700 carrier molecules per /}kQ of bell membrane,
with a turnover number of 21 molecules/carrier/second. This is fairly
convincing evidence that ctep (i) is located in the brush border.

The location of step (ii) is more speculative but the fact that
Galactose can be shown to accumulate within the cell indicates that the
site is probably near the luminal pole of the mucose (48, 24, 29). It
has been shown that there is a considerable local concentration of
enzymes such as Alkaline Phosphatase in the brush border of the mucosa

(93,97,98,226,227) but the significance of these observations is debatezble

(135).
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(4) Specificity and Mechanisms,
Until recently there has been widespread agreement that the chemieal
specificity for the active transport of sugars (i.e. step ﬁi)) RESEIS
a) a D-pyranocse ring
b) a Methyl or substituted methyl group at carbon 5
c) a Hydroxyl group in the glucose formation at carboan 2. (6,7)
Two recent observations have necessitated a modification of this
view,
1, D-Xylose is avtively transported to a slight extent in the
small intestine of both Bullfrog (8) and Hamster (9,28)
2a It has also been found that L-Glucose undergoes active
transport in Rat small intestine under conditions wherc
endogenous D«Glucose is either lacking or greatly reduced (lO).
These observaticns apart, the sugars which undergo strong active
transport include:-
D-Glucose, D-Galactose, 3-O-Methylglucose, 1-Deoxyglucose and 6-Deotjglucose.
(11,6,795912,13,18,17)0 D-Glucoce 1s metabolized in the intestinal
mucosa (27,80,14,23,15) but the bulk of the transported glucose appears
in the mesenteric blood relatively unscathed (14,15,16,17,23,26,30). A
popular theory was that the Hexose is first phosphorylated and then
dephosphorylated in the process of being actively transported (1199118,53)4
However, experiments have shown that in Hamster an insignificant
proportian of transported Glucose passes through the pool of Glucose-6-.

*
phosphate (15,26). It is generally held, therefore, thet while a

s — - - D R S S ——

* On this subject Crane (46) made an interesting comment in 1962:

“The experiments of landau and Wilson f (15) | have also been
frequently cited as evidence against phosphorylation-dephosphorylation as
a possible mechanism of sugar active transport. Hewever, with our
present knowledge of the location and specificity of the active transpoxt
process. Lt is clear that the observation that actively transporied
g%ycose does not pass through a pool of glucoseméuphosphate lebelled with
=7 through the metabolism of Gl4-galactose actually does not bear on the
question of whether phosphorylation is involved in active transport, ——e-e-
what has been disproved is a specific hypcthesis for phosphorylaticn-
dephosphorylaticon involving the cell as a whole, not the possibility per
se 1f it were restricted in distribution to the brush-border region,
There are no experiments kncwn to us that test this pogsibilis. M
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fractica of the absorbed Giucose contcibutes to the general metabolism
of the mucosa cells (15); the bulk is transported by a mechanism which
does not require any chemical alteration of the molecule.  This view
depends largely on the assumption that there is only a single active
transport mechanism. Experiments using the other sugars which share the
hypothetical single mechanism have eliminated a number of possible
molecular transformations (16,17,11). It would appear that, if the
transferred sugars are obliged to form some kind of bond or link with a
carrier molecule, then the bond does not involve the removal of any atons
from the hexose molecule; a Hydrogen bond perhaps.

(5)  Sugars and Fluid Absorption.,

It has been known for a decade that the presence of Gluccse in the
intestinal lumern stimulates the absorption uf fluid (202,37,38756,69,91?1059
113,115). Fisher (202) cencluded that the absurption of water was an
"active prucess' with Glucose acting as a nutrient.  Although the
question of active water Uranspurt has been the subject of semantic
argument, the roie of glucose a3 a nutrient has subsequently been
confirmed in a number uof ways.

(a) The presence uf Glucuse in the serosal fluid will support
in in vitro preparations, provided it is present at a
sufficiently high concentration. (109)

(b) Fluid transport is supported by Fructcse (which is
metaboclized by jejunal mucosa but not actively transported,
as such) (38,120)

(¢) TFluid transport is not supported to any extent by Galactose*

Pt r—————t

fhis dces nst appear to be the case for Human jejuuum where Galactose does
support fluid transport (218) and in decg (219). These diffsrences could,
however, be due to differences between in vitro and in vivo experiments.
It is possible that Galactose is only able to support fluid transvort

only when there is in addition an endogenous supply of substrate,
bLccording to Holdsworth and Dawson (218) Fructose is not able to support
fluid stsorption to the same extent as Gluccse or Galactose in Humans,
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(which is actively transported but not metabolized to any extent by Rat
jejunal mucosa) (38),

Accepting that carbohydrate metabolism plays a role in the transport
of fluid the question arises as to whether it is possible to discover the
precise section of its many possible metabolic pathways. In Rat jejunum
Pyruvate, Succuiate and Citrate do not stimulate fluid transport (115),
unlike ileum where Pyruvate has a stimulatory effect (54). It would
appear then that the energy for fluid transport is not derived from the
Citric Acid Cycle at least in the jejunum. It has been shown that there
are at least two types of fluid transfer in small intestine (125) both
being dependent the presence of oxygen but the first a "glucose
dependent mechanism" predominates in the jejunum and may derive energy
from glycolysis or the monophosphate shunt (116,126) while the second
mechanism is "Glucose~independent" and probably obtains energy from the
citric acid cycle. This second mechanism predominates in the ileum
(126,116). Observations on the effect of phlorrihizin which blocks

hexose entry ( § 5.5 (3) ) are in agreement with this scheme (40,125,128).
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5.6 Aldesterone and Electrolyte Transport.
(1) Géneral,

Mulrow (149) in a compiehensive review of the metabolic effects of
Aldosterone used these words in his introductory paragraph:

"After a decade of occupying a central role in the hypothesis
concerning salt and water metabolism, aldosterone is now being placed
in its rightful role, an important but limited one; it i necessary
for the fine regulation of Sodium and Potassium excretion and, in a
permissive way, in the formation of edema".

In mammals the kidney is the organ which is most obviously concerned
with the excretion and retention of electrolytes, but it is a difficult
tissue to work with and for some time toad bladder has been used as a
simple analogue of mammalian kidney (181). So far most of the evidence §
about the mechanism of action of Aldosterone is due to experiments with
toad bladder and this information will be reviewed below. The alimentary
canal, however, is also deeply involved in physiology of electolyte
balance. The colon in particular is a site of Sodium and water
retention and not surprisingly the hormone Aldosterone has been found to
exert an influence on this tissue., That the hormone also has a
demonstrable effect on jejunum is perhaps more surprisinge This region
of small intestine has different energy requirements from ileum and colon
for its transport mechanisms (see section § 5.5 ) and is much more
permeable to the two-way movement of fluid. In the jejunum a considerable
amount of equilibration takes place between the luminal contents and the
plasma under the influence of osmotic forces (170).  The physiological
significance of an ‘Aldosterone effect' is therefore obscure but its
study may nevertheless throw some light on energy requirements of
Aldosterone action.

(2) Toad Bladder.
It has been established that, for toad bladder, the short cirsuit current

is equivalent to the actively transported Sodium current (150) (for an
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explanation of these terms see section § 54 j,wrrcrabbé, making use
of this fact, showed that the Sodium transport of isolated toad bladder
was enhanced by injections of Aldosterone given to the intact animal
before sacrifice (151). A similar effect was obtained by keeping the
animal in a low Sodium environment (151), which raised the endogeneous
Aldosterone secretion, Incubation of the isolated tissue in a medium
containing the hormone also enhanced Sodium transport after a delay of up
to 2 hours (152). This increase of Sodium transport was accompanied by
an increase in the 'tissue pool! of radiosodium derived from the medium
bathing the mocusal surface (156)0 To undersatnd the significance of
this we must consider how Sodium moves through Toad bladder urder normal
conditions., (see é 5¢3)%

Sodium appears to enter the mucosal surface of the transporting
epithelial cells in a passive manner (that is 'downhill?® in the
thermodynamic sense), while the active step (uphill) occurs at the serosal
border of the epithelial cells (153, 154, 155), The Sodium pump can
therefore be thought of as an "extraction pump" as distinct from a
"force pump" (which would concentrate the substrate within the cell),

An increase in the activity of the Sodium pump would therefore be
expected to lower the amount of Sodium within the cell and an increase
in cellular Sodium indicated an increase in the passive entry rate.
Accordingly, Crabbé and De Weer reached the conclusion that Aldosterone
increased the premeability of the mucosal surface of the ephithelial cells,
thereby providing more subsirate for the Sodium pump which continued
normally at a submaximum rate (156, 157, 182). Fanestil, Porter and
Edelman dispute this view (158). They subjected an isolated toad
bladder to an artificial PD sufficiently high to make Sodium outflux
exceed Sodium influx., The ratio Na(out)/Na(in) was found to
decrease under the influence of Aldosterone. They argue that a mere

increase of passive permeability could not account for this and suggest

instead that the hormone stimulates the Sodium pump (158)0




These observations appear tc be mutuallj contradictory on the
basis of the clementary model of a single sheet of epithelial cells,

They can be reconciled, however, if Sodium ouiflux takes place mainly
through extracellular spaces. It is also possible that the individual
cell membranes impose directional properties even on the passive flux

of solute and solvent, If Aldosterone affects the charge density on the
surface of the mucosal membrane in a way that increases the rectification
effect (see § 5.2(13)) this would explain the observations noted above,
(3) Toad Colon,

Colon of toad responds tc Aldosterone in very much the same way as
Toad bladder (168, 169). Again an incubation period of several hours
(3 hours in this case) or preinjection the evening before sacrifice is
necessary for the effect to become cemonstrable,

(4) Mammalian Cclon.,

Aldosterone injections give rise to increased Sodium and water
absorption by Human colon (171) and in Rat colon Aldosterone is able to
restore the electrolyte balance to normal after adrenalectomy (177)

The effect on Rat colon of a prior treatment of Sodium depletion is largely
as one might expect from the above, if the main effect of the treatment is
to raise the endogenous secretion of Aldosterone (174, 175). One important
difference bctween these results and those for amphibiang -in an increaced
time delay (or latent period) before the onset of the Aldosterone effect.

A latent period of 24 hours was noted in Humans (171) and in rats,

although the first effects on PD were noted 80~110 minutes after

injection, the PD became considerably enhanced if injections were

continued for several days (177). In these observations the increased

PD was thought to be largely but not entirely due to increased Sodium
absorption (175).  One unexplained observation was the failure of a

course of Aldosterone injections to alter the faecal electrolyte of

either normal subjects or those with longstanding ilzostomies (173).




(5) Small Intestine.

Early work by Clark demonstrated that adrenalectomy diminished the
rate of Sodium Chloride absorption from the intestine (183), but this was
largely attributed to lack of Glucocorticoids which influenced Glucose
absorption, and through this, salt balance (184). Other workers have
confirmed that Glucocorticoids promote Glucose absorption (185).
Aldosterone, injected into anaesthetised rats altered the two-way flux
of both Sodium and Potassium in such a way, that Sodium exchange
increased, Potassium exchange decreased, and the net effect was nil on
the electrolyte balance (186)., These rats were not adrenalectomized,
however, and the segment of intestine studied was subjected to a
preparatory rinsing of distilled water. It has already been shown that
such treatment considerably alters the absorption of water (187). Crocker
and Munday (172, 183) were abable to find any direct effect of Aldosterone
cn isolated sacs of jejunum. but once again, prior injection (5 }Lg) of
intact animals followed by a delay of more than 24 hours produced an increase
in Sodium and water absorption, These workers related the long latent
period to the functional life cycle of the intestinal mucosal cells which a
are generated in the crypts of Lieberkuhn and migrate to the tipes of the
villi in 24 hours, where they are exfoliated. The animals in these
experiments are intact, but were given a high Sodium diet to depress their
endogenous secretion of Aldosterone, Some such treatment appears to be
necessary for similar injections in normal animals produced no effect (172).
(6) Potassium,

Potassium secretion in colon of humans, rats and dogs is increased
by the action of Aldosterone (177, 179) but in one experiment the effect
was produced by comtinuous infusion of Aldosterone which implies that at
least one component of the effecet has a very short latent period indeed.

It is possible that the hormone cuases an initial outflux of Potassium from
the cellular cytoplasm (associated with the onset of protein synthesis)

L e o
which is followed some hours later by an enhanccd Sodium-Potassium exchange
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mechanism at the cell membrane. This hypothesis is supported by thé
fact that, during their continous infusion experiment, Shields and
Mulholland and Elmslie observed no increase in Sodium or water absorption
(179)e  Sodium depletion has a stimulatory effect on Potassium secretion

in Rat colon provided Sodium is present in the lumen (presumably available

for exchange) (174, 178). Adrenalectomy has an inhibitory effect on

Potassium secretion (177).
(7) Protein Synthesis,.

There is no doubt that the action of Aldosterone is mediated by
protein synthesis since the effect is blocked by Actinomycine D (162, 163).
Puromycin and Cyclohexinide have similar effects to Acitomycin D and
their effects quantitatively correlate with their inhibitory effects on
RNA and protein synthesis (163). Puromycin, however, has an inhibitory
effect on Sodium transport as well as blocking the action of Aldosterone
(162), HAn RNA fraction which is rapidly labelled by a radioactive
precursor in Toad bladder has been isolated, and it is found that the rate
of labelling is enhanced by the presence of Aldosterone (164)s A number
of substrates which participate in the Citric Acid cycle have been found
to be synergistic with Aldosterone (165, 166),  From this, and work with
inhibitors, Fimognari, Porter and Edelman have concluded that Aldosterone
exerts its influence "by stimulating a step or steps in the Tricarboxylic
Acid cycle at a point between Condensing enzyme and x-betoglutarate
dehydeogenase™ (165),  Falchuk and Sharp, however, state that this
conclusion is not justifiable and that the only valid conclusion on
present evidence is that "the functioning of an intact Tricarboxylic Acid

cycle is necessary for the full expression of the action of Aldosterone"

(167,
The delay of 2 hours noted by Crabbé (152) before the onset of the

tAldosterone effect! in Toad bladder fits well with this idea of protein

synthesis via RlAe
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567 Glucocorticoids angd Intestinal Absorption,

There is ample evidence that glucocorticoids exert an influence on

the enzymic components of +the brush-border of intestinal mucosa in rat

(221, 222, 223) and in chick (224) this is particularly true of
maturation processes in young animals (221, 224), A large part of the
enzymic component is mono and disaccharidases (93, 97, 98, 226, 227) but
it has not been shown that these are necessarily directly concerned with
the transplantation of their substrates. Indeed it has been shown that
in Rat small intestine the density profile of monophosphate activity is
totally different from the transport activity profile of glucose (225,117),
There is, however, some indication that glucocorticoids have a
stimulatory effect on Glucose absorption (223, 228, 185). Moses and
Streeten (271) have reported that Cortisol has a log-dose related
stimulatory effect on the entry of Sodium into the red cells of
adrenalectomized dogs in vitro. This effect is abolished by Glucose
denrivation and 2-Deozyglucose., Cortisol (150—1000/ug/l ) causes a
similar enhancement of Glucose utilizations These workers suggest that
the hormone exerts its effect by stimulating the entry of Sodium which is

linked by an ATP/ADP conversion to the Embden-Meyorhof pathway.
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508  The Sodium-Hexose Link,

(1)  Introduction,

In 1958 Riklis and Quastel made the important observation that the
presence of Sodium in the lumen of Guinea~pig small intestine is necessary
for the absorption of Glucose, (52) confirmed later by others using
different preparations (58, 60, 63, 65, 66, 102, 68, 67). lLater, it
was shown that the presence of Glucose greatly increased the electric
potential difference (PD) generated by Rabbit ileum and that this effect
was mimiced by hexoses which were actively transported but not
metabolized by that tissue (62), Similar observations were made in other
species (20, 21, 22, 51, 61, 76, 81, 82, 86, 89), Since there is ample
evidence to connect P.D. with Sodium transport in amphibian bladder, skin,
squid axon and rabbit ileum (for example) these two phenomena have served
as a springboard for a number of interesting speculations,

(2)  Two Hypotheses,

Curran (217) ncted that the active transport mechanisms of Sodium
and Glucose are thought to be located at opposite poles of the mucosal
cells (635.3, §>5.5). A link between these at either site would there-~
fore couéle two solute species one of which was undergoing active
transportation and the other moving downhill in a thermodymamic sense.

In particular he suggested that metabolic energy is supplied to the
Sodium pump only and that the coupling enabled Glucose to utilize the
energy of the Ypassive'! Sodium entry. It follows that Glucose would
have to have some secondary effect on the Sodium flux either by acting
as a mutrient for the Sodium pump or by helping to eliminate some passive
barrier to Sodium flux, otherwise the presence of Glucose would decrease
rather than increase the Sodium flux since it would act as a secondary
load on the energy of the Sodium pump. This hypothesis is similar to

the one put forward by Schultz and Zalusky (111).
Crane (46) put forward a specific hypothesis concerning the link

between hexose entry and Sodium. He suggested that the carrier
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responsible for herose entry ( § 5:5(2)) has receptor sites for
Sodium and Potassium, and that the affinity of the carrier for suitable
hexose molecules is greatly enhanced when Sodium shares the carrier, On
entering the cell together Sodium is replaced by Potassium and the
carrier with its affinity changed releases the hexose molecule. The
stimulation of the P.D. by hexose transport would then be due to an
increased supply of Sodium to the Sodium pump. He was able to show with
Bosackova (59) that sugar and Sodium entry rates correlated well over a
wide range but that the intracellular Sodium level appeared to be
unimportant, Crane and his fellow workers have used this attractive
model for a number of experiments involving kinetic analysis of of
concentrations vs. PD. (20, 21, 22, 51, 70, 49), and it was Crane's work
which, to a large extent, inspired a part of this thesis, However, the
discovery by Barry et al (75) that the enhanced PD associated with
Galactose transfer in Rat jejunum is not accompanied by an enhanced
Sodium transfer, has shown that the model is inadequate, without actually
disproving it. The Sodium-Hexose-~Carrier complex could still exist and
function as described by Crane if at least some of the Sodium is returned
to the lumen as suggested by Parsons (212), but in this case the Sodium
pump couldnot generate the P.D. and the search for the source of the P.D.
must be directed elsewhere., Moreover it has been shown that when
Glucose is the substrate the increase in P.D. is almost entirely
associated with an increased P.D. across the senosal surface of the cell
in the intestine of CGreek Tortoise (83). So far as I am aware this
experiment (the measurement of the P.D. 'profile! through the mucosal
cells by means of microelectrodes) has not been carried out using
Calactose as substrate. Such an experiment would appear to be crucial,
for much of the confusion surrounding this problem is cavsed by the fact
that Glucose is both metatolized and actively transported by jejunum

(é 5,5), By using sugars which are either metabolized or actively

transported (but not both) it has been shown that the enhanced P.D. is
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associated with active hexoze transport while enhanced Sodium and Fluid
transport is associated with hexose metabolism (75, 765 625 TT)a

Furthermore the data presented by Lyon and Crane for Rat jejunum

do not fit conspicuously well to the straight line plot of the Michaelis~
Menton scheme (230 , see fig. 7y Pa68)s In spite of these
reservations the strategy of the experiments described in this thesis was
based on the "Crane hypothesis" and was argued as follows:
(3) Rationale,
(i) Increasing Hexose concentration increases Sodium entry and
hence P.D.
(ii) Aldosterone is similarly thought, by Crabbée and others, +to
increase Sodium entry ( %536)0
(iii) Aldosterone is thought, by Edelman and others, to enhance the
functioning of the Sodium Pump. ( é 566) e
J
The presence of Aldosterone should therefore alter the shape of the
sugar-P.D. graph (if the hormone affects jejunum ( 5 5.6(5)) as is shown

y
schematically below:=

P.D. or Isc

//”ﬂ Zﬁbxos§7

(1) - Normal curve on adrenalectomized animals.

(2) = Aldosterone affects Sodium entry (Crabbe) and reduces the
Hexose—dependent maximum P.D. (Vmax).

(3) ~ Aldosterone affects the Sodium pump (Edelman) and raises

the Hexose—dependent maximum P.D. (Vmax).




? 5.8
= — = assuming that Vmax is imposed by the saturation of the Sodium pump.

If, however, Vmax is imposed by a Sodium entry mechanism the pump

remalining unsaturated always, then Aldosterone will leave the Hexose-—

dependent curve unaltered in shape with an increase independent of hexose

concentrations.

P.D. or Isc,

7 [ﬁexose

(4) = Aldosterone affects Sodium entry (Crabbé). Sodium pump
unsaturated,

(4) Discussion of the Effect of Aldosterone and Hydrocortisone,

Pigure 10 illustrates that the most dramatic effect of Aldosterone is
to elevate the Hexose~independent Isc to correspond to the situation
illustrated in curve (4) above, It would appear, then, that an argument
confined by the limitations of the Crane Hypothesis throws doubt upon it.
If the Crane hypothesis is abandoned and cognizance taken of the fact that
the Galactose-dependent Isc is not due to an electrogenic Sodium pump

6 5.,4(3) then the explanation of the results is clear, Aldosterone

5.6(3), (4)

promotes the iransportation of Sodium as it does in Colon

LSt

and leaves unaltered the Galactose~dependent potential, Pigure 10

appears to indicate a tendency for the Galactose~Isc to rise more steeply

in Aldosierone-treated animals then it does in controls (curve C).

Table 11, however, shows that this tendency is not statistically

significants

shows that Aldosterone restores the tissvue resistance of

Figure 15

. s
Adrenalectomized animals to normal, which fits well with Crabbe view of

~ " ~F
4ldosterone as a "permeability hormone'., Both these effects, however,

are mimicked by Hydrocortisone 0.5 mg. (Figure 13). %0
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Elé&ﬁixlé shows the effect of Aldosterone on an aniﬁal which has
also been treated with Hydrocortisone, The Figure shows that there is a
tendency for the Glucose-independent Isc to be reduced but Table 11
indicates that this is not statisiically significant, It would be safe
to conclude, however, that Aldosterone does not elevate the Glucose—
independent Isc, It has been suggested to me that Hydrocortisone having
a similar chemical structure to hat of Aldosterone can exert a weak
Mineralocorticoid effect when given in large doses. This may be the
case with these results which would agree with the explanation put
forward by Moses and Streeten (271) for the effect of Cortisol on red
blood cellsg, Since it is very probable that Sodium expulsion and
Glycolysis are intimately linked ( § 5.3) it is equally likely that a
stimulation of Glycolysis will lead to an enhanced handling of Sodium,
It is significant that the effect of Cortisol on Sodium entry into Red cells
was inhibited by Glucose deprivation (271). An alternative explanation
therefore is that Hydrocortisone and Aldosterone bring about similar
results by attacking the same system of Sodium/ATP/Glycolysis but at
different pointse Two enzymes of the Embden-Meyerhof pathway have been
found to be influenced by Glucocorticoidss These are Pyruvate
Carboxylase (PC) (272) and Phosphoglyceraldehyde dehydrogenase (PGD)
(273)' Strictly speaking the former is not involved in the pathway but
since it is involved with Pyruvate it has a direct influence on the
pathway, Both these enzymes are affected within the 24 hour period
which elapsed between injection and experiment, P.C. by 250% in 6 hours
PGD by 180% in 4 to 8 hours. Together these enzymes would control the
generation and break down of Pyruvate and thus of Lactic Acid, I know
of no such effects reported for Aldosterone. The connection between the
action of Aldosterone and Glycolyses is strengthened by the observation
that the hormone inhibits the production of COp from Glucose in Toad
bladder at.a time when metabolism has been stimulated by the hormone.

fven when this stimulation of metabolism has been eliminated by
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removing Sodium from the mediumjthe reduction of COp production is still
demonstrable (241), Similar effects have been observed in the presence
of Deoxycorticosterone (241),

Turning to the Analysis of the Data in accordance with the
Michaelis ~llenton scheme, The very large variances involved prevent any
firm conclusions being drawn, The failure in some cases to find a
satisfactory pair of parameters<o fit the experimental data, is associated
with high Km values which implies that the curve is nearly a straight line,
It is clearly a hopeless task to predict the maximum value and the half
maximum concentration from the first short section of the curve, Since
the linear regression coefficients (Tables 6 and 7) have not been

significantly altered by treatmert (Table 11, Parameter "B") it would
appear that the overall change is not‘of merely increasing Km but is
rather one of "straightening the line", The two sketches below indicate
schematically how the change in curve shape should appear if

(a) Km is increased without changing Vm

(b) Vm + C remains constant but Vm/C is increased,

Vn\ +(. ,/ ./"‘

K‘m i K %

(a) (v)
The sketch (b) illustrates more correctly the situation as
observed, which would imply that the Michaelis-lienton scheme is not a

satisfactory model for the relationship of PD or Isc to Hexose

concentration. The sketch (b) suggests that there is an overall

mayimum which is approached at a more or less constant rate irrespective
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of how much available capacity exists, This would be typical of an
irreversible—firstmstep process,

That Aldosterone should stimulate the Hexose~independent PD, is
in keeping with the view that it acts in conjunction with the Citric
Acid cycle ( §5,6)° The Citric Acid cycle is thought to be responsible
for the Hexose-independent fluid transfer (116), It has been reported
that Aldosterone stimilates water and Sodium flux in Rat e junum( §5.6(5));
but in this regicn of the small intestine the Citric Acid cycle is of
only secondary importance with regard to fluid transfer (116).

It is possible that both Aldosterone and Hydrocortisone have the
effect of raising the plasma concentration of various substrates such as
Glucose and electrolyte and that the enhanced PD, and fluid transfer is
secondary to this, It has been reported that Aldosterone can produce
increased hepatic Glycogen deposition in both normal and adrenalectomized
rats (276), and Hydrocortisone (15 mg/day/3 days - sc) can raise the
blcod Glucose concentration of adrenalectomized rats to normal (282),

This dose is considerably larger than the dose used in the present
experiments., The soluble form of the hormone used here, however, is
claimed by the manufacturers to have a very rapid action and the dose
level used (0.5 mg, ip. 24 + hrs before sacrifice) was the same as the
recommended dose for use with Humans in the case of acute adrenal

failure - suitably scaled for rats. by weight. Further support for the
view that the hormone effects (which have been reported here, and elsewhere
with respect to Rat jejunum) may be secondary to enhanced substrate supplg)
is supplied by the data on the effect of Sodium loading (Tables 4 & 5)e
This treatment was intended to depress the endogenous secretion of
Aldosterone which might be expected to depress PD. and Isc. Although

the large variances involved make 1t impossible to draw firm conclusions,
it is clear that the tendency is for the PD. and Isc to increase; and

conversely Sodium depletion appeared to decrease the PD. and Isc, an .

effect which may well be due to malnutrition.
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The *nutritionalt explanation of the hormone effects appears to

be at variance with reports that substrates such as Pyruvate are unable

to stimulate fluid transfer by je junum (115). So far as I am aware,

however, the effect of Pyruvate on the jejunum of adrenalectomized

animals has not been studied,

In conclusion it can be said therefore that two explanations have

been put forward described succinetly thus,

(i) Nutritional (hexose and electrolyte plasma levels)

(ii) Aldosterone increased the permeability of the membrane
with respect to Sodium (c/f Crabbe, §5.6) and
Hydrocortisone acts on Hexose metabolism to produce a
similar overall effect on the Sodium/ATP/Hexose system.
The system just mentioned is the subject of a great deal of

confusing information ( §5.5) and in an attempt to clarify both the

gystem and the possible.effects of the above mentioned hormones upon

1t I have evolved a hypothesis which may serve as a frame-work ( §6).
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6. A Hypothesis f;r/;/
(1) Introduction

The elementary model of Sodium and Hexose transfer on which the
analysis is often based, regards the muicosal cel] as a simple Lox
containing rolutionsdiffering from the external media in concentrations
of its various components but essentially the same in regard to its
physical properties, Sodium is pumped out through one wall of this box
and it leaks in through the opposite wall. Glucose, and other hexoses,
behave in a way which is the reverse - pumped in, leaked out., The
Sodium-dependent P.D. is generated by the pumped exit of Sodium pewered
by Adenosine Triphosphatase (ATP), (5.3).
The source of the Sodium-independant P,D. is however obscure (504(3))0
This model is probably grossly oversimplified but in the absence of
experimental evidence to the contrary one would not be Justified in
aktandoning it in favour of a more complicated one. In recent years,
how~ver, experimental evidence has been accumulating which shows that
the pathways of carbohydrate metabolism may be considerably more
complicated than was realised earlier.,
(2) The Oscillatory Behaviour of Carbohydrate Metebolism.

In 1961, Hess and Chance showed that the concentraticns of ATP
and Adenosine Diphosphate (ADP) undergo very rapid changes after the

sudden addition of glucose to Ascites tumor cells (231) as shown

schematically below

]
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Later C ; ,
hance and his Co-workers, by observing the fluorescence

associated with the reduced form of coenzyme Nicotinamide Adenine

Dinucleotide (NAD reduced to NADH), were able to show lorg lasting

perturbation oscillations in both the cytoplasm and in cell free extracts

of the yeast cells, S. Carlsbergensis (232, 233, 234, 235), In the

presence of Trehalose these oscillations became continuous (236).
Similar oscillations have been observed in E.ccli and in Beef Heart
extract (237, 238), The way that such oscillations can arise has been
described in principle by Spangler and Snell (239) who considered an
enzyme with two forms participating in two parallel reactions. The
system is the chemical analogue of an electronic flip-flop circuit. In
anaerobic glycolysis the crucial snzyme is Phosphofructose kinase (PFK).,
(232). Computer simulation of the beef heart supernatant oscillations
also highlights the key role of PFK but suggests that other enzymes exert
a secondary control (240). Since PFK is widespread and it is of
interest to consider the possibility that such oscillations involving
aerobic as well as anaerobic glycolysis occur in the intestinal mucosa
and to see if any of the more puzzling aspects of intestinal absorption
can be go explained.
(3). The Osmotic Oscillator
It must first be noted that if the glycolytic pathway oscillates
then the concentrations of all intermediates and end products must also
oscillate, One of the intermediates is ATP which suggests that the
Sodium pump would occur in pulses. McAfee (242) found that the transport
of Sodium and the short-circuit current of Frog skin do not agree
quantitatively when these are measured at short time intervals although
over long time intervals agreement is found, These observations led:
him to suggest that Sodium is transferred "in vesicles or other reservoirs".
The observed oscillations of Sodium flux were produced by perturbation

with Acetylcholine, but nevertheless their existence is relevant to this

discussion.




The Pyridi i : . -
€ Pyridine Dinucleotide NAD and its phosphorylated counterpart

NADP are both produced during carbohydrate metabolism, the first in the
Krebs cycle and the second in the glycolytie pentose shunt. Both
result in the production of ATP but in the absence of ADP both may react

with Pyruvate to produce Lactic Acid and CO,.  The production of Iactic

Acid is a feature of Rat jejunun (216).  In the absence of Sodium,

therefore a cell with excess ATP and a deficit of ATP will pass into
acidosis. This could occur either in the mitochondria (the Krebs cycle
mechanism) or in the cytoplasm (the glycolytic mechanism), The first

of these two will be the more efficient however because 'regpiratory
control' is exercised on the production of NADP when the conversion of

ADP 3 ATP is inhibited but the presence of a small quantity of hydrogen
ions releases NAD from this control (243). Both mechanisms will however
lower the pH of the cytoplasm. This will have profound repercussions.

The effect will probably be to direct Phosphofructose kinase to "switch off™"
the anaerobic glycolytic pathway. Other enzymes are also sensitive to

pH and among these is Hexokinase., This enzyme is responsible for the
primary phosphorylation of Glucose and other hexose molecules. It has

been suggested that the hexokinase molecule forms an initial complex with
the Glucose molecule before forming the enzyme-glucose-ATP-Mg complex

(in which the glucose accepts a phosphate radical from the ATP moelcule)
(244), The enzyme has a pH optimum of no less than 7.2 (245) and in the
event of acidosis becoming widespread the enzyme complexes will

dissociate. The osmotic pressure of the cytoplasm will fall and there

will be an inrush of fluid carrying with it Sodium and bicarbonate ions,
especially if the hydrogen ions cancel the zeta potential of the membrane
pores (see 5,2(11XL Thes ions will have separate effects. The removal

of Sodium by the Sodium pump (5,3) will regenerate ADP from ATP and the

Bicarbonate will promote the reaction.
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Fyruvate + ATP 4 CO; + 5,0 3 ADP + ortho.P, + Oxaloacetate (oA;)

o 0Py Xaloacetate |
(which is under the control of the enzyme pyruvate carboxylase).

The effect of these two reactions will be to end sharply the acidosis
phase and the system will have completed one cycle. The enzyme
hexokinase has been used here ag ap example because it has roughly the
correct specificity to bind the group of hexose molecules known to be
actively transported but it is possible that there are a number of other
likely candidates for the role of binding hexose molecules.

(4) Additional features,

In order that this scheme can be made to produce the observed
transportation phenomena the following unexceptional features myst be
added.

(i) A rectifying membrane possibly at the muicosal surface (5.2(13))
(ii) Saturating transfer mechanism (passive facilitated diffusion)
for hexose at the mucosal pole of the transporting cell,

(iii) A localisation of the hexose ligand near the luminal pole.
(iv) & simple diffusional exchange of hexose molecules between the
region of binding ligand and the rest of the cytoplasm,
The scheme now operates as follows:-
(5). The Scheme Phase by Phase.
Phase one, Cytoplasm is alkaline or neutral
Hexose enters the region of ligands from
(a) the cytoplasm
(b) the micosal fluid via the saturating transfer
mechanism of the micosal membrane
(b) ¥ (a) and both well below the maximum of (b).
The hexose -ligand bond is some loose type of bond such
as a hydrogen bond. The hexose is osmotically inactive

due o this Lond, If the hexose is capable of being

* Bicarbonate is the "active form" of 002 for this reaction (246),
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Phase two,

Phase three

Phage one.

metabolicad then glycolysis proceeds in a limited way
otherwise endogenous sources of substrate maintain
glycolysis and the Krebs cycle,

Reaction ADP 45 TP

ADP is exhausted, Iactic acid is produced.

Glycolysis ceases. Hexose is released and escapes from
the ligand region in two ways,

{a) diffusion to the cytoplasm and thus through the
serosal surface
(b) to the micosal fluid via the saturating transfer
mechanism

(a) ™ (b) becauso (b) is subject to the saturation effect.
The net result of Phases one and two is the transfer of
hexose from the mucosal to the serosal surface. The
hexose molecules are osmotically active and the osmotic
pressure of the cytoplasm falls, The falling pH cancels
the zeta potential of mucosal surface pores,

Fluid, Sodium and Bicarbonate enter

Reactions

(i) ATP 3 ADP (Sodium pump)
(ii) Pyruvate + 00, + H,0 + ATP
- ADP + ortho.P. + CAA
Acidosis ceases

Hexose is rebound under alkaline or neutral conditions,
The osmotic pressure rises and water (or more correctly
fluid) is expelled, but due to the rectification effect at
either the mucosal or serosal border the net result is a
movement of fluid from the mucosal fluid to the serosal
fluid, This action will be assisted by the Sodium pump

across the serosal surface by the mechanism described in

§ 5,2(4). In the absence of this, i.e. lack of
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Cytoplasmic ATP (as distinet from mitochondrial ATP) to
drive the Sodium pump, much of the fluid may return to the

micosal fluid during the return to phase oue.

(6). The Potential Difference {P.D,)

Mention has already been made of the difficulty of explaining
the origin of the P.D. in Rat Jejunum,  So far a stoichiometric
relationship has not been found between the short-circuit current and
Sodium or fluid or hexose transfer (78). In this connection it is well
to remember the extent of the problem. Rat Jjejunum has a short circuit
current of about loodﬁw .cm“z. Since one equivalent of an ion carries

96000 (105 approx) coulombs, this current is equal to 10~9 eq/secn
According to Versar and McDougall (280) the increase in surface area of
rat intestine due to the villi is approximately 8. Therefore 1 cm2 of
cylinder = 8 cm2 mucosa, If the thickness of the mucosa layer is about
ZO/AL the volime of transporting cells per cm2 is equal to 8 x 20 x 10_4
cm3 = 160 x 10"4 cm3. The concentration of isotonic saline solution is
apporximately 150 mM or 300 meq/l of electrolyte including ions of both
signs. If the contents of cells have a similar ionic strength, then the
number of equivalents of electrolyte contained by the mucosa is equal to
300 x 10_6 eq/cm3 x 160 x 10'-4 cm3 = 4,8 x 10"6 eq. If the short circuit
current is to be carried by some molecule derived from within the cell
itself then this situation could only be maintained for 4.8 x 10«6/10m9
= 4.8 x 103 seconds or 1.3 hours before the cell had lost the equivalent
of its total electrolyte. Clearly the short circuit must be carried by
some ionic species derived from the bathing medium.

A fraction of the short circuit current is undoubtedly carried by

Sodium but there have been occasional reports that Chloride is actively

secreted by mammalian jejunum under the influence of certain drugs (281),

What seems to be required is a model which can adapt easily to changing

conditions. The following suggestion arises out of the osmotic




Q6
oscillator hypothesis, ?‘

In the presence of an actively transported hexose and a low level of
endogenous glycolysis the cell will be alternately taking up fluid and
expelling it again, It is assumed that the hexose dependent potential is
generated across the serosal border of the celle (The evidence for this
is lacking. Only the glucose-dependent potential is known to be located
at the serosal border), If the micosal surface is more or less
impermeable to fluid due to a high pore Zeta potential then this inter-
change of fluid will occur across the serosal border, Further, if due to
endogenous metabolism a small amount of hydrogen ions are generated which
cancel the zeta potential of the serosal pores during phase 3, fluid will
enter through neutral pores and Te expelled through negatively charged
pores., There will be no net transfer of fluid. Only with increasing
glycolysis will sufficient hydrogen ions be produced to render the mucosal
pcres permeable during phase 3. The result will be a net %ransfer of
fluid, In the condition of no net transfer of fluid the cell will be
accumulating Chloride ions gained from the serosal fluid which will
constitute active secretion of Chloride, and when short circuited will
secrete a proportion to the mucusal fluid., When net transfer of fluid
takes place Sodium absorption will be the charge carrier,

In short it is suggested that variable synchronization of Hydrogen
ion production and osmotic pressure gradients can produce either net fluid
transfer without a concommitant electric current or an electric current
with only a small fluid transfer, When Fructose is the substrate Rat

jejunum corresponds to the first of these two possibilities and when

Galactose is the substrate the second condition prevails
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(7) Kinetics of the Hexoses iransier,

To illustrate the kinetics of the proposed system a simpler system

oL . .
(but one which contains the essential ingredients of the proposed system)

is congidered,

A
!
i
s "-‘é ) —_—1N
|
?

A three compartment system as shown. Membrane (A) transfers

the substrate molecules by means of a saturating mechanism described

by the equation.

1
I‘a-te Of Flllx (A) = y}(‘}!;l’ + C(O)o- Cé‘%) @ L e L] L] L e @ e .ECI (1) j’

And membrane (B) iransfers the substrate by simple diffusion

described by the equation
rate of Flux (B) = Xk (Ci~=0C0) v o v o o oo oo o £9 (2)

where Co = concentration of substrate outside

and Ci " " " inside.

]

Co is effectively constant but Ci exists in Wwo conditions

in state one Ci=o0
in state two Ci = 10km (say)
let Co = Km, (say)

1

o

and also let k

These are arbitrary values chosen to make the calculation simple and

to show that the model yorks'te




during state one (time duration % )
1

rate of influx (4) = Jm (Co - ci) = JVm Co

Km + (Co - Ci) Km + Co
v
= 5 (since Co = km)
‘ influx (4) = (¥m)
o ® 3 (-<2—) 't1

and rate of influx (B)== k (Co - Ci)

1 Vm Vm
= X, = . —_— = Jn
R T R o
2 ' < (¥m)
o » influx (B) ) t, |
oo influx (4) > influx (B).
Again:
during state two (time duration t2)
. _ ¥m (Ci =~ Co)
outflux (a) = Km + (Cl - CO) 't2
Vm 9 Xm = .9
= Ti0km 2" Fo Mm%
outflux (B) = k (Ci -Co) %,
1_(¥m) _2
- Ty 9 kmty =7 Vm t,
and in this case outflux (&) = outflux (B).
But to preszsrve continuity total influx = total outflux.
e o t Vm Vm ) (,.2. -gst)
..o -t 6 -t .l-8- T o.o :1:1 [ 3 i.ea -t' = 31}
195 m = 2 15 '™ T 1 2
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Now ctomparing influx with outflux across gz single membrane say (4)

Total flux = influx (&) = outflux (4)

i

S - {%vm o /

= =2 (34.) L9
5 (3'52) 5 Vm 't;2

which is positive and not equal to zero.

o o The model produces a net transfer of substrate.

The following observations can be made about this model:

(1) It is an over-simplification in that the change from stage
one to stage two would not really be instantaneous and the

concentration Ci would be subject to an exponential decline

during stage twc. HNevertheless the model illustrates in
principle how a simple oscillating binding site with an
assymetrical saturating supply of substrate can produce a
net transfer,

(i1) An alteration of the external concentrations Co would lead
lead to transfer in the reverse direction.

(iii) An alteration of the duration of the two stages (t, and t,)

would also greatly change the performance of the model,

(8) Hydrocortisone

It has been reported that Hydrocortisone exerts an influence on the

enzymes Pyruvate Carboxylase (PC) (272) and Phosphogliyceraldchyde

dehydrogenase (PGD) (273). PGD controls the production of Pyruvate by

the Embden-Meyerhof pathway while PC controls the conversion of Pyruvate

to Oxaloacetate (OAA). Both these reactions would be required fo operate

quickly if glycolysis was to produce a rapid but short-lived pulse of
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hypothesis as an alternative mechanism for the action of Hydrocortisone

lactic acid.  This is put Torward in conjunction with the general

in stimulating intestinal absorptive processes,

(9) Conclusion,

As already mentioned the hypothesis is put forward tentatively.
I am well aware that theory has been stretched dangerously far from
established fact. My motive has been 1o demonstirate that the type of
detailed control of glycolysis now being unravelled by Chance and others
may have repercussions in the field of membrane transport and open up
a new area for experimentation. Even if the hypothesis proves to be
partially correct there is no doubt that most of it would require
modification in the light of future experience. Fortunately there
appears to be no lack of scope for modification,
(10) Postscripts

"Sir ~ I have given you an argument, but I am not obliged to give

you an explanation®,
Dr, Johnston,
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SYMBOLS AND ABREVIATIONS

square brackeis

C

In

S

S.E.

S.D.

= F

e

-t
1

= ,—\, i™ @n >

Potential Difference.

Short circuit current,
Potential, Potential Differences.
Permeability of "i".
Concentration of "i",

Concentration, also a eonstant depending
on contect,

Natural logarithi.

Gas constant,

Resis*ance.

Absolute temperature.

Time symbols.

Charg e/unit area and also Standard Deviation,
Standard error of the mean,

Standard deviatione

Constants

Constant and linear regression coefficient,
Maximum Velocity (Michaelis-Menton Kinetics)e
Half max concentration (Michael-Menton Kinetics)
Electrostatic field,

Viscositys

Equivalent conductancee

Zeta Potential (or electro kinetic potential ).
Dielectric constant of the medium.

Specific Resistance.

Specific Conductance,




F'rogramme No,1

TRAST SUARES TINE (IMVERSE PLOT)

PTGIN TNTRGER MU READ M
BOGIT ARTAY ¥, V(1:7),P(1:2,1:2),9(1: 2)
RTAL &,3,DRITAY INTEGER RY
BGIT 1(1,1):=7(1,2):=P(2,1):=F(2,2):=0Q(1):=0(2) ="
FCR Rx=1 STEF 1 UMTIL ¥ DO
BEGIN READ Y(R),Y(R)
P17 )= D1, 1)+ V(R )ekLyr
P(1,2):=P(1,2)+7(R)#*l/X(R)"
P(2,1):=P(1,2)"
P(2 9) =P(2,2)+V(R )**h/“(ﬁ)**?“
Q(lf 2Q(1)+V(R)*% "
22)  =Q(2)+V(R)*%3/7(R) ¥
DY
DELTA:=T(1,1)%I(2,2)-P(1,2)%P(2,1)!
G a= (Q1P(DI2)oq(odwr(1, 23 /oBL A
B = <P<1,11*q<5)~l<‘ 1)%2(1))/TRLTAY
PRINT ££1.29 A=< 3SﬁﬂLIIhL,i,LELT B=?,B"
EYD!
D
SR
Tote in Tlliott “1lrol M"e%" is eouivalent to'"

and"v"  is ecuilvalent to''y"




TITLE:CURVE FIT BY ITERATION C(HeMeNOBLED'
GIN ~ : :
REAL ARRAY X,YC1:100)°
REAL XX,YY,BASEY,SUMC,DELTA,Z,A,B,C,SQC,BITA,BITB,W
s1QMA,FACTOR,VARA,VARB.VARC,CO§,i,ﬁA;LB:LAAgiBé,

STRA,STRB,STRL,STRLA,STRLB,STRLAA,STRLBB,STRLAB,STRLBA
STRDEL,NEWA,NEWB,LIMITA,L;MITB, ’ ' ’ 9

LAB,LBA,ALPHA,BETA;TEST,ABITA,ABITB"

INTEGER J,DIVISOR,Q,P,R,RAT,DIRNA,DIRNB,DATA,DF'
SWITCH S$:=51,52,53,54,55,56,57,58,59,510,EXIT,0UTPUT ,RESTART,
DIVSET, STORAGE,CALCULATE,SCALE'
PRINT ££L6? CURVE FIT BY ITERATIONCH.M.NOBLE)>?"®
"START: READ DATA' : :
IF DATA GREQ 100 THEN
BESIN PRINT ££L67 NO MORE DATA ?° GOTO EXIT'
ELSE PRINT ££L67? DATA NOe?,SAMELINE,DATA'
RAT:=0" SUMC:=0"' J:=1' @Q:=0"'"  sQC:=0'
READ A,B' PRINT ££L27 FIRST APPROX 7,
££L ? VMAX= ?,SAMELINE,A,
££L ? KM = ?7,SAMELINE,B'
READ LIMITA,LIMITB' ‘

SALE: IF A GREQ 1000.0 THEN BEGIN ALPHA:= 10000.0 END ELSE
IF A GREQ 100.0 THEN BEGIN ALPHA:= 1000.0 END ELSE
IF A GREQ 10.0 THEN BEGIN ALPHA := 100.0 END ELSE
IF A GREQ 1.0 THEN BEGIN ALPHA := 10.0 END ELSE

BEGIN ALPHA := 1.0 END'

IF B GREQ 100.0 THEN BEGIN BETA := 1000.0 END ELSE
IF B GRE® 10.0 THEN BEGIN BETA := 100.0 END ELSE
IF B GRE®Q 1.0 THEN BEGIN BETA = 10.0 END ELSE

It ee

BEGIN BETA : 1.0 END'
A= A/ALPHA' B:= B/BETA'
LIMITA := LIMITA/ALPHA' LIMITB &= LIMITB/BETA'
2: READ XX,YY' XX:= XX/BETA' YY:= YY/ALPHA®
TEST:= 1000.0/BETA"®

IF XX LESS 0.00005 THEN GOTO S3 ELSE GOTO 54!

3z BASEY:=YY' SUMC: =SUMC+BASEY ' SQC:=SQC+BASEY##2 "
RAT:=RAT+1"' GOTO S2°
4: IF XX GREQ TEST THEN BEGIN

J:=J=1' GOTO S6' END

ELSE GOTO S5' '
5 XCJds=XX" YCU):=YY~BASEY' Ji=J+1 GOTO 82

6 [s= LA:= LB:= LAB:= LBA:= LAA:= LBB:= 0.0
BEGIN
FOR R:=1 STEP 1 UNTIL J DO
BEGIN Zs=B+XCRD"'

LAA: = LAA+2% XCRO#=2/Znn2
LBB+6*A**2¢X(R)&*2/Z**4-4*A*XCR)ﬁYCR)/Z*tB'

LBB:=
LAB: = LAB+2*XCR)*YCR)/Znt2—4~A~XCR)-~2/z-~3'
LBA:= LAB'

¢ = +2s A% R)**Z/Z**Z—Z*XCR)'YCR)/Z'
té;= tg+§*2'§gR)*YCR)/Z'*Z—Z*AiﬂziX(R)Gﬁ2/2aa}'
Le= L+CYCR)—X(RD*A/(B+XCR)))*'2'
END® '
DELTA := LAA®LBB-LBA®=LAB
END'




—ry

&&

<1rmf“?

HEN GOTO DIVSET ELSE

STRA
LB’
LAB'

DIVISOR
IVISUQ
) IVISOR
DIVISOR
DIVISOR

S C o O

P%Ln)/DLLTA
*LAAD/DELTA'
ABSCBITAD!
ABS(BITBD!

0

JoUt THEN

TLIT N
[t

v
)
-

= -1

NS
1_“,

SAM

STEP 1 UNTIL
SMA+CYCRI-ACRI*A/ (BHXCRID D= w?!

az+a J/RAT'

GA/DF!
| G1A/DELTA'

R.—LBB*FACTOR'

ﬁx«*x TOR

[NAL VMAX ?,SAMELINE,A®*ALPH
AQA%ALPHA%*Z,

K 7, SAMELINE,
iAvﬁL? VAUJ%BFTA*#Z

? CO VAolAwﬁf ? SA1LLINE COV%ALﬁFA%BETA’

A V%7”‘”CQ\T%3“C C**a)/C?AT*CDAT 101
JT CONST,?, SAMEL INE, C#ALPHA

ANCE?, VA%F%A PHA#=2!

VAR

rL017‘

WHILE W LESS 1.1 DO
££5327, CA*WxALPHA/ (B*BET
SET?!

BY STRLA
LAA' STRLBB
LBA' STRDEL

STRLAA
STRLBA

1

CALCULATE'
CALCULATE'
CALCULATE

CALCULATE'
CALCULATE'

GOTO S7 ELSE
50TO OUTPUT

GOTO 58"
GOTO $8°

B:= -1 ELSE
DIV ISORD!

1]

it

A*ALP%A LPSB7,KM 7,

qow 39 ELSE GOTO 06

c= LAT
.= LBR'

DELTA'

END
END
END
END

ITB/CDIVISORY '

A+ WD

+CxALPHK



APPENDIX 3,

Diet 41B

Pilsbury Ltd., Birmingham,

ppm.
Fe 65
¥n 32
Cu T
I 4,18
Co 0.89
Zn 8.29
mem/ Ty
Vitaemine E 8,698
Thiamine 2.869
Riboflavine 1.588
Niacine - 25.004
Pantothenic Acid 6.801
Choline 595
Biotin 0.41
Polic Acid 0.38
Pyridoxine 2.8

Inositol not less than 100

1.U./1b.
Vitamine A 4641
Vitamine D 1160

3

%

Crude Protein 17.069
Crude 0il 2.732
Crude Fibre 4.352
Digestible 0il 2.114
Digestible Fibre 1.723
Arginine 0.801
Lysine 0.877
Methionine 0.309
Cystine 0,261
Tryptophang 0.192
Histidine 0,326
Leucine 1.089
Tyrosine 0.362
Isoleucine 0.710
Phenylalanine 0.674
Threonine 0.555
Valine 0.837
Glycine 0.981
Ca 1.3
P 0.72
Ca : P 1: 0.6
Na 0.575
c1 0.154

mcgm/lb
Vitamine B12 6.4































