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INTRODUCTION
The well-Ynown regulation of the elertro'vts balance by the
adrenal cortex has been attributed to its cecretion of =
hormone «imilar to, if not identical with, desoxycorticost-
srone. A deficiencv nf adrenncrrtic=2l hormone lowers both
cgrum chloride Aand s~dium, »nd elevates potacsium. Therapv
*ith desoxycorticosterone rapidly restorea these electrolyte
levels to norm”l by merkedlv increasing the retention of <odium
and chloride~ Aand reducins the renal retention of notassium.
Therefore it seemed paradoxical to find that large docess of
Aeapovvenrticosterone acetate (DCA) ~an lower the serum chloride
~f both norm=21 2nd 2dren=lectomi~ed animals.

At the outset of this research, the problem wa<e to Aeter-
mine the mecheanism by which DCA pnroduced this hvpochloremia,
which ha~ been observed hv several inveastigators, It <seemed
rrobablz thet it was 2n overdosare effect related 0 the 1loac
nf potasaium produced bv DCA, =nd that this =teroid mu=st in-
nrease the urine chloride excretion, contrarv to the Aavail=able
information indicPtineg that it produces chloride retention.
These fectors were investicated. Balance =tudies on chloride
and potassinm ione were nerformed to determine the relation
hetween the chloride ~nd nota=sinm evcretions in nota<sium
Aaeficienry. Thie problem of the =ffect of DCA and potassium

deficiency on chloride balance forms the first n2rt ~f this

theais.



In the balance experimente in force-fed rate, the
motility of the eastrointestinal tract became «eriouslv
reduered and eurh a retention of intestinal contents and ga=
nccurred that all the animals died from extreme distension.
This was produced either bv overdo<age with DCA or bv a low
potassium diet, and was vromptly relieved bv potassium 2dmin-
istration. The=e cheneces in the ahsorntion of food, 2and the
inevitable death of the animals in le~< thon two weeks inter-
fered with the refinement of the balance atudies. The
electrolyte investigation was therefore di~continued after it
was possible to draw some ronclusions. The maior contri-
bution of this thesis is a «tudyv of the effect of potrssium
defici~nev on the gawtrointestin=l tract bv the X-rav ftechnioue,
and of the relief of svmptoms bv potas«ivm therapv. This

effect of pota=esium deficiencv has not been obecerved before.



PART I

THE HYPOCHLOREMIA PRODUCED BY DCA AND ITS RELATION TO
POTASSIUM DEFICIENCY



REVIEW OF THE LITERATURE

DCA As an Adrenal Cortical Hormone

Desoxycorticosterone was first synthetized by

g\Steiger and Reichstein in 1937 (2a), and has been isolated

wﬁdgkiﬁ; ifrom the adrenal cortex in minute amounts by Reichstein
MJ‘ iichUA @and von Euw (2b).
s | o
B { 1
¢ =0
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desoxycorticosterone

This compound is usually used as the acetate (DCA). Since
the activities of DCA differed from those of other cortico-
steroids in some respects, there was some doubt, at the
time thiswork was initiated, whether it could be con-
sidered a typical adrenocortical hormone. ‘

This steroid was the most potent compound known in
prolonging survival under stable conditions in adrenal
insufficiency and in restoring to normal the disordered
electrolyte pattern observed in this condition in man
(3,4,5,6,7,8,9) and animals (10,11,12,13,14,15,16,17).
In addition, overdosage symptoms, essentially the opposite
to those which occur in adrenal insufficiency, could be
produced in intact animals with DCA, but did not occur
with other adrenal preparations tested (17a). Thus,

overdosage with DCA resulted in severe depletion of

potassium and im marked retention of sodium (18,19).
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As a result of the potassium depletion muscular paralysis
developed. As a result of the sodium retention the extra-
cellular fluid volume expanded and edema often occurred.

In the first clinical tests of DCA in cases of Addison's
disegse severe circulatory congestion and several fatalities
resuited from the sudden increase in blood volume (5,6,20,
2l), and, as has been shown since, probably also because of
cardiac 1esions produced by potassium depletion (2?), In
contrast to this, enormous doses of adrenal extracts and
gterq?ds had no deleterious effects (17a). In intact anim@ls
treated with DCA, a condition of marked polyuria and poly-
dipsia was induced,ua response not obtained with other
adrenal preparations (18;17,17a). In addition, DCA was the
only adrenocortical steroid to lower serum chloride (U45).

In other respects DCA differed from other adrenocortical
vreparations. This steroid proved less effective in
maintaining adrenal-desficient animals and patients unless
they were kept under stable conditions, and it had no
significant effect upon carbohydrate metabolism of adrenal-
ectomized animals. (2,3,24,95,96,17). Unlike DCA, compounds
with more generalived bgpeficial effects in 2dren21 in-
aufficiencv, such as corticosterone, possess an oxygen

oroun in position 11. This confers upon the compound

effectiveness in maintaining a normal carbohy-



drate metabolism in adrenal insufficiency, which is very
important when the animals are subjected to stress (°3).

Of interest was the hypochloremia produced by DCA.
One might expect quite the reverse effect, since sodium
is retained in DCA-treated animals and since hypochloremia
is a symptom of adrenal insufficiency (27,98,99.30).
According to the classical scheme of the behaviour of
chloride in the body fluid, chloride has been considered
to move in the same direction as, or to be closely
associated with, the sodium ions (31,32,33). Thus the
two types of hypochloremia which occur in the hyper-
and hypodrenal states must differ in the mechanism bv
which they are induced, since sodium retention occurred
in the former, while in the latter sodium loss appeared
to the primary cause of the hypochloremia (29,30).

The significance of the findineg that DCA induces
hypochloremia is enhanced by the fact that hypochloremia
has been observed in clinical cases of Cushing's Syndrome
hyperadrenocorticism (34). In these cases a state of
alkalosis is associated with the hypochlorem;a, SO that
the total anion content of the serum remains approxi-
mately normal. This is to be contrasted with the
occurrence?gcidosis in adrenal insufficiencv in which

both bicarbonate and chloride concentration, and there-

fore total anion amount are low (©8,29,30). From this
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it would appear that the adrenal cortex plays a role in
the acid-base balance of the body. The changes in anion
concentration in the serum parallel those in serum cation
concentration.

At the present time the role of desoxycorticosterone
as an adrenocortical hormone has been elucidated very
considerably by the voluminous research on this compound
and by the observation of electrolyte disturbances,
s;ggiﬂgﬁfhe overdosage effects of DCA, both in rats
treated with very large doses of adrenocortical extract
under certain conditions, and in clinical case of Cushing's
syndrome of hyperadrenocorticism. The activities of
desoxycorticosterone may now be regarded as represent-
ative of adrenal cortical functions in electrolyte
metabolism although this steroid does not possess the
activities of the whole adrenal cortex on carbohydrate
metabolism. The abnormalities in electrolyte metabolism
have been produced by large doses of DCA and may be
regarded as/g;nggsage, since,with physiological dosages,
the deranged electrolyte balance of adrenal insufficiency
is restored to normal. The overdosage effects are
probably just distortions of the activities or the balance
between activities of the normal adrenal cortex. Two to

eight times the physiological dose of DCA is required

in intact rats and dogs for the overdosage effects which



will be discussed in the review of the actions of DCA.
This, however, depends upon the potassium and sodium

content of the diet.
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The Effects of DCA and of Potassium-deficiency Upon

Electrolvte Metabolism

A discussion of the action of DCA on chloride metab-
olism will be presented in detail in the following
section, and since the behaviour of ions:éfb?interdep-
endent in their movements in the body, and the behaviour
of anv one ion cannot be fully understood without a
knowledge of the behaviour of other electrolytes, the
actions of DCA upon bicarbonate,.potassium, sodium and
water metabolism will also be considered.

There is much evidence that the hypochloremia and
certain other disturbances in electrolyte metabolism
produced by large doses of DCA are secondary to, or
associated with,the potassium-deficiency induced.
Therefore, the electrolyte disturbances produced by DCA
have been compared with those occurrineg in animals

depleted of potassium by maintenance on a low potassium

diet.

(a) Effect of DCA and potassium-deficiency on chloride

metabolism.

It is now established that large doses of DCA can
jnduce hypochloremia. This has been shown in rats, mice,
dogs, in five of twelve opossum (36), and in one of four

cats (35). The chloremic respons= is influenced by the
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experimental conditions includine the dietary regime,
especially the potassium and sodium content, the dosage
and duration of treatment (35), and the species. Of all
factors, the potassium intake has the most important
modifying influence. Maintensnce of animals on a low
potassium regime per se can induce hypochloremia of
comparable degree in rats (37,3%,39,40), dogs (35) and
man (41), and may also produce a negative chloride
balance (42). When this is combined with DCA treatment,
hypochloremia is more rapidly produced than when the
notassium intake is normal (18,40). The resistance of
the serum chloride of cats and rabbits to the action of
DCA noted from the experiments of Darrow and Miller (3%5)
and Rakoff et al (43), was probablv due mainly to the
high potassium or salt concentration of the diets fed
the<e animals (fish and vegetables, respectively).
Usuallv about 10 davs of DCA injections is reauired for
a small but significant lowering of the serum chloride
concentration, in rats, although Winter (1a) found it
possible to induce hypochloremia within eight hours
after very large doses of DCA (6 mg) were given to young
rats. In most of the investigations reported the action
of DCA in reducing serum chloride was not commented upon
until the recent work of Darrow (44), in which a new

significance to this observation was given, as will be

discussed below.
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In the intact rat fed purina Miller and Darrow
(45,35) found (in amimals given 2 to 4 mg DCA per day
over & thirty day period) that the serum chloride was
reduced from a normal of 100 to about 9% meo per litre.
With shorter veriods of treatment (10 days) the reduction
was only 3 med. Buell and Turner noted a 10 meq decrease
in serum chloride in rats absorbing only 0.3 mg of DCA
rer day for 7 davs from a pellet (46). Hegnauer (L4O)
noted a decrease of 14 meq in serum chloride in rats
maintained in a low K diet and given DCA. Selye and
Dosne (47,48) in voung rats fed on purina, found the
whole blood but not the serum chloride was reduced by
7 meq following 20 days of DCA injections, although the
results were auite variable. These investigators concluded
that the loss of chloride was mainly from the erythrocytes
rather than from the serum, from their analyses on whole
blood and serum. However, an analyvsis of the more complete
data of Hegnauer (40) and unpublished observations of
the author (1lb), fail to confirm this view.

In the dog, DCA frequently lowers the serum chloride,
by about 5 to 7 medq, (49,19.50,%5,51). In these exper-
iments the dogs were given from 10 to 25 mg of DCA per
day for from two to several weeks. With doses of 2 to U4
mg of DCA, which approach the optimal physiological dosage
of 1 to 2 mg (1%), Mulinos et al (h2) noted no sigrificant
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alteration in whole blood chloride, although disturbances
in water balance occurred. On the other hand, in normal
dogs receiving a high salt and potassium diet, Clinton
et al (53) found that the chloride concentration was
elevated by 8 meq per litre of serum when the animals
were treated for five days (only), In five normal men
treated with DCA and also receiving a high salt diet,
Thorn et al (54) noted an increase of 5 meq in serum
chloride in 4 days. In the dog (53) the plasma volume
was increased 2t the same time so that the total chloride
increase in extracellular fluid was greater than is indicated
from the concentration increase. To explain the divergent
observations,it is possible that the initial response
may differ in its mechanism from the chronic effect of
DCA. If sodium chloride intake is high the chloride ion
may be associated at first with the large amounts of
sodium being reabsorbed and later with the potassium being
excreted in excess. The sodium retention was observed
to greater than the chloride attention (54).

In the mouse treated with 1 mg of DCA per day and
fed purina Winter (la) observed a decrease of blood
chloride from 78 to 66 meq per litre in 2 weeks.
In Addison's diseasg;of which hypochloremia is a
\f;;gtom;DCA occasionally lowers serum chloride further

e

for one or two days vprior to the restoration of con-

centration to normal. This is due to a temporary
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increase in extracellular fluid water derived from the
hydrated cells and from increased renal retention of
water (6.7.55).,

Hypochloremia can be induced in hypochysectomized
rats and thyroidectomized rats as shown by Winter (lc)
and in adrenalectomized rats, as noted by Selye and
Dogne, Buell and Turner and by Darrow (48,46,44),
Therefore, although the absence of these glands may
modify the response (1), they are not responsible for
the action of DCA.

Most investigators have found that the chloride
content of skeletal or heart muscle is not statistically
changed bv DCA in the normal rat (35,45,56,40) and doe
(19, 35,50,51), other than a decrease which can be
accounted for by the reduction in the chloride of the
interstitial fluid of the body. That is, the chloride
does not appear to be entering the cells., However,
Selyve and Dosne (48) observed an increase in muscle
chloride in acute experiments. The water content of the
muscle was not given and therefore the volume of the
extracellular fluid which normally contains nearlv all
the chloride, is unknown. Although. Ferrebee et al (19)
statq% that muscle chloride of dogs treated with DCA was
not aitered, an average of the rather variable results
indicates an increase (from 24,4 in the normal to 29.1

meq per kg fresh tissue) even if two extremelv high values
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are excluded from the injected group. His figures show
this increase was prevented by potassium chloride given
in the drinkine water. It is more probable that this
increase in chloride represents an increase in extra-
cellular fluid of muscle than a shift of chloride into
the cells. In the one cat'exhibiting hypochloremia of

4 treated (35), the cardiac and skeletal muscle chloride
were both increased markedly without concurrent increase
in the water content of the muscle. The cardiac chloride
was increased from 19 to 27, and the skeletal muscle
chloride from 6 to 12 meq per 100 grams of solids. This
animal was eating poorly of a high salt and potassium
diet (fish) and in addition was in poor condition suffering
an infection, which decrease the significance of the .
observation (which, incidently, was not commented upon
by the author, Darrow).

Many investigators consider that skeletal muscle
fibres are chloride-free (51,57,572,58,59,50), although
it is quite probable from several more recent investica-
tions (38,60.61,62,6%,64), that a small vercentasge of the
muscle chloride is intracellular. Yannet and Darrow (61)
and Darrow (6°2) found that avrnroximatelv 1 meo (15%) of
the 6 to 7 mea of chloride ver 100 grams of fat-free
solids in muscle is intracellular, a figure with which

the data of the other investigators quoted roughlv agrees,
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Boyle and Conwav (63%), working with frogs muscle soaked

in solutions containing various concentrations of

notassium and chloride, obtained d=ta which indicated

that, under the conditions of the experiments, the

intracellular concentration of chloride is proportional

to the extracellular concentration of potassium per

litre of water. In cats given notassium chloride intra-

venously, Crismon et al (94) also obtained evidence that

chloride entered muscle cells. This was associated with

an increase in intracellular potassium. No studies have

been performed in DCA-treated animals to determine whether

chloride distribution is normal. In view of the data

linkine the shifts of chloride with corresponding shifts

of potassium. it is improbable that intracellular chloride

would increase in muscle cells which 2re losing potassium. !
There is no evidence that chloride is lost from

the kidneys but this will be discu=ssed under the heading

of sodium balance. As mentioned above Orent-Keiles and

McCollum (42) noted that the chloride balance was negative

throughout the whole experiment in rats fed A low-

potassium diet ad libitum (no DCA) for prolonged periods.

(b) The effect of DCA and potassium-deficiency on acid-

base balance. |

With hypochloremia an increase in the bicarbonate

level in the serum would be anticipated as a compensatory
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adjustment in the presence of normal or high serum sodium
concentrations (see below). In unpublished results in
rats Darrow has recentlv observed (44Q) that if the diet

is low in potassium, both DCA and adrenocortical extract
may induce alkalosis, with increased serum bicarbonate

and pH values. Darrow produced alkalosis in both normal
and adrenalectomized rats. In adrenal insufficiency,

on the other hand, there is a tendency for acidosis

to occur - for the serum bicarbonate and pH to be lowered.
A decrease of 0.2 pH has been observed in adrenalectomized
dogs and rats (65,66). Reduction of the serum bicarbonate
in adrenalectomized dogs to concentrations as low as 11 to
14 men per litre were noted first by Loeb et al (29) and
Harrop and associates (30), and have been confirmed by
Muntwyler et al (65). Lesser changes developed in adrenal-
ectomized rats (66) and in Addison's disease (28). Neither
the pH or bicarbonate concentration was appreciably increased
after 48 hours of injections with adrenocortical extract,
which increased the chloride and sodium contentration to
normal (65,30). Thorn, and Ferrebee, and their respective
associates (5,9) noted a slight decrease in bicarbonate

in Addison's disease which was restored to normal by
treatment with DCA. The decrease in bicarbonate concen-
tration in adrenal insufficiency is a reflection of the
decrease in total base of the serum which results from

the greater loss of sodium through the kidney than of

chloride (28,29,30).



(¢c) The effect of DCA and of potassium-deficiency on

potassium metabolism.

The most =triking electrolyte disturbance resulting
from over-dosage with DCA is the depletion of potassium
from intracellular and eg}rg??llular fluids. This de-
pletion, obviously., is more rapidlv produced when the
votassium intake is low (18,40,67), and may be prevented
almost coméletelv by a high intake of potassium (18,19,49).
On the other hand the elevation of serum sodium and the
increased water exchange are not affected by the potassium
intake (19). The serum potassium can be reduced to con-
centrations lower than 2.5 meq per litre, and as much as
40 percent of the intracellular potassium can be lost
from skeletal muscle, and smaller amounts from heart
muscle. The potassium lost from the muscle is replaced
by sodium. The degree of potassium denletion produced
by DCA depends upon the dosage and the duration of treat-
ment, in addition to the potassium intake.

Severe potassium depletion in the normal dog trea}ed
with large doses of DCA was first shown by Kuhlman, Ragan,
Ferrebee, Loeb and Atchlev (18,49,19) in 1939 to 19h1.
Serum potassium values,after 25 mg of DCA ver dailx for
a month, were reduced from 4 to 2.9 - 2.2 meq per litre.

A similar lowering of serum potassium has been confirmed

by Muntwyler et al (51) and Harkness et al (50) and
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Darrow and Miller (35) in the dog and by Hegnauer (40)
in the rat, as well as lesser decreases by other invest-
igators (45,16). Bqually low potassium concentrations
are produced when the potassium intake is very low (40,
35,69), and no DCA is given, as was first noted by Heppel
(37) . The potassium is almost certainly lost from the
serum through the kidney and is replaced from the intra-
cellular stores of this ion, since an ecuilibrium exists
between intra- and extra-cellular potassium (70,38).
The possible influence of DCA on this equilibrium has
not been investigated as yet. Because of this equilibrium
serum potassium may be within normal limits for some time,
while the serum potassium in considerably reduced (45,35).
Ferrebee et al (19) found that the intracellular
potassium of dogs treated with DCA was reduced from a
normal of 76 to 48 meq per kg of fat-free fresh muscle,
coincident with an increase of intracellular sodium from
6 to 32 men per kg. Other investigators have also found
that from twentv to forty percent of the muscle notassium
is lost in DCA-treated animals normally fed in both rats
(45,35,40) and dogs (50,51). With low potassium diets
alone more than one-third of the muscle potassium may be
lost after six weeks in mice and rats (71,37,42,40,72).
Hegnauer (40) found that erythrocytes behave
differently than muscle cells in that DCA did not reduce

the potassium concentration. On the other hand, a low -
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potassium diet decreased the erythrocyte concentration
of potassium. He concluded that the intracellular con-
tent in red blood cells of potassium was in equilibrium
with the total base of the serum, rather than with the
potassium only. Total serum base was reduced by low
potassium intake but not when this was combined with
DGA injections.

Most investigators consider the main action of
DCA is to decrease the renal reabsorption of potassium,
and thus deplete the body of this ion. However, no kidney
1 clearance studies of potassium have been nerformed in
} DCA-treated animals to elucidate this point. It is
difficult to separate the effects of DCA on sodium from
that on potassium reabsorption, =since both are inter-
dependent. They are both affected by DCA and in opvosite
directions. There is little evidence reported for an
increased potassium excretion in DCA-treated animals,
other than short term experimente of from 1?7 hours to
5 days in duration. In one DCA-treated dog fed a normal
diet Ragan et al (49) found it difficult to detect any
significant changes in potassium balance, although muscle
and serum values were low and the animal developed paralysis.
In growing rats fed a low potassium diet but given no DCA.
Orent-Keiles and McCollum found that the animals were in

potassium balance for the 21 week period except durine the
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first week. (42) These animals were growing, and were
lust in balance. No calculation was made to allow for
notassium to be deposited in the new tissue. Therefore,
these rats were actually in negative balance with respect
to their potassium recuirement, and sodium filled this
deficit of cation in the cells. Whether this argument
may be applied to the conclusions of Ragan et al (U49)
cannot be decided since only one control value potassium
excretion was given.

It is well-established that in short term experi-
ments potassium exeretion tends to be increased by DCA
over a one-to -five-dav period, although daily variations
in excretion often rob the individual experiments of
significance. This has been shown chiefly by Thorn and
associates, but also bv other investigators, for normal
does (10,73) and man (54) and adrenal deficient dogs
(10,13), rats (74) and man (3,8,73). Thorn and coworkers
concluded from a similar series of experiments one-day
in duration, that this action is common to many steroids-
adrenal cortical, male and female sex hormones (77,76,
10,77,78),- but that DCA was the most effective in this
respect (10,78). In some reports the data were not
presented in complete enough form for evaluation. In

geveral reports the data is inconclusive for the normal

animal except for the first day of injections, on which a

negative balance did occur. In experiments in which the
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urine was pooled for four or five days one is in doubt

As to whether the total increase in potassium excretion
occurred mainly in the first dav or continued throughout
treatment. 1In addition,the diet was usually high in
salt, as for example in the experiment on the normal dog
(54) . The short-term experiments do not permit one to
draw conclusions as to the total effect of the compounds
in oruestion. Thus, although it is established that DCA \
increases potassium excretion in adrenal insufficiency, \
this must yet be demonstrated unequivocally in the intact§
animal.

Loss of potassium from bodv fluids, whether produced
by DCA or by a low potassium intake, results in severe
morphological and functional abnormalities. These include
extensive focal myvocardial necrosis in the cardiac muscle
of rats (45,35,.72,80,81), mice (71), cat (35), and hogs
(82), but not so far observed in dogs (35). Changes have
been observed in the prominent Purkinje fibres of the
bovine heart associated with electrocardiographic changes
(69,79). Renal tubular hypertrophy with subsequent
necrosis has been produced in rats, mice and dogs (84,
35,71,83,72). The most dramatic functional change pro-
duced bv DCA was first noted by Kuhlmann et al in the
doo (18). This is a muscular weakness and paralysis
particularly of the hind limbs. This has been confirmed

for the dog (50), one case of myasthenia treated with
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large doses of DCA (85), and in clinical cases of Addison's
disease (22), but has not been observed in the rat (86,
%5,45) . In the latter species the heart changes are most
prominent. Complete paralysis was also noted in dogs
maintained on a low potassium diet for 6 weeks by Ruegemer
et al (87) and Smith (88), but not in rats (37).

The abnormalities in morphology and function are
relieved or prevented by the administration of an adequate
amount of potassium, as was shown by nearly all the
investigators ocuoted 2bove. The =ffect on the paralysed
dog of potassium administration is dramatic. As described
by Ruegemer et al (87) and Smith (88), an animal lying
completely prostrate on the floor of the cage and able
to make practically no moverent, will rise from the floor
and be walking around the cage within an hour after treat-
ment. This rapid cure of paralysis by potassium resembles
the action of this ion during attacks of familial veriodic
paralysis in man (89,90). The changes produced in the
heart by a low potassium diet are arrested, but the lesions
which are already present at the time of potassium therapy
may heal by scarrines (71). Other abmormalities noted in

potassium deficiency will be discussed in the section on

the gastrointestinal tract.
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(d) The effect of DCA and of potassium-deficiency on

sodium metabolism

In the normal animal relativelv small doses of DCA
have a marked effect in inereasing renal retention of
sodium (77,78,10,91,53%,54,92). Associated with the
sodium retention variable amounts of chloride and water
are retained. Except for the observation of Ragan et al
(49) that chronic treatment with DCA does not affect
sodium and chloride balance significantly, balance studies
have been only short-term experiments lasting one to five
days; The subsequent effect is not therefore known. Since
persistent elevation of serum sodium concentration has been
observed in animals treated for two up to several weeks,
(49,19,45,51) it is quite vossible that sodium retention
remains slightly elevated.

Since the sodium retention in DCA-treated dogs and
man is usuallv nroportionatelv greater than the water
retention, the serum sodium concentration tends to become
elevated slightly by 3 to 5 men per litre (49,19,16,47,
51,54). An increase of 11 mea was observed by Clinton
et al (5%) in doegs when the salt intake was high.

The adrenal cortex has more influence on sodium
than chloride balance.

In experiments lasting up to five days DCA has a

greater effect in increasing sodium than in increasing
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chloride balance in normal dogs (77.5%) and man (54,92).
The increase in sodium retention in two reports for dog
(77) and man (54) by Thorn and associates was 48% and

46%, respectively, while the increase in chloride retention
was 32% and °3%%, respectivelv. Similarlv, the absence

of adrenal cortical hormone causes a greater loss of sodium
than of chloride in doe (3%0) and man (93).

In adrenal insufficiency DCA is very effective in
produced sodium, chloride and water retention for the
duration of treatment (6,8,10).

Renal clearance of sodium and chloride is greatly
increased in the dog by DCA (73) while glémerular filtra-
tion, as measured by creatinine clearance, is little
affected. This experiment was probably an acute one
lasting over several hours, although no details are given,
It probably therefore explains the acute effect, only, of
DCA on sodium and chloride retention, The effect of DCA
in increasing sodium chloride retention is not svecific to
adrenal hormones, but 21so occurs to a smaller degree with
androgens. estrogens and progesterone (54.77,78,10).

There ia 1little evidence as vet to link the chances
in sodium metaboliam with vpotassium. Ferrebee a£ al (19)
f~und that the administration of votassium chloride diad
not nrevent the elevation of serum sodium in DCA-treated

does in prolonged experiments. In potassium-deficient
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rats Orent-Keiles and McCollum (4?) found that the sodium
balance was not significantly affected by the notassium-
depletion lasting twentv-one months. There was a slight
increase in the average but the values were very irregular.

The intracellular sodium content of the muscle ‘4in-
creases both in DCA-treated rats and in those maintained
on a low potassium diet. Ferrebee et al (19) and Miller
and Darrow (45,38,35) found the intracellular sodium was
increased in dogs and rats from a normal of approximatelv
1.5 - 2.5 to about 13 or 14 men ner 100 grams fat-free
muscle solids. (These results have been obtained by a
re-calculation of the data of these authors). The data
of other investigators wofking on potassium-deficient and
DCA-treated animals confirm this order of increase of
sodium concentration, the extent of increase devending
upon the potassium depletion as discussed in the section
on potassium metabolism. (37,38,35,45,53,40).

A reciprocal relationship exists between intracellular
sodium and potassium in muscle. This has been shown for
rats treated with DCA or maintained on a potassium-
deficient diet and for a variety of conditions in which
potassium balance is affected (70,38,65,37,9%,95,4l).
Darrow and lMiller have been the chief investigators of
this phenomenon. Thus intracellular sodium increases
when notassium is depleted from the muscle through the

action of DCA or from an inadequate potassium intake,
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whereas intracellular sodium decreases shortly after
potassium injections, and in nephrectomized and adren-
alectomized animals where the serum and muscle potassium
concentrations are high. Mere increase in sodium con-
centration in the serum without coincident loss of
potassium, will not cause sodium to enter the cells (44).
Therefore, the replacement of vpotassium by sodium is
secondary to the loss of potassium. As Ferrebee et al
(19) pointed out, sodium replaces but does not displace
the potassium cation from the cells of DCA-treated animals.
When potassium is lost from the cells, approximatelv one
to one and a half sodium ions replace two potassium ions
lost according to some investigators (328,45,50), although
the dats of others (19,3%7,40) indicate almost a one to
one substitution of these ions.
According to the recent studies of Darrow (44,95),

the shift of sodium into the cells such as is observed
in DCA-treated or votassium-deficient animals, has an
important role in compensation to certain types of
alkalosis, including that from excessive amountsof
adrenal hormone. It occurs probablv only when potassium
stores tend to bé low, and represents the response of
the cells themselves to compensate for a relative excess hodw

sodium over chloride. In this way the sodium con-
centration of the serum is reduced. Darrow's conclusion

is that in certain types of alkalosis, it is the alkalosis
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itself which causes this exchange of sodium for potassium
in the cells. Further fundamental work is required to
establish the exact sequence of events resulting from
DCA-treatment and to show the interrelation between the

renal effects on sodium and potassium balance.

(e) The effect of DCA and of potassium-deficiency on

water metabolism.

Disturbances in water balance also occur As a result
of excessive amounts of DCA. The nlasma and extracellular
fluid volume (thiocvanate-space) can be increased by DCA
in the normal dog and man to values averaging from 1l to
17% above normal (50,53,92). In normal men Clinton and
Thorn (92) found the maximum increase occurred on the
fourth day and nlasma volume was maintained at high levels
for 17 days in one man receiving both DCA and salt supple-
ment. Swingle et al (96), however, obtained an increase
in only two of four dogs treated with DCA. In the normal
orzanism the action of DCA has not been appreciably
increased by a high intake of salt. (5%,92). The adrenal
deficient organism, on the other hand, is particularly
susceptible to this action of DCA, especially if the salt
intake is high (6,8,96). 1In the adrenalectomized dog
Swingle et al (96) noted that the plasma volume was main-
tained by DCA at a level 15% above the control value in

chronic (not acute) insufficiency, after the initi=al pneak

of increase had occurred.
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In rats no determination of extracellular fluid volume
has been performed, undoubtedly becauce of the obvious
technical difficulties in this small animal. In muscle
the chloride-space has been taken as an indication of
the extracellular in this tissue, or that the concen-
tration inside the cells is small but constant in normal
and DCA-treated animals. From this type of calculation,
Darrow and Miller (45,35) and Hegnauer (40) have not
observed significant changes in water distribution in
muscle in either DCA-treated or potassium deficient rats.
Muntwyler et al (51l) have also reached a similar conclusion
for dogs treated for 14 davs with DCA and receiving salt
sunvlements. However, this tvpe of experiment has not
been performed in the first one or two davs or even within
the first week of DCA-trestment in rats, when vpresumablyv,
changes would be more ant to occur. Thev do show that
the hypochloremia which developed in the later stare of
treatment was not due to dilution of the extracellular
fluid.

In addition to the effect of DCA on extracellular
volume, a syndrome resemblinz diabetes-insipidus has been
induced with DCA in dogs (52,98), rats (97,10,99), =nd
in one clinical case of myasthenia gravis (85), but not
in the c2t (98) or rabbit (43). This polyuria was first

shown by Kuhlmann, Rrgan, Ferrebee, Atchley and Loeb in
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the dog (18,19.49) with very large doses of DCA (°©0-25
mg per day), but doses as low as 2 mg are effective in
the dog (5°). 1In, the experiments of Ragan et al (49)

the water exchange increased seven-fold. The polydivnsi=
Aanpears to be the primary disturbance (19,49,52), for it
nrecedes the polydipsia by several days, and when water
is restricted dehydration is not severe, as it is in true
diabetes-insipidus of pituitary-hypothalamic origin.

True diabetes-insipidus is exacerbated bv DCA in rats
(98,1c) and dogs (97) but not in cats (97). Two other
factors differentiate this condition from true diabetes-
insipidus, namely it is mainly dependent uvon the salt
intake, and secondly it is resistant to the action of
vosterior pituitary extracts (49,.,52,97). The polyuria
appears to bear no relation to votassium distnrbances,
for the administration of potassium chloride to these
animals mav increase diuresis (18), or have no effect
(19). Ferrebee et al (19) and others (52), consider the
nolydipsia is associated with elevated serum sodium levels.
The fact that this condition' of polyuria occurred after a
period of initial retention of water emphasizes the
deficiency of the short-term tests of hormones on fluid
and electrolvte metabolism.

No water balance studies have been nearformed in

potassium-deficient rats.
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(f) Summary of the effects of DCA and potassium-deficiency

on electrolyte metabolism.

Proloneed treatment with relatively large doses of
DCA usually causes hypochloremia. In short term experi-
ments DCA increases chloride retention in the intact
animal, but the effect of prolonged treatment has not been
studied adequately. The muscle chloride is not significantly
changed, and there is no indication that chloride enters
the muscle cells. Hypochloremia is also nroduced by main-
taining animals on a low potassium diet for prolonged
periods. In these animals chloride excretion increases
in the first week in contrast to the retention produced
by DCA.

DCA produces alkalosis in potassium-deficient rats.

DCA causes pronounced potassium depletion. Renal
excretion of potassium increases in the first few days
of treatment, but in longer experiments it has been
difficult to detect a significant change in potassium
balance. With prolonged treatment as much as 40% of the
intra- and extracellular potassium may be lost. As a
result of the potassium depletion severe morphological
and functional changes occur in various organs. The

changes produced in animals maintained on a low potassium

diet are similar to those produced by DCA.
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DCA increases sodium retention and produces a small
increase in serum sodium concentration. Sodium enters
the cells to replace the potassium lost. In DCA-treated
animals neither a high nor a low potassium intake pevents
the inerease in serum sodium, but a high intake of
potassium prevents replacement of intracellular notassium
by sodium. Sodium also replaces potassium lost from cells
in potassium-denleted animals.

Water retention occurs in the initial davs of treat-
ment with DCA, but subsenuently a condition of polyuria
develops. The retention of water is associated with
increased extracellular fluid volume. o early deter-
minations have been made in the rat. The water exchange
is not dependent upon potassium denletion since addition
of potassium does not alleviate the polyuria. The polyuri=
apvears to be secondary to polydipsia which in turn is
regarded as a function of the increased serum sodium
produced bv sodium retention. No observations have been
made on water exchange in potassium-depleted animals,

From a review of the literature it appears probable
that the decrease in serum chloride vproduced by DCA is
associated with potassium depletion. Further evidence
for this is nrovided in the next section on hyperadreno-
corticism. Both urinary chloride loss and hypochloremia

occur in potassium-depleted rats, receiving no DCA. There
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1s no evidence that DCA increases chloride excretion, but
experiments have not been sufficiently prolonged to prove
’;this point. This problem has been investigated in the

i experiments to be reported. The increase in extracellular
fluid which occurs shortly after treatment could account
for hypochloremia if the water retention were proportion-
~tely greater than the chloride retention, or if water
shifted temporarily from cells to interstitial fluid because
of an increase in serum sodium concentration. 'This dilution
factor has not been examined in the intact animal but does
occur occasionally in adrenalectomized animals receiving

larger doses of DCA.
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Electrolyte Disturbances in Hvperadrenocorticism

(Cushing's Svndrome) .

It is of interest to consider a type of hyperadreno-
corticism, Cushing's syndrome, in connection with the
overdosage effects of DCA on water and electrolyte balance.
There have been at least eicht cases of this syndrome
reported in the literature, mainly by Kepler and associates,
in which electrolyte disturbances were observed which were
essentially the opposite to those associated with adrenal
insufficiencv. (34,102,10%,104,105,106,107). Definite
alkalosis occurred associated with hypochloremia, hypo-
potassemia and elevated or normal sodium concentration.

In most instances the bicarbonate concentration ranesed
around %5 as compared to the normal of 27 meq per litre,
but was as high as 50 mea in one case of Kepler's (104) .
The chloremia in the untreated patients varied from 93.9
to as low as 50 meg per litre. In the cases determined
the serum potassium values were about 2.H men mer litre.
(34.106,107). The fluid balance was nezative (106). and
the serum and blood volume were reported low (1.03,104)
in the four cases determined. Polyuria and sometimes
polydipsia were observed in four cases (10%3,104) . Thus
all the symptoms of DCA overdosage were observed in these
cases except for the fact that the blood volume was low
in Cushing's syndrome. This may have been due in part

to the health of the patients and particularly to the
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state of diabetes which existed. The effect of DCA and
of clinical hyperadrenocorticism may be contrasted in
this respect also, éince DCA, =s noted above. has no
effect on carbohydrate metabolism.

In a balance study on one patient)Willson, Power
and Kepler (}963 found only one period of negative chloride
balance and that was following admission before any treat-
ment with salts had been instituted or the diabetes treated.
After treatment was started, the serum chloride values
were slightly low (97 to 99 meq vner litre), but the
chlgride balance was definitely nositive. Cluxton et al
(ld%) states that there is no evidence that chloride is
being lost in these patients but does not‘present evidence.
On the other hand, Kevler (104) noted that in the one case
where balance studies were possible, there was evidence
that chloride excretion was greater than normal. Whether
this was related to the diabetes is unknown. There is
evidence from electrolyte balance studies (106.107) and
from analysis of muscle biopsy that considerable amounts
of intracellular potassium have been lost from the muscle
of these patients and have been replaced by sodium (Kepler,
quoted in (LH4)).

The adrenocortical aétivity of the blood of one
patient was found by Anderson et al (102) to be very high.
In other cases ablation of the adrenal tumor or hyperplastic

adrenal has resulted in relief from these symptoms (104,105%) .
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The electrolyte disturbances are relieved (34,106,
107) almost completely by the addition of potassium
chloride to the diet. Potassium citrate was less effective,
but this salt increased the serum chloride, as well as the
potassium and bicarbonate changes, in one case of Willson
et al (106), although Cluxton et al (107) found potassium
citrate effective only in raising the serum potassium.
Ammonium chloride caused an increase in serum chloride,
but only following a period of high potassium intake.
Sodium chloride was completely ineffective, even when given
in large doses of 10 grams a day, either in increasing
chloride or in alleviating other symptoms of the condition
(34,106.107) . Maintenance of one patient on a low potassium
diet exaccerbated the alkalosis (107).

It is believed among these investigators (1.06,107)
that the primary defect in this condition of hyperadreno-
corticism is » failure of the renal tubules to reabsord
potassium, and that the hypochloremia observed 1is associated
with the potassium depletion. The relationship between
chloride and notassium is indicated by the f=ct that
potassium chloride and nossiblv vpotassium citrate relieves
hypochloremia and hypopotassemia, whereas sodium chloride
is without effect, and by the fact that symptoms are

exaccerbated by maintenance of the patient on a low

potassium intake.
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Muscle and Serum Electrolytes as an Index of Bodv

Electrolyte Chances.

In most of the experiments relating to potassium,
chloride and sodium metabolism, conclusions have been
drawn for the behaviour of these ions in the body as a
whole from observations made solely on skeletal muscle
and serum. Not all tissues behave alike, but, in general,
they fnllow a reneral trend in so far as these electrolytes
are concerned. Since it is agreed that normally 42 to 45
percent of the body bv weight is skeletal muscle, in man,
rats, dogs, cats, and rabbits (108,109,110), and another
20 - 22 percent is extracellular fluid, these two deter-
minations account for roughly two-thirds of the body weight.
Extracellular fluid accounts for nearlv all the body sodium
and chloride, excevot for bone and small amounts of intra-
cellular sodium and chloride. The skeletal muscle alone
cont=in< seventy nercent of the intracellular fluid of
the whole body (110). Another eleven to seventeen nercent
of the bodv ic bone (108) in varinne snecies, for which
the exchange<« with extrscellular fluid ~re verv slowj
so that this evcludes =aasentiallv this fraction of the
body weight, leaving twentv vnarcent unaccounted for.
Twenty-five percent of the body sodium is found in bone
combined with calcium as an insoluble salt to form the
matrix of the bone (110), Another fraction is férmed of

smooth and cordiac. muscle, the latter of which responds
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similarlv to notassium depletion to skeletal muscle,

(84,42,35,72), and the former nrobablv also resembles

the other tvpes of muscle in its electrolyte responses,
The intestines are composed of smooth muscle and

connective tissue, mainly, and comprise four to six per-

cent of the body weight in animals (708). The smooth

muscle may be considered with other tvpes of muscle. The

connective tissue, according to the careful studies of

g T,

~Msnerv, Hestings and Danielsoni(llE,ll}){ may be classed

RERp—— SO

with the extracellular fluid phase. In brain. kidnev and
spleen (3%7,56) the alterations in electrolytes produced
by DCA or potassium-depletion 2re similar to those pro-
duced in muscle, although not a2s great. In the liver.

on the other hand, which comprises about four percent

of the body weiersht, the electrolyte concentrations are
nrobably not avpreciably influénced. by either of these

treatments, according to Heponel (37) and Darrow and

' Miller (35), Schweizer, however, found that DCA decreased

liver potassium,ias?it does the concentration of this ion
v

in other tissues iEél, In this orsan the notassium is

| more labile, and is closely associated with carbohvdrate

movements (114).

Thus, it mAay be concluded that cood estimates can be
provided by skeletal muscle and extracellular fluid deter-

minations of changes in the balance of electrolytes in

the bodv.
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B PERIMENT AL

Experimental Procedure

Experiments have been nerformed to study the hypo-
chloremia produced by DCA and that produced by a low
potassium dietary regime.

(a) The dosage of DCA reouired to produce significant
hypochloremia was determined in rats force-fed a.normal
diet. Attempts were made to determine extracellular fluid
volume in rats, in order to find out what role dilution of
extracellular fluid played in the hypochloremia produced
by DCA. This was unsuccessful.

(b) The acute effect on serum chloride and potassium
of DCA was determined and compared with the renal excretion
of these ions.

(¢) The efficacy in producing hvpochloremia of DCA,’
of a low potaassium and of the combination of these, was
compared in animals fed ad libitum.

(d) The efficacy of various salts of potassium, sodium
and chloride in relieving DCA hypochloremia was compared.

(e) Chloride and potassium balance studies were per-
formed in DCA-treated and potassium-deficient rats to

determine whether chloride loss occurred, and how it was

related to urinary potassium excretion.
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Methods.

Throughout the experiments male albino re=ts were
used. In all force-feeding experiments the animels
weighed from 275 to 300 grams, initiallv. Animals
allowed the synthetic diets ad libitum weighed on =n
average 150 grams initially. The bodv weight of rats

used to test the acute effect of DCA was about 100 grams.

Diets.
Several synthetic diets were used in the course of

the exvperiments, the composition of which is given in

Table I. The diets were either used in the dry form and

allowed ad libitum or were suspended in water and force-

fed by stomach tube. Diets A and B contain the crystalline

vitamins of B complex noted in Tehle I 2s well Aas an

alcoholic potassium-free extract of yeazt vrevared according

+o the method of Miller (115). »nd mixture of many types

af salts (modified from Steinbach salt mixture 3?). The

only difference between diets A and B is in the potassium

content; all other minerals are the same. The addition

to diet A nf phosphate as the potassium calt was compen-

sated for by the substitution of calcium lactate for part

of the calcium vhosphate. In the dry form. diets A =nd

B contained 10.0 and 0.°5 meo of notassium per 100 erams,

respectively, and both contained 6.00 men of sodium chloride.

When dissolved in water, the fluid diets A and B contained
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TABLE I
g%ngONSTITUENTS OF THE VARIOUS SYNTHRTIC DIBTS
gggigigUENfS 9% % B % C and D % E_grams
S 29 . o 2 [o7 g
Dextrin ol .7 28.7 25% 56 % 360
casein (law a<h) 21.7 21.7 25%
Whole milk powder | . 600
Cellu-flour 9.9 9.9 120
Corn oil 6.4 6.4 10% 10
Wheat ecerm oil 1.5 1.5 1% 10
Cod 1iver oil 1.5 1.5 1% 10
Yeast (Pabst) 14 100
Yeast extroact * (eruivalent to 4 grams of veast)
S=1lt mixture s« 2.0? 2.02 40
Bone ash 2%
NaCl 0.41 0.41 1%
KoHPO), 0.82
KC1l 1% in C only
C>lcium phosphate 0 0.82
Calcium lactate 1.48 0
Vitamin K 100 mg.
Vitemin mixture ***» 40 me 40 me
Dietgrams 100 grams 100 grams 100 grams 1200
Water added for
fluid diet 72 cc 7° cec 960 cc
Total volume 140 cc 140 ce axx 2000 cc

*»*3511 mixture for 100 erams of diet A #nd B

Vitamin mixture for

grams 100 gram~ of diets A 2nd3
ifrenesium sulfate 0.013 Vitamin K 6 mg
ferric citrate 0.13% Thiamin 2
sodium iodide 0.077 Riboflavin 1.5
manganese sulfate 0.504 ryridoxine 1
zinc sulfate 0.027 Calcium pantothenate 2.5
cupric sulfate 0.03%3% Nicotinic acid 1.5
oalcium phosphate  0.636 Choline chloride 25.0 .

x* 321t mixture for

contains 22 erams of potassium phosphate 2nd
nd 7.7 erams -of sodium chloride per 100 grams

potassium chloride A
~nf slat mixture.

The alcohol veast
of Miller (115).

Diet E vas Osborne and Mendel mixture which

12.5 grams of

extract was prepared according to the method
Yeast was extracted repeatedly with water and

then alcohol was added and tartaric acid which precivpitates with

potassium as the tartrate.

at room temperature after preparation as Agove,

the volume of extract added.

The extract was partially evaporated

in order to reduce
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7.06 and 0.18 men of potAassium per 100 cc of diet. In

the first experiments a concentration of chlnride of 7.6
mec per 100 cc of diet was used, but later this was reduced
to 4.”4 meq per 100 cc. This latter amount corresponds

to that added to the dry diets, that is 6 mea per 100 grams
of dry diet, and is more than adequate for the normal
growth of rats (116). This alteration in chloride intake
had no effect on the electrolvte balance. The diet fed
during the control period for each animal was identieal

in composition to that fed durine the experimental period.
except for the potassium content. Diet C »nd D are
similar diets used in preliminary experiments in which
unextracted dried veast (Pabst) is used as a source of
vitamin B complex and potassium added as the chloride

to the control diet. Other salts are added in the form

of sodium chloride and bone ash. The content of potassium
was calculated for diet C as approximatelv 13 mea and that
of diet D »s approximatelv 0.40 meq per 100 grams. Diet

E is a normally balanced fluid diet, which contains &
higher concentration of potassium from the veast and salt
mixture alone (Table I - footnote), although the potassium
concentration was not determined. The chloride concentra-

tion was 13 mea rer 100 cc. Animals used to test the

acute effect of DCA were maintained on purina prior to

the experiment.
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The enimals fed ad libitum were kenpt one or two
per cage and a rough estimate of the food intake obtained
by weighing the food jars daily. An estimate of the
caloric intake was made from the caloric velue of the
constituents of the diet.

The fluid diets were in stable cuspension being mixed

/'?
with the aid of a™mix-master! Hhandling for several daysf{ f

prior to use in experiments to adapt the animals to théw &
factor of héﬁdling. The animals were fed at the same time
each day at about »n eight-and-one-half hour interval.
During feedine the animals were held gently in the left
hand while the tube was passed down readily into the
stomach. Thev were placid after the first dav. undis-
turbed by this techniocue of feeding. Thev were first
sdapted to the force-feeding technicue bv gradually in-
creasing the daily allotment in three or four days up to
full feeding, which was 25 cc per day, and following this
thev were maintained for at least a week before control
balance studies were performed to allow for stabilization
of electrolyte excretion. In spveral experiments through-
out both control and experimental periods 18 or 20 cc of
the diets A and B were fed., instead of 25 cc in order to
reduce the stress upon the hypotonic gut of potassium-

deficient animals and delav the onset of castro-intestinal

stasis. The control =nd experimental results were obtained

therefore under comparable conditions.



44

In metabolic evperiments the rats were kent in indi-
vidual cages and were force-fed. The water intake (distilled
water) and output was measured. Urine was collected for
chloride and potassium determinations at the same time every
morning after the grids and funnels were washed down with
distilled water. Care was taken to nrevent loss of urine
by excretion during the handling of the rats, by compressing
the bladder before the animals were removed from the carce.

In the balance experiments, each rat <served as his own
control. No fecal snalvses were made. A rontrol study of
8 to 10 davs was made during the dietary A regime. The
balance studieas were continued in the sPme rate during the
experimental period.

DCA w=<e iniected in cryetallinesuspension in water
(+n narmit prolonged action). Dose= ecreater than nhveio-
1ngical were used in order to obtain the maximal effects.
From 2 to 4 mg. was injected subcutaneously vner day, avrept
in the experiment testing the effect of dnsage.

Blood samples were collected during the experiment from
the tail of the r=t for chloride determinations, which in-
volved arror due to the chloride shift from blood cells to
cerum. but which eave An idea of the change produced. At
the termination of the erperiments the AnimAl was =anesthe-
ticed with urethane which has been found to h=2ve onlv minor
affects on electrolvtes of the serum (117), And blood w=s
rollacted under oil from the abdominal aorta. Serum
um and chloride determinations were made on thi-,

potassi

In several instances 1n the force-fed 2nimale, and in =11
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the anim~ls fed ~d Tibitum of diets A and B. hlood was
obtained by cardiac puncture under urethans an~sthesis for
both chloride and votassium determinations. This wa= done
becau-e it was found that serum from %tail blood or blood
obtain=d from the heart without ~nesthesia tended@ to have
more irresular and hicher potassium concentration. linscle
and smAll intestine samples were collected under anesthesia
for electrolvte determination~. In the nre<ent report ~nly
the water content and a couple of muscle notassium veolues -
2re revorted <ince electrolyte studie« are not completed.
Tia~ue water was determined after Aessication at 100°C
until conestant weight was reached.

Chemical Methods. The potassium content of the diets, urine

Aand serum was determined by a<shing the samples and bv sub-
seocuent precipitation with silver-cobaltinitrite reagcent At
20°C. The precipitste was washed 3 times with = washing re-
~gent composed of alcohol, water and ether. The va~hed pre-
cipitate wae dissolved in 4ilute sulfuric acid. The blue
color develored bv adding Aalcoholic ammonium thiocyanate
solution to the dissolved nrecipitate was determined in the
Evelyn colorimeter with Filter #620. A «eries of standards
were run with each set of unknowns: and at least two deter-
minations on each sample were made. In analysing the accurscy
of the methnd duplicates were run through the whole chemical
procedure as if they were separate sample<, for a seri=as of
40 serum and urine samnlec over a nerind of several months.

The standard deviation of the differences between each mean

and ite duplicate values was 1.1 nercent.
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9

Chloride was determined in urine and serum bv the
p U]

me thod of}ﬁendroy (118) and modified by Van Slyke and
Hiller (119). The standard devistinn of this method was
0.3 percent. Dietary chloride was determined by the
usual thiocyanate titration following diggﬁtion in silver
nitrate solution (Peters and Van Slyke,fié%), and whole
blood chloride bv Patterson's micromodification bféi)/{g

An attempt to determine "thiocyanate-available"

fluid volume, as an estimate of extracellular fluid volume,

was made. This was based on methods used in larcer ani-
mals. However, although many of the results were acuite
consistent about a fierure of 27 volume< percent of the
bodv weight, about one in ten values were very hich in
nermal animale. The errors were con<idsred tn be too
high to Aetect chanees of the order of ten to fifteen
rarcent in extracellular fluid volume.

Statistical analvses have been nerformed using the

usual formula for standard deviation of samples within a

grovn, and using paired samples in most cases to evaluate

the difference in behaviour of animals to treatment S}?g)-!}o

-~

In the following formulae n refers to the numb~r of
animals in 2 eroup, n-1 beine the number of decrees of
freedom. X ie the mean of a egrouv, and x the individual

samnles, d is the difference between individual paired

samples, and Xy refers to the mean of the differences,
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S.D. (standard deviation) = (X - X)2
n -1

S'E'X' (standard error of the mean) =| (X - 3)?
n (n-1)

S.E.j-c-d (standard deviation of differences between paired

samples) =E X - (x1 - x9)
n (n - 1)

and "t" or Students test of significance

=Xd

S.E

.X%
When the value of "t" is 3 or more, there is less than

one chance in a hundred that the differencs X; is due to
chance, and therefore this difference is highly cignificant.
With a "t® value of about 2.6, there are five chances in a
hundred that this difference between groups will occur by
chance alone, and the difference is con<idered to be probably

cignificant, or on.the border between significance and

insignificanrce.
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EXPERIMENTAL RESULTS

A. The effect of various dosszes of DCA upon whole blood

chloride in rats.

This experiment was performed to determine whether
small doses of DCA can produce hypochloremia, in order to
establish whether this effect is due to overdosage.

These rats were force-fed the normally balanced diet
E throughout the experiment. The potassium content of diet
E is greater than that of the other normal diets used
(diets A and C). Blood was collected from the tail during
control Aand DCA periode. The resulte and treatment are
summarized in Table IT.

Table IT
The effect of dosage of DCA upon whole blood chloride

in rats force-fed a normal diet.
No. of DCA weeks of Whole blood chloride (meag per ligre blood)

animals mg/day  DCA Initial s.D.X Dpca S.D. n
10 0 77.6 1.1
2 0.05 L 78.5 - 82.0 - -
6 0.1 4 77.2 1.7 75 .4 2,2 1.62
6 1.0 3 76.5 1.4 73.3 1.9 1.82
6 5.0 3 77.2 2.2 0. 2.3 4.2
6 10.0 3 77.3 1. 9.9 1.7 ITGI

& Footnote: see statistical methods.

These data show that in rats force-fed a diet of more
than 1 mg of DCA per day was required to lower the whole
blood chloride significantly. With doses of 5 or 10 mg.
treatment for about three weeks was required to lower the
serum chloride by an average of 6 to 7 mea. These doses
were equally effective. The smaller dose of 1 me., did

decrease serum chloride glightlv in some animal=s, but
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this effect was not ~ignificant «tatistically; Therefore,
it is concluded that the hvvochloremia action of DCA is
An overdosage effect, <ince the ontimsl nhy=iological Adnse
for an adrenalectomized rat is of the order of 0.1 to le=s
than 0.5 mg. per day (172). The vhy<iological dose nf an
2drenal hormone is the dose renuired to maintsin life in
adrenalectomived animals.

A few remarke m”y be made recarding the water axchance.
In these animals receiving » relatively hieh intske of
sodium chloride (2.7 meq. of chloride daily) relative to
their reauirements, DCA increased the water exchange after
a delay of one or two days. As has been observed for the
dog (~2) volvuris =nd vpolydipsiAa were parallel except
durine this initial neriod. The increased water exchange
was not correlated with the hypochloremia. It occurred
with doses of one mg. or more. The level of diuresis reached
finally was two to two and one half times the control v~lue
of 14 to 17 cc 2 day. The maximum increac<e was as great
with 1 mg as with 10 mg, but with the larger doses the
increase was more rapid. The maximum effect thus was
attained in epnroximately two to two 2nd one half weeks
with large doses, while with 1 me dose the maximum diuresis
nerurred in =n average of three and one half weeks.

B. The scute effect of DCA upon Serum Chloride and Potassium.

The offect of DCA on <erum chloride Aand not2ssium was

investicated a few hour< ~fter administration to find out
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how nuickly this steroid ~ffects electrolvte concentra-
flons an® to determine whether earlv chanees in serum
chloride concentration can be correlated with renal
excretion of this ion. In previous axperiments of the
2uthor (la) in voune rats it has been shown that a large
dose of DCA (6 mg) can lower blood chloride within four
hours. The blood chloride was reduced froﬁ 75 to 70 men
ver litre. Ir the present study this has been confirmed
in one rat of bodv weight 105 gram= given a 5 mg dose of
DCA. The study is preliminary since only one control rat
and one experimental 2nimal was examined, hut the results
are reported since they substantiate findine=s in the
balance studies and point to the evistence of one of two
mechanisms bv which DCA can nroduce hypochloremia.

The data for these two rats Aare siven in Table III.
Urinary analyses of vpotassium and chloride were verformed
for the eicsht hour period of the exneriment. The bladder
wasg washed out with distilled water at the end of the
period. The animals were fasted prior to the test and
no food or water was allowed during the test.

The dat& show that within 6 to & hour« a very large
dose of DCA can reduce both serum chloride and potassium
concentration to v-lues lower than normal. The serum
chloride concentration was reduced bv 9 meq per litre,
and the potassium concentration of the DCA-treated rat,

was 0.6 men lower th n the control animal, as well as



51

lower than anv normal rats which have been studied. The
seérum water was higher (93.9' grams percent) than other
anim”ls which have been observ~d in this colony, the raflg9
of normal being 92.2 to 93.2 grams per 100 grams of serum.
As shown from the calceculations below the hypochloremia

could not be accounted for by the excretion of 0.1 meq of
chloride. Since tissue potassium studies were not performed
on the muscle, little discussion can be made of the
notassium loss except to point out that the urinary excretion
can only account for the decrease in the extracellular
potassium concentration of 0.6 meo per litre (Evtracellular

fluid volume X decrea<=2 in extracellular K concentration
1000 cc

= .25 x 105 x 4,23 - 2.61 - 016 men)
1000 cec x .939 '

In calculating the total loss of chloride from the
extracellular fluid which would be renuired to account for
the hvpochloremi~ observed, it will be first Assumed that
the "ehloride-=vailablea" extracellular fluid of the body
i« not altered by DCA. Tha normal vnlume of "“e~hloride-
ayailable" fluid is approximately twenty-five percent of
the body weight (123). Therefore the total loss of
chloride from this fluid (in practice, the extracellular
£1uid of the bodv) can be calculated as follows, the

dqecreass in serum chloride beine 9 men per litre and the

bodv weight, 105 grams:
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decrease in evtreacellul=r Gl concentration x extracellular

fluid volune

9
1000 x 0:935 = 0,95 > (0.5 x 105) = 0.97 mer

wher= 0.95 #nd 0.939 are the Donnan factor and the serum
water concentration used to convert the serum chloride to
extracellular (ultrafiltrate) chloride concentration.
Thus, assuming that the volume of fluid in whiech the
chloride is distributed remains constant, a loss of 0.27
m2a chloride from the extracellular fluid has ocrurred.
The loss of chloride in the urine was onlv 0.1 mea. There-
fore this does not account for the ~arlv hvvochloremia
nroduced bv DCA. Since chloride was not lost from the
bodv. the volume in which chloride is distributed (the
extracellular fluid) must have been increased. This
indicates that hypochloremia can occur in the rat as s
result of expansion of the extracellular fluid =oon after
the administration of DCA. As discussed in the r?view of
the literature it is unlikely that chloride enters the

cells as the result of DCA-treatment, while increase

of the extracellular fluid has been shown to occur in Aoes,

Table ITI
THE ACUTE EFFECT OF DCA ON SERUM CHLORIDE aND POTASSTIUM
CONCENTRATION .
DCA Control - no DCA

Serum chloride meq/1
the day prior to experiment 109 .4 107.4

6 hours after DCA (tAail blood) 100.2
& nours after DCA (~rterial
blood under oil)
Serum notassium mea/]

g hours after DCA 3.61 4.23
Urinary ootassium mea in & hours 0.C1h4 -
Urinary Chloride men in & hours 0.106
Serum water grams / 100 grams 93.9

Muscle water esrams/ 100 ¢ solid 73.3 4.5
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C. The effect of DCA on_serum chloride of potassium-

deficient rats.

The extent to which the serum chloride can be lowered
was compared in normal rats treated with DCA, in rats
maintained on a low potassium diet and in rats maintained
on a low potassium diet and treated with DCA. These Animals
were then used to test the effect of various salt solutions
upon the hypochloremia. The diets were fed ad libitum.

The diets fed were diet C and D, which are normal
and low votassium diets, respectivelv. Three eroups of
rats weighine between 150 and 175 erams were used. In
the first diet C was fed throuchout, snd DCA was administered
daily in a donse of ? mg, for twenty days. In the second
groun the low notassium diet was fed for 35 days. In the
third group 2 low votassium diet was fed for eight days
prior and durineg the ten day period of DCA treatment (2 mg
daily). Throughout the exp@riment‘the serum chloride was
Aetermined from tail blood after a fast of eight hours.

The data are nresented in Table IV.

The Effect of DCA =2nd Low Pontassium Diet on Serum Chloride

TABLE 1V
DIET ~ PURINA LOW POTASSIUM NORMAL POTAssmna
DAYS ON DIET - 8 18 35 9 20
GROUP NO. RATS DAYS ON DCA - 0 10 O 9 o0
I 6 106.9 * 99.5  97.%
+ 1.9 + 3.0 + 2.1
II 6 106.1 9;.2
o7
1 105.8 10 .6 92,6 —
I ° + 1.7+ 2.3 £3.2

Footnote: #* Serum chloride concentration in meq ver 1itre
civen with standard deviation.



These data show that the serum chloride was reduced
9 to 10 meo per litre by edither a low potassium dist or
?CA inimctions nf 2 mg per day. DCA produced » more r=pid
decrease in the serum chlnride than the low potassium diet.
A= can be noted from group III a decrease in serum chloride
occurred when the rats were maintained on diet D for only
eight days. This difference of 2.2 mea ner litre was small
but hieghlv sienificant statistically ("t" was 7.3) because
of pairing of sample=s. It nccurred in all but two animals.
The serum chloride was lowered 11 men further by 10 days of
DCA treAtment to values which were lower than were observed
in either group I or II.

These results confirm those of other investigators which
have <hown that serum chloride may be reduced by any of
these three procedures. In addition these data revmit »
comparison between the effectivene<s of the three treatment-
in prodncing hypochloremia, the combined treatment being as
one would expect the most effective, the injiection of DCA

the second and a low potassium regime *the third most effective

means of producing hypochloremia.

D. The effect of salts on DCA-hypochloremia.

In twenty of the DCA-treated rat< used in the above
sxperimente isotonic =solntions of variou~ =3lts of potassium,
sodium and chloride were administered to test the ~ffect

of these ions in returning the hypochloremia. This wac
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rerformed to compare the hypochloremia prodiced in DCA-
treated rAats to that observed in Cr~hinemte Syndrome. The
rats ware treated with DCA %nr ten to twentv days and
maintained on dist D, n~», in a few case<, on diet C, unti’
hypochloremia was marked. The chloride intake w=s normal
throughout. The s2lt anlutions were administered by
stomach tube rene=atedlv over a sixteen hour intervel =2ch
day. This was done in order to ensmre that th~ animals=s
received the same dose of ionc. The «alts administered
were potassium, chloride, potassium citrate, sodium chloride
and ammonium chloride. The total dnse given in one =nd
nne half to two days was 0.93 to 1.8 meo of the potassium,
sodium or chloride ions. Eight hours prior to blood sampling
the food was withdrerm and no salt solutions were 2dmin-
istered in this interval.

The resulte 2re cummarized in T2ble V. These show
that vpota<ssium chloride, pot2ssinm citrrte and ammonium
chloride increased the low <erum chlnride concentration
partly towards normal, while sodium chloride~ had no effect.
Four davs following the =alt A~dministration in the various
egrouvs, the serum chloride had returned to the initial low
levels acain, since DCA-treatment wa< continued throusghout.
These experimentes show that an increase of th= notassium
ion alone (votassium citrate), increa=ed the serum chloride.
The administration of the chloride ion in the form of sodium
«alt had no ~ffect, but chloride in the form of ths ammonium

and potassium salts were sffective in thes=e short term

experiments.
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The results confirm the observations of Willson et
al (106) =and Cluxton et al (107) on the hynochloremia of
Cushing's syndrome in res=rd t» the effectiveness of
- potassium chloride and inefficacv of sodium chloride on
the hyvochloremis., The former inve<tigators found
ammonium chloride. following 2 period of votassium admin-
istration, and notassium citrate increased serum chloride.
In the experiments revorted in T=ble V which lasted for
two days both of these salts also incress~d the serum
chloride, the ammonium chloride being effective for this
neriod even in the =bsence of nota=sium.

It was planned to run similar experiments in force-
fad rats with the ions added to the diet, to remove the
objection to oral gavace. The develorment of gastro-
intestinal diqturbances.prevented this, except for a few
tests Witﬁ potassium phosphate and sodium chloride =added
to the diet. In these the potassium salt resulted in an
inerease in serum chloride, and a decrease in urinary
chloride loss, while the sodium chloride, in a small dose,

was ineffective. These observations will he considered

with the balance studies.
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Table V

BFFECT OF SALTS OF POTASSIUM, SODIUM AND CHLORIDE ON
DCA-HYPOCHLOREMIA *

Treatment DCA DCA =nd treatment with selts DCA-U4 days after
<alt treatments

No. Rats Clo® salt Cla No. rats with
S S
ircreased Clg Clg
5] 93,6 KC1 99.9 4 94,5
7 93,5 K-citrate 98.6 7 9%.9
4 96.3% NaC? 96 .4 1 96.0
4 93.9 NH), C1 99.4 3 -

*¥ after one and one-half to two day< of treatment with ths
various salts,

*% Clg = serum chloride in mea/1itre

E. The effect of DCA and potassium-ieficiency on the

potassium and chloride balances of forca-fed rats

Potas<ium and chloride balance and ~erum studie<« have
been performed in rats treated with DCA. in rats fed » low
notassium diet end in r~ts “ed = low notassium Adiet and
treated with DCA. These experiments were performed to
determine whether chloride is lo<t in the urine, 2rdi whether
a loss, if it occurs, could account for the hypochloremia
which is prodnr~ed bv these treatment-. Potassium balAance
experiments were performed to determine the actual vpotassium
losa from the body since this has not heen performed before
in DCA-treated rats and to correlate the hvrochloremia with
potacaium changes, In addition. A repetition was planred

~f the experiments testing the effect of sodium, votassium
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and chloride administration on hypochloremia, but only a
few ob-ervations were made because of the gastro-intestinal
changes which developed. Attempts to determine the extra-
cellular fluid volume by an adaptation of the thiocyanate
method (124,125,126,127) to the rat, were unsuccessful.
?;gg&gggﬁ; Balance studies were performed in rats weiching
an averag~ of 290 gram=. They were fed 2 constant amount
of diet by stomach tube at regular intervals in order to
~liminate variation of intske of food. The diets A =nA
B are described in Table I =and the technioue of force-
feeding is given in the section on method. Each animal
was observed during a control period on Diet A and during
the experimental period.

Unfortunately, the animal quarters were not well-
regulated and variations in temmerature occurred from day
to day. Since these influence the sodium chloride excretion,
especially, the urine‘was pooled for two days in most cases
to help cancel variable not related to the specific treat-
ment. Rats were first fed the full feeding of 25 cc of the
diets but since disturbances in the gastro-intestinal tract
developed in notrssium-deficiencv, it was found advisable
to prolones survival bv reducing the dietary allotment to
either 20 or 18 cc ver day by eliminating the di~tarv bhuvlk,
eelluflour. The animals were studied until defication

reased or until retention of flnid in the eut counld be

Aetected.
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At this point it is necessarv to mention the castro-

intestinal disturbances which occurrad in these force-fed

nrotassium deficient rats. These prevented prolonced balance
studies under these conditions and 124 to the death of the
animals in acute distension of the whole g~stro-intestinal
tract. As 2 result of the fluid retention in the gsut and
possible inaccuracy it introduced at an unknown vpoint of
the balance period, the experiment was terminated after

a total of 11 animals were studied and conclusions are
based on these observations. Attention w=s then concen-
trated upon the abnormalities produced in the gastro-
intestinal tract. In notassium-deficient rats force-fed
95 ¢cc¢ of synthetic diet defecation ceased as a rule in 6
to 10 days but in some animals treated with DCA no fece= .
were excreted after 4 to 5 days. Gastro-intestinal dis-
tension developed and became of tremendous proportions.

A1l the untreated rats died before two weeks of
potassium-depletion, and if thev received DCA thev usuallyv
died in about & to 9 days. In the distended raég fluid
and gas, and later unabsorbed food, was retained in the
atonic. flaccid bowel. Whether the fluid in the eut was
increased prior to the cessation of defecation i« not known.
X-ray studies were performed in other deficient rats during
the first five to seven day= of deficiency which was prior
to cessation of defecation. Since these did not reveal the

characteristic fluid and gas accumulation or appreciable



60

dilatation. it is probable that the fluid loss into the
gastro-intestinal tract may be neglected for the first
five to six days in rats fed the full feeding of 25 days.
In experiments in which survival was prolonged by feeding
the animals smaller aliquots of food and eliminatine cellu-
flour (rats 205,204,10%,105,310 and 303 of figures 1.3,

and 4), longer examination of the balance of electrolytes
was possible before distension occurred. The sudden ]
increase in retention of chloride seen in rats 101 and 106
(figure 2) from the 7th-8th day and 9th-10th days, respect-
ively, and after, was probably associated with retention

in the gastro-intestinal tract since defecation had almost,

but not quite ceased by the 7th and 9th dav, respectively.

Growth: Force-fed animals given 25 cc of Diet A (49 calories)

gained an average of 1.6 grams in weicht per day after
adaptation to the diet. Weight was lost initiallv during
adaptation. When the animals were maintained on 18 or 20

cc of diet A (35 or 39 calories) the gain averaged 0.5 grams
ner day. The gain in weight of potassium-deficient rats

was gimilar, averaging 1.7 grams over the first eight days

in rats fed 25 cc of diet. It is possible that the retention
of fluid in the body proper and/or in the gut contributed

to this gain, even orior to the development of gastro-

intestinal disturbances, since rats allowed food ad libitum

gained little weight.
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When food was allowed ad libitum to rats of initial

weleht of 150 grams, the daily intake of dry diet A was
roughly 15 grams equivalent to 40 calories. This amount
contained 1.4 meq of notassium. The average gain in weight
of rats maintained on this diet for 47 days was 2.2 grams
per day. Rats kert on dry diet B ate on the average 12.5
grams a day over a period of forty days, following which
the intake was more irregular and the animals more wasteful
of the food, so that food weishings were not continued.
This was equivalent to %3 calories and contained 0.03%5

meq. The gain in weight of one group was 0.6 grams per
day over a period of thirty days, while a second group

of different strain gained 0.2 grams daily over a period

of sixty days. Thus there was a difference in the rate

of growth between the potassium-deficient and the control
animals. This was not dependent upon the intake, which,
although smaller in the deficient animals, was adeauats,
This indicates that the utilization by the body of the food
is less efficient in potassium-deficiency than normal,

a conclusion also reached by Orent-Keiles and McCollum
(42). Since the Aanimals used in the experiments reported
here are adult rats, potassium deficiency was not as

serious as it is irn vonng rats and some growth was

nossible.



Charts: Potassium and chloride balance studies were
completed on three rate given diet A and DCA, three rats
given diet B, and five rats given both diet B and DCA
injections. The results for each animal are represented

in separate charts givine control =nd experimental balances
for ~ach animal (figures 1 to 4). The data have been
analysed in Table VI. In the charts the chloride 2nd
notassium balances are represented, in most cases for two
day intervais, for the control and experimental periods.
The serum chloride values are given for the day of the
balance on which they were determined. The figures on

the top line are the values for the first dav of the two-
day period, and those on the lower line are the values for
the second day. In the T=2ble VI figures for the average
daily retention of chloride and votassium during control
and experimental periods are given. Since the animals were
adult and the gain in weight did not differ in the two
periods of each experiment, the body requirement of each
jon was then assumed to be the same throughout. Therefore,
the difference in the potassium and chloride balances
between the control and experimental nerinds (~olumn C)

was calculated as the algebraic difference betwesn retentions
during the control =nd evneriment2l veriods, It mav be
mention~d again that in these b~21ance ctudies the fec2l
avcretion was excluded throughout, <~ that the bal=ance

figures are not ab<olute. In comnaring the control with



the evperimental neriod thi« factor presumablv cancele

out. The fecal potassium excretinn has been observed to

be very small and relativelv constant in notassium-
deficient 2nAd normal rat= (4Lo) . In experiments nreliminarv
to the metabolic studies reported here the suthor has
determined chlnride excretion in the feces of normal and
DCA-treated force-fed rats, and found only traces of
chloride excreted by this route., The amount excreted

was the same in both groups of animals averaging 0.031
men + 0,003 per day.

Calculations: The control serum chloride concentration

Pni the lowest <serum chloride obtained tow=rds the end of
the exmerimental neriod are alan vreaented in Table VI.
From this the loss of chloride from the extracellular
fluid was cealculated (column F) on the assumptions that
the chloride is distributed through the~ <s2me volume of fluid
in control 2nd exverimental neriod, that this "chloride-
available" volume is 25 percent of the body weight (123)
or 75 cc in a 300 gram rat, and that'99.5 percent of the
serum is water, a figure obtaine~d as an average of serum
water determinations. Thus the total loss of chloride
was calculated from the decrease in concentration in 75 cc
of extracellular fluid water as follows:

( (Cl)g - (Cl)n) 100 x 1 ¥ 75
TO00 972.5 0.95

where 0.95 is the Donnan factor =allowine for areater anion

concentration in the intarstitial finid from which the

spAiffusible anion of the serum (rrotein) is execlndaqd.
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The loss of body potassium (column G) waé calculated on
the assumption that 0.25 percent of the body weight in the
rat is potassium, a figure noted by several investigators
(124,195,125). Thus the total body potassium in the normal
rats weighing 300 grams is anproximately 19 meo. The total
loss of potassium in the number of days noted (column E of
table 6) was calculated as a percentage of 19 meq.

Chloride balance: As can be noted from the charts (Figure

1,3, and Y4), DCA increased chloride retention for about two
days, significantlv in five of eight rats (204,102,103, 303,
301), and very slightly in a sixth (205). After the first
two or three days, in all but one of the eight rats (102),
a negative balance of chloride occurred, and in one case
(108), on low potassium diet, this reduction to negative
values occurred immediately after DCA without any initial
rise or maintenance of chloride balance. The only animal
of the whole group of 11 rats in which no loss of chloride
occurred during DCA treatment or during notassium depletion
was 102. Coincident with this observation this animal was
the only one in which the serum chloride was not reduced
appreciably at the end of the treatment. In two of the ani-
mals depleted of potassium by maintenance of Diet B alone
(101,106), the chloride balance became negative immediately
The initial chloride retention which occurred

(Figure 2).

in DCA-treated rats was not observed. Rat 104 on diet B
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1s included mainly for the potassium balance since this
animal developed pneumonia from aspirated food and the los=s
of chloride mav have been due to this on the last dav (5th
day). A decrease in chloride balance occurred but not until
the third dav. It is of interest that the addition of <sodium
chloride to the diet durine the experimental period in rat
10% did not prevent the development of » negative chloride
balance (Figure 3). Diet B with 7.6 men percent chloride was
used during the experiment2l period as compared with diet

A with 4,24 meo percent during the control. On the other
hand, the addition of potassium to the diet of rat 105 (Figure
3) immediately brousht the chloride balance up to + 0.01,
which was associated with a marked retention of potassium;
the DCA injections were continued throughout. Iwo days iater
the DCA reduced the potassium and chloride values to siightly
negative retention despite the continuation of the high
votassium intake. in the case of rats 101 and 106 (Figure 2)
it is very possible that retention of fluid and ions in the
gastrointestinal tract occurred and that this account= for
the return of the chloride balance to normal po<sitive 2a has
been discussed above with the notes of the gastrointestinal

changes.

Serum chlorid=: In <everal cases of DCA-trerted rate 2 amall

Fecrease nf about © to 5 men per litre of <erum chloride occurred

during the first two (T",‘t 109,0(\&.905,]-02,105) . R~ts 302 and
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301 were not tested until the third Aav whan halance was already
necative. Thie earlv decrease in <erum chloride was aesociated
with either an increased or normal chloride retention. At the
end of the experimental neriod the serum chloride was r=duced
bv an average of 12 mec below the nontrnl crncentretion. Thisg
»verage was for ten rats (excluding »at 104) and for a duration
of DCA or low notassium regime lasting an average nf eight
davs:, There are not sufficient commarable data to dr=sw con-
clusions a~ to the loss of serum chloride bv the three treat-
ments. Under the conditions of the experiment there we= no
appreciable difference between the rats of the three eroun=.
The later hypochloremia was asasnciated with the loss of chloride
from the bodv. Thus reduction of serum chloride by DCA -v=e
nroduced hnth durines the initial phase when chloride was
retained or not lost, 2nd durine the nhase in which chloride
balance was negative., Thie indicates that with nrolonged
tre~tment DCA influenced th- serum chloride concentration by
two different mechanicsms.

T+ i« interesting that the figures for chloride locs from
the urine (Table VI column E) account reasonablv wekl for the
loas of extracellular chloride (ecolumn F) in seven of nine rats
which developed hypochloremia. The agreement i< not so close
in rats 108 and 303, the former of which behaved differently
than the other rats with reeard to chloride loss in urine.

Among the groun of nine animals the urine loss averaged 1.13
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%0 marked, the average urine log« for & rats was 1.06 men as
Compared with an extracellular chloride loss of 1.21 men. The
deviations were large in percent, but not in actual amount of
chloride, Considering the number of assumptions and the ten-
dencv towards retention of fluid in the ent ~fter several days
of vpotassium deficiency, and the fact that repeated bleesdircs
of the animals remove chloride from the body which has not
been considered in the chloride loss colﬁmn (E). (0.2 cc of
blood was removed from the tail for a serum determination of
chloride), it is surprisine that the serum chloride loss ig
accounted for so vall bv urinary chloride loss. From this it
is concluded that thé hypochloremis nroduced by prolonged
treatment with DCA is due to renal loss of chloride=,

The addition of rotassium to the diet of rat 105 (figure
3) increased serum chloride from 97.9 to 101.1 meqg ner litre.
In another rat fad diet B alone (rat 201 not included in the
balance studies), the <erum chloride was inereased from 81,9
to 93.4 in nne day. The very low velue of 81.2 was probahly
rartly due to fluid retention in a visibly di<tended ecut.
The increase of sodium chloride content of theo diet B fed rat
103 did not influence the hypochloremis produced.

Serum Chloride in rats fed ad libitum: It took longer

to nroduce hynochloremia in rate fed dist B ad libitum. In
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these animals fed diet B for %9 davs and given no DCA, the
serum chloride was reduced by an average of 8.1 meaq.

Potassium balance: The charts ~how that the potas<ium

balance of rats on diet B was markedly neeative throughout

the regime of low potassium diet in both DCA-iniected and non-
injected animals. (Figure 2,3,4). 1In the DCA-treated rate

on diet A, (Figure 1) there was sharp decrease in the potassium
excretion, but actual negative balancec (excluding fecal
excretion) were not obtained. Followine the initial decrease
there was 2 gradual return towards the normal limits of
retention. The total loss of potassium in the number of days
noted (column E of table 6) vae calculated as a percentage of
the tntal body nrotassium ~f a normal rat weighing 300 grams

and is given in column G. Arnroximately one-third of the

total potassium was lost in eight days in rats force-fed the
low potas<ium diet B. regardless of whether DCA wa= admin-
jstered, although the number of observations are too =mall

to nermit the conclusion that DCA doe<« not increase enhance
potassium excretion in rats maintsined on 2 very low potassium
intake. The initi»l pot~s<ium loss seemed greated in the DCA-
treated group,as can be noted from comparing figure 2 with
figures % and 4. After much potassium was lost during the
first four to sic days, presumablv there was less pots<<sium
available for excretion and the potassium lose fell off

sharply. The los< of body notsssium wa=s much less in the

group receiving DCA and diet A, being of the order of 10

percent in 6 to & days.
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Tissue potassium: The potassium concentr-tion wa-=c
determin=4 for the muscle 2nd intestines nf 2 potessium-
deficient rats, one force-fed and the other (rat 13°) ceverely
deficient from e~tineg dist B ad libitum. The rmsecle notecsium
wacs 29,1 Aand 20,2 men /100 gram= fat-free solids, and intestinal
rotaseium was 30.6 and 31.7 mea/100 rrams fat-fres solids, Two
normal animAal-~ had concentretionsin muecle And inteatine of
4 men and Lo men, re<pectivelv. Fnr the miccle and intestine
in these animal< the l02s of pota~<ium wa~ 33 to 25 verc~nt,

respectively.

Serum not~ossivm:  Serum pot2csinm concentratioms for both

experiments with force-fed rats =»nd with rats =llowed unre<tricted
apounte of fond are given in table 7. These will be referred
+o0 agein in the section on the z2-trointestinal tract. In rate

Ped ad libitum the serum notassium was decrassed by & Tow

nntassinm intake from = normal of 4.87 men per litre (Aiet A)
+to ap averace of 3.0 men ner litre in °1 to %5 day=<. M~r~ pro-
long~d maintenanc~ on diet B (A7 d=y~) lowered the potassium
concentration to ?.7% men per litr». Rets civen DCA Aand e2tine

the normal diet A ~howed a similar redn~tion in serum mot~ssium.

In one animal treated with DCA 2nd civen diet B a4 libitum. serum

notassium was very lov, 1,91 men per litre. In 211 groups of

the force-fed rats potaesium ~as lost from the serum more

an average of eicht daves of Ai~t B "’"’ith, or

rapidly. after

without DCA, the serum notassium was o 12 as compared with a

normal of 4.8 mea, In one rat given DCA alone the serum

potassium concentration was similar, ©,65 meq per litre.
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TABLE VII

SERUM POTASSIUM CONCENTRATION IN POTASSIUM-DEFICIENT RATS

Diet fed days no. rats DCA serum K S.D.™
mea /1 men /1
B ad 1ibdb 45 7 0] 3.01 0.5
B ad 1ib* 21 5 0 3.06
57 9 0] 2.73 0.37
B ad 1lib * 33 1 + 1.91
ad lib* 46 3 + 2.90
A ad 1lib 38 5 0 4.87 0.%”
B force-fed* 9 6 + 2,42 0.27
A “force-fed 7 1 + 2,65
A  force-fed 9 4 0 4.79 0.96
E force-fed x 15 1 0 5.25

* Rats of these groups were used in the gastrointestinal
experiments of Part B in the X-ray studies.

*¥ Standard deviation.
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The administration of potassiug chloride of rat 383
Promptly increassd the serum potassium in = day from ©.45
to 5.81 men per litre, and in pat 138 from 3.0 to 5.57 mea
in 2 days,

Moribund potassium-deficient animals were found to have
hicher serum potassium than did those in good conditinnm.
Thus values in force-fed rats of 5.81,5.74, 3,75, and 3.80
meq nrer litre were observed in animals moribund from gastro-
intestinal distension, =nd values of 3.45,5.45, and 5.1 were
found in moribund animals fed ad libitum. The animal (#5)
whose terminal potassium was 5.1 men will be referred to in
section B. This rat was in good condition after 30 days of
diet B regime, 2nd had a serum potassium of 2,32, It was
then force-fed one day which resulted in death, the blood

being taken prior to death.

Water balance: In these experiments in which the sodium

chloride concentration of the diets A and B was much lower

than in other diets (purina or Diet E), DCA did not affect

the water exchange.

Tissue water: The water content of muscle and intestine

of potassium-deficient and normal rats did not differ signif-

icantly, being 75.4 and 81.8 grams per cent for normal muscle

and intestine, respectively, and 75.0 and 82.1 grams nercent

for these tissues in potassium deficient and DCA-treated rats,
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DISCUSSION

Serum chloride: The exXperiments on intact rats have

shown that physiological doses of DCA do not lower the serum

chloride, and that, therefore, the hypochloremic effect of

DCA is due to overdosace. This wag anticipated since the

doses of DCA used by other investigators to produce electrolyte

disorders, including hypochloremia (325,47,40,19), have been

relatively large. Doses of more than 1 mg of DCA were reauired

to produce significant lowering of the serum chloride in the

Animals tested, which were force-fed di~t E, a normal diet

with relativelv high potassium content. In other experiments

a 2 mg dose was consistentlv ~ffective in producing hypochlor-

emia. In rats the physiological dose is less than 0.5 mg of

DCA for various assays in adrenalectomized voung animals (17a).
The hyvochloremia produced by DCA was related to the

potassium intake, which has been shown before as discussed

in the review of the literature. A low potassium-intake

per se (N.035 to 0.045 meq per dav) produced a emall but

statistically significant decrease of 2.2 mea per litre in

nloride in & days, and a decrease of 8 to 9 men

the serum cC

in %5 to 39 days. when DCA was administered to rats force-

fed a diet hisher in notassium than the others used, Diet E,

it renuired 5 mg and three waeke treatment to produce sienif-

5cant lowering of the blood chloride(bv 7 meo mer litrQ) 15 th
the other normal diets containing less potAssium and fed ad

Tinitum a © mg dose of DCA lowsred serum chloride in 10 days
TN T - '
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by 7 meq. Thus the DCA produced hypochloremia more rapidly
than the low potassium dietary regime. When both these
Procedures were combined, a greater reduction of serum chloride
~occurred. With 10 days of DCA injections and a toéal deiS
days of the low potassium intake, serum chloride was reduced
by 11 to 15 meq per litre. In force-fed rats on diets A or
B,'bdth serum chloride and serum pOtassium'were reduced to
very low levels in five to ten days, regardless of whether
depletion was produced by DCA or a low potassium diet. It
is possible that the rats fed ad libitum can respond with
appropriate electrolyte ad justments more readily than force-
fed animals sinee food is not suddenly forced into the animal.

Further evidence of the relationship between the potassium
intake and hypochloremia was obtained by treating hypochloremis
- animals with po%%ssium salts. Potassium chloride, or potassium
administered as a non-chloride salt, elevated the serum
)chloride and‘increased chloride retention by”the kidney
sh;rply. The latter effect was associated with a large
positive retention of potassium in the one animal eXamined.

Sodium chloride was without effect in either respect, in

elevétigg,éerﬁm chloride or preventing chloride loss from the

urine. Ammonium chloride given by gavage repeatedly increased .

the serum chloride despite a low potassium intake for the

short duration of the experiment, two days. These results

parallel the findings of Willson et al (106) and Cluxton et

a1 (107) in clinical cases of-hyperadrenocorticism. In these
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it was shown that potagsium éhloride, or potassiﬁm citrate,
aceording to Willson et al, restore the serum chloride towards
normal values, while massive doses of sodium chloride are
without effect. Willson et al obtained an effect with
ammonium.chloride aftef & period of high potassium intake,
while the findings in the rat indicated that smmonium chloride
was effective in the absence of potassium. This point should
be investigated further.

~Chloride balance: The data from balance experiments show

for the first time that the action of DCA upon chloride excre-
tion and balance has two phases., The initial effect observed
was an increase in chloride retention in most animals. This
initial chloride retention has been repeatedly observed by
other investigators, and as discussed in the review of the
literature is probably related to the sodium retention which
occuré at this time. The second effect of DCA which occurred
shortly after the retentién, was to increase the chloride
excretion so that chloride balance was negative. This dual
action of DCA occurred both in animals fed a normal and in
those fed a IOW'potassium ration. ‘Inzﬁorce-fed/rats gict »
low potassium diet but given no DCA, chloride balance became
negative immediately, without the initial phase of retention.
Chloride loss in potassium deficiency has also been qbserved

by Orent-Keiles and McCollum (42) for rats fed ad libitum.
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The chloride loss from extracellular fluid could be
accounted for by the decrease in chloride balance. The
flgures were derived on two assumpt1ons, one, that the
“chlorlde-avallable” fluid, in practice the extracellular
fluld, represented twenty-five of the body weight in both
‘periods and two, that the decrease in balance was the alge-
braic difference between the experlmental and control reten-
tlons. That is, it was assumed that, since gain in body weight
was the same in the two periods, the requirements for normal
balance remained the same. This assumption was also made for

the potassinm balance figures discussed below.

Potassium balance: The urinary loss o% potassium in rats
‘fcrce?fed a low potassium diet for an average of 9 days was
considerably more than that produced by DCA in‘the presence
of a normai potassium intake. In rats fcrce-fed a low potassium
diet,with or without DCA injections, approximately one-third
‘of the calculated body potassium was lost through urinary
'excretion (under the essumption mentioned above). This per-
centage loss of the body potassium was similar to the loss of
skeletal muscle and intestinal potassium observed in potassium-

deficlent rats, one force-fed and‘another fed ad libitum for

a much longer period of 89 days. Other investigators have

observed a loss‘of approximately one-third of the muscle

 potassium by maintenance of several species of animals on a

low potassium diet of injecting with DCA, for several weeks.
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(19,45,75,40,27,42,71) .  This shows ag=in that loss of
potassium, in addition to that of chloride. nccurred more
rapidly with force-feeding than with normsl feeding. In rats
treated with DCA only, for <even days, the motacsium loss was
only ten nercent of the body potas<ium, »< compared with one-
third for the animals maintained on the notassium-deficient
diet with or without DCA iniections. The serum potassium was
approxima tely as low, however, in the one anim=1 evamined,

2,65 men/litre.
Toctare inflvencing chloride meatahnljam,

P e e

" Among the three groups of rats used in the balance experi-
ments there was a very roueh correl=tion between the reduction
of chloride and potassium balance per day. However, the
several variables involved, includinz in narticular the duration
of treatment and the use of both DCA and 2 low vota~=ium diet
to deplet~ potassium preclude the dréwing nf conclu<ions from
the Aata obtained to date. The correlation between the bal-
ances are nr=<ented in figure 7. This would be an interesting
relation to e~tablish in vie$ of the con<iderable data accumi-
lating ¢hnwins the relation between chloride and notassium
shifts in the body fluide (63,94,128 44, 05),

Further data reported on chloride metabolism indic=ted
that DCA can decreaqe serum chloride during the first two days
of treatment bv/second mechanism which is not related to chloride

excretion. In acute experiments it has been shown that DCA
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in large doses produces hypochloremia *ithin a few hours after
administration. In vrevious experiments a decrease of 5 mea
of blood chlorite was obtained (la), and in the one rat tested
in this report, a decrease of 9 meq was obtained in six hours
after DCA administration to a small rat. In this animal the
hypochloremia could not be accounted for bv the urinary chloride
excretion. In ~2ddition, in the DCA-tre~ted rats used in the
balance studies, serum chloride decreased from ? to H meo ver
litre durine the first two dave of treatment. Therefore, the
hypochloremiz nroduced in the initi=1 stace of treatment was
associated with chloride retention. Thns this earlv hvno-
~rhloremia differed from that produced hv prolonged treatment
with DCA. The latter has heen shown to be acanri2ated with
notaseium loss.

The earlv hvnochloremi= which hae been nroduced under

these twn conditions mav be related to an expansion of the
extracellular fluid volums, but since it was not found feasible

to determine extracellular fluid volume in these small Aanimals,

the arguments sypporting this view rest mainlv on inference.

I+ has been shown bv sayersl investieators that DCA increases

cerum and extracellular £luid volume in does Aand mar (5N,53,

90) Rats have not been examined. It has been discuased in

the literature Teview that it is very unlikelv th~t chloride

hifts into the cells under the 2ction of either DCA nr
S | 2 CF

taasium depletion. This report has Aemonatrated the urinary
notas:


http://ix.lv

chloride loss i=s not responsible for the earlv hynochloremia.
Therefore dilution of the extracellular f£luid dissolving
chloride probablv occurred. One ~xperimentsl fact was obtained
in the acute experiment which suvports the view that serum
dilution, and therefore, presumablv extracellular fluid ex-
pansion, occurred. This was the ob-ervation that the serum
water increased to 9%.9 erams percent as compared with the
normal range of 92.2 to 93%.2 and the normal average of 92.5
grams percent.

Where would this water come from to increase extracellular
fluid volume? In the acute experiment in which no water was
permitted it could only come from A shift of wAater from the
cells themselves. That DCA and adren=21 extracts can exert
such an effect is indicated from studies in madrenal insuffic-
jency in which the cells are hydrated (8&,55). Whether this
effect occurs with very laree doses of DCA in the normal
animel vrermitting an initial shift of intracellular water to
the extracellular phase remains to be determined, but it would
not be an anomalous effect in view of the nbaervations in
adrenal deficiency.

To explain the early decrease in serum chloride which
occurred in the force-fed rats treated with DCA, a retention
of vater in excess of chloride could account for this decrease,

agide from the possible shift of fluid discussed above. It

has been shown in dogs treated with DCA (52) that water re-

tention occurs in the first few davs from both 2 reduced outnut



and an increased intake. Evidence, from the rats treated with
DCA and fed diet E,of an initial lack of narallelism between
output and intake of water was indicatad)but the volumes
involved are so small for the rat that » conclusion was not
drawn. Whether the DCA produces hypochloremia in rats eating
ad libitum was not determined. It is nossible that the foreing
of food and the water dissolving this food bidaily broucht out
malad justments in electrolvte and water distribution which
would not occur in =2 rat eating normallv.

With regard to the acute exveriment » theoreticsl dis-
cussion of the magnitude of increase in extracellular fluid
volume which would be reouired to lower the serum chloride by
9 men, as observed, will be presented.

Takine the difference in serum water percent between that
in the DCA rat and the highest value ob=erved in a normal rat
(93.9 - 93.2) which is 0.7 percent increase in serum water,
this indicates that roughly the serum nroteins have been diluted
by sufficient water to decrease the concentration from 6.8 to
6.1 erams vercent. Assuming that the total protein content
circulating in the serum has not been increased by body stores
during this interval, the\serum volume would have to be in-
creased by‘ten percent to cause such A dilution. At least
aome of this increase of volume of serum would be reflected in

an increase in the interstitial fluid volume which is in

souilibrium with the serum. If the total extracellular fluid
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volume were increased to the same extent of ten pereent as the
serum volume which is roughly so in the dog (50), treated for
longer periods, the serum chloride would be decreaséd from
109 to 99 meq per litre. This compares favorably with the
observed reduction to 101 meq of chloride per litre. In
addition, 0.1 meq of chloride was excreted in the urine in the
interval of the experiment. However, this excretion of chloride
was within the range of normal for this interval of & hours,
as has been detérmined inkmany previous experiments performed
on fasted and thirsted normal and DCA-treated rats by the
author. Thus it seems possible that hypochloremia may result
from extracellular dilution produced as an early effect of DCA.
Since the limits»of experiméntal error in the thiocyanate
method of getermination of extracellular fluid volume approach
the difference between the experimental and.control animals-
- (50) even in the dog, some other method must be used to inves-
tigate the volume changes. The inulin method as used by Boyle
%miajxylu (64) might prove satisfactory.

Wgter.exchange: Increased water exchange was observed

| and
s treated with 1 mg of DCA or more/fed diet E,which

in rat
has a relatively high concentration of sodium, but this did

not occur in those fed lower but more than adequate amounts of
salt in the diet (diet A or B). The increased water exchange
was not correlated with the action in causing hypochloremia,‘

since the diuresis rose 1o as high levels with one as with ten
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mg of DCA, while significant reduction in blood chloride did
not occur with the one me dose,

In moribund animals, or in thnge evhibiting 2 merked
distension of the abdomen, it was observed that serum potassium
became elevated, This was nrobablv due to anoxia or nossibly
to adrenalin seeretion, both of which have been =shown tg:\,y

increa<e the cerum notac<ium concentration (190,130,(37,]3?).
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| SUMMARY

The purpose of the experiments reported has been to
investigate the mechanism by which DCA produces hﬁpochloremia.
Experiments were conducted to determine whether DCA hypoehlor-
emia is an overdosage effect, how rapidly it can be produced
and how it is affected by the potassium intake. Balance studies
‘have been performed in rats force-fed a constant dietary intake -
to deteﬁmine whether chloride is lost in the urine of DCA-
- treated rats, how this compares with the potassium depletion
Produced and how the potassium amd chloride changes of DCA-, .
treatgd rats compare with those p?oduced by'pure potassium‘
deficiency produced by a low potassium intake. In addition,zm
the'relative efficaey of potassium and sodium saltsyon hypo- |
 ehloremia and chloride balance were compared.  .i.p ,?;:,«?ﬁ
It has been shown that (a) DCA hypoéhloremia is an over-
'dasége»effect since a 1 mg dose given daily for a month was
uneffective in lowering sérum chloride, (b) hypochloremia can
be proéuced within six hours after the administration of a
large dose, and that (c¢) the effectiveness of DCA in reducing
gserum chloride is increased by maintaining rats of a low

potassium diet. The latter observation confirms thgt of other
investigators; DCA was more effective than a low potassium
diet iﬁ decreasing serum chloride in rats fed ad libitum. A
decreése of an average of 14 meq can be produced within 18 days

by the combinatioﬂ of DCA treatment with'a low potassium intake.
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In force-fed animals both serum potassium and serum
chloride changes were produced much more rapidly by either
DCA treatment or a low potassium diet, than in rats fed ad libitum.

In balance studies on rats force-fed a conétant‘dietary
intake, it has been shown for the first time"that DCA has two
effects on chloride excretion, whether the potassium intake
is normal or low. The first effect is retention of chloride
lasting one to two days, and second effect, occurring ShOrtly
thereafter, is a loss of chloride so that chloride balance is
| negative. Pure pdﬁassium'deficiency produces only the'latter~
effect, a negative chloride balance.

Balanée experiments have shown that the decrease of serum
and extracellular fluids is accounted for by urinary chloride
loss. During the initial phase of chloride retention produced
by DCA a small decrease of serum chloride usually occurs. Both
this initial hypochloremia in force-fed DCA-treated rats and
the hypochloremia producéd in the‘acute experiment could not
be accoﬁnted for by loss of chloride in the‘ﬁrine. The poss-
| ibility that these are due to dilution of the extracellular’
fluid has been considered in the discussion. An increase in

‘serum water occurred in the rat examined in the acute experi-

ment. .
Balance studies have shown that one-third of the body

pétassium may be lost in approximately nine days or even less,

in rats force-fed on & low potassium diet, whether receiving

DCA injections or not. DCA produced a sharp decrease in
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potassium bal=nce in animals receivine the control diet, bnt
balance was graduallv restored towards norm=l, and the net
lo~s in 7 days was onlv 10 nercent of the body nota<sium.

A very rough relation between the decreases in chloride
bal~nce and potassium balsnce ver day vas obtained for the
data in the balance experiments. This reasuires further con-
firmation.

The administration of potassium as the chloride or a
non-chlorife salt, increased the serum chloriie of DCA treated
animals, and restored chloride balance to positive values.

Sodium chloride was ineffective in these respects.
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CONCLUSIONS

It is concluded that the hypochloremia produced by DCA
is an overdosage effect, and results from the notassium
depletion produced by this 2drenncortic=al steroid.

It is concluded also that DCA has two effecte on chloride
metabolism, The initial effect is to decrease, »nd the =econd,
to increase chloride excretion. The hypochloremia produced
by prolonged tre~tment can be accounted for by the chloride
loss in the urine. while the earlv hypochloremis observed
under certain conditions results from the rearrancem=ant of

the chloride stores in the body.



PART TII

THE EFFECT OF POTASSIUM DEFICIENCY UPON
GASTROINTESTINAL MOTILITY



REVIEW OF THE LITERATURE
In this review the influence of the notassium concen-

tration of the fluid environment has been con~idered in re-
letion to the structure and movements nf the eastrointestinal
tract. Exneriments nerformed in isolated strips and those
performed in the intact Animal have been discussed and compared.
A brief outline of the normal structure and movements of the
digestive tract incofer a< these relate to the problem under
discussion will be v»resented prior to thp'consideration of
potassium effects upon these rronerties.

The Movements of the G2<trointestinal Tract

The structural arrangement of the walls of the eastro-
intestinal tr=ct is <«imilar throurshout, from the oesophagus
to the rectum {ljé), and from species to species amone the
mammals (134). \E;;re afe four roats in the walls of the eut,
which, from the lumen to the outside surface are the mucosa,
the submucosa, the muscularis propri» Aand cero=a. The mucosa
conasists of the epithelial laver =nd ol2nds, the connective
tissue laminé oropria, and the muscularis mucosae, In the
submuco=a and assoniated clo=ely with the muscularis mucosa,&f
is the intrine<ic submucoqaénerve plexus of Meissner. The
muscularis pronria is composed of an inner circular and cuter
longitudinal coat of muscle 1O which is added, in the cAase

of the stomach, an oblioue laver inside the circular co=st.

The intrinsic nerve plexu=, the mventeric rlevu« of Auerbach

lies between the two layers of muscle in the muscularis propria.
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The <erosa or connective tissue membrane covers the organs,
and contains additional nerves and ganglia.

The intrinsic nerve nlexuses of the submucosa and mu<cul-
aris consist of an intricate network of ganelis and nerve
processes. The vagus, and less possibly the splanchnic nerves,
make connections with these, (135,1%6,137,138) but the plexuses,
can regulate, or even initiate movemente of the smooth muscle
nf the digestive tract independentlvy of the extrinsic inner-
vatioh. The number of canelia in these two plexuses vary
roughly in parallel in the different parts of the gut (139.
140). The number of eanglia is greatest in the pyloru=s and
colon. Smaller numbers ara founi in the smAll intestine,
aporoximately one half to two thirds as many, but there i« no
significant Aifference throughout the small intestine in the
concentration of ganelia. There are relatively few in the fundus
and upper part of the boiv of the stomach in which neriatalsis
i« feeble.

The extrinsic nervous supply to the 2limentary tract is
vprovided by vagal and splanchnie aympathetic nerve fibres.
Usually. stimulation of the vagal fibres is excitatory to
the movements And tone, while the ﬁplagchnin stimulation has

ra }

the reverse effest of inhibitioq/(]&);’

However, the responses

obtained depend ere=atly mpon the condition of the <tomach and
intestines at the time. 2nd upon the evperimental methods (137,138).

* o 3 1-" - a °
In several snecle<, at least, digestive function= mAv contlnue
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fairly adequately without extrinsiec innervation, but in the
normal animal the extrinsic nerves permit rapid adaptaiion
of the gut to changes in digestive and environmental conditions
(143,142,137,134) . |

'The;e are many types of movements which have been described
for the various parts of the bowel, but in this discussion
only the more important types will be considered, since these
only were of importance in the X-ray studies to be reported.
These are tonus, rhythmic segmentation and rhythmic pendulﬁm
movements, and peristalsis.

Much of the knowledge of the tonus changes and movements
of the gﬁt has beéen derived from thé classicdl work of Cannon
(143 to 155), whc was the first to study the gastrointestinal
tract by roentgenological techmnique following a radio-oﬁaque
meal (1lta). Since then Alvarez and associates have made
valuable contributions to the study of the normal movements N,
of the gut, which have been reviewed lately by Alvarez<EE§§z;>
The subject of smooth muscle has- been reviewed by Evans (156)
'in 1926 and more recently by Fischer (lﬁ%ﬁ in lgi“

(1

by HCSwiney in relation to the stomach

and also

(a) Tonus.
As in all organs encased in smooth muscle, the gastro-

intestinal tract- exhibit5the property of continual tonus.

Gastrointestinal tonus varies greatly in strength according

to the requirements for digestive processes, and the nervous

and chemical stimuli affecting the gut. Tonus may be considered
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A= the resistance of the smooth muscle to extension. It ie
a property characteristic of, and inherent in, smooth muscle.
Tonus is regarded now as a partially inhibited or very slow
relaxation of =mooth muscle (158,159), rather than as a partial
contraction of the muscle as Cannon and Lvman (154) believed.
It is not considered to be aualitatively different from other
contractions of smooth muscle (156,159,157). The relaxation
may be increased in speed or completeness bv various aecents,
and the effect i« termed a decrease in tonus (159,160). The
chief stimulus for tonic contraction i« tension, which, in a
holln orean such as the diseetive oreans, is nrodnced bv An
increa<e in internal n»ressure. This otimnlue i~ ~2lso the
natural stimvlus f»r rhvthmic”2l movemente. Within 7imit< an
innreace in internal pressur~ incref<es the tonvs, but if the
Aiatension ic too creat the muscle i« fatiqued 2nd fails to
respond with increased tons (150). Thus the resistance to
extension exists no longer and the orean =< A whole becomes
| A11lated. The tonus is inecreased hv acetvl choline and decreased
—_—

 bv 2drenalin, 2= 2 rule (160,159,161,16?). It may vary
independently of the rhvthmical movements.

According to Cennon (150,151,153) # certain degrae of’
tonus is essenti=1 in order for rhythmical movements to occur

in the gastrointestinal tract. He found that an Aatonic bowel

does not respond with rhytmical movements to the normal

atimulus of distension.
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Since the princivpal movements sre most cleasrlv <een in
the small intestine, we will start the Aiscucssion with the
am~ 1l intestine,
(b) Rhythmic Movements in Small Intestine.

The rhvthmic seegment2tions oceur in the small intestine.
They are series of narrow bands of circular constriction,
pulsating freocuently =2nd at relativelv constant rate for a
varticular specie= (145,146.15%,16%). In the rot the fren-
uency is more than fortv »nd in man.it i< about ten per minute.
The<e closelv-<spaced, biting constrictions are local contrac-
tions stimulated by the presence of food or m2terial in the
lumen within » length of intestine and which divide and re-
divide the contents and mix them with juices. These movements
are considered to bes myocenic in origin, since they c¢an occur
in the absence of all nerve cells (164,165,166,167) and since
smooth nuscle which normallv contains no nerve cells show
similar rhythmicity (168.169,170). They are not prevented.by repeated
circular transections of the cut up to the submucosa (153).
Pendular movements are a swmying type of contraction in which
the contraction of the longitudinal muscle is more orominent
and in which longer lengths of bowel contract #s a unit.
This shifts the food to 2nd fro 2long the intestin~l muco=a,
Alvarez (138) considers the lenegth of bowel contracts as a

unit because of reflexes set un in the intrins@c nerve plexuses

by the distension of food.
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(e) Intestinal perist~leis.

Intestinal veristalsis is 2 different tyne of wave than
the rhythmic segmentations (145,153,171.1%8). These waves
travel down the cut and propel food actively in the caudad
direction. They begin at an area of high irritability or
activity, more often at the nyloric sphincter than in other
segments, and travel down the intestine for variable di=stances
(145,138) . Another feature differentiating these contractions
from segmentations is that the length of bowel alternatelv
contracting »nd relaxing i« much greater. In the cat, for
example, four or five cm. of intestine contract at a time as
the waves of contraction move down the intestine (153). Unlike
the segmenting movements, peristalsis ie prevented bv tran-
sections up to the submucosa at short intervals along the cut
(153). This indicates that peristalsis reocuires the plexus
of Auerbach (the Mventeric) for conduction of impulses, while
the segmenting movementes do not. |
(d) GAstric movemente.

The fundus and the uorer nmart of the corpus of the stomach
produce only tonic contractions (144,172,173). By sradually
increasing its tone as digestion proceeds and food leave=« the
stomach, this part of the stomach "feeds" the food material to

the lower part, the motor part of the stomach. In this part

vigorous rhythmic movements called peristalsis churn the food

and mix it with the juices (144). The peristaltic waves

are circular waves of contraction which originate a< shallow
wavee in the middle of the coronus and travel down the stomach

wall to the pvlorus, bscoming more and more powerful a- they

nrogre<s downwards. These rhythmical movements occur at
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regular Intervals. As firet observed by Cannon (144) in the
cat, they occurred every ten seconds and took thirtv-six seconds
to pass down the pylorus. Thus several constrictions were
present at any one time. The vigor of contraction depends upon
the food material pre<ent. Cmtractions are very nowerful when
solid particles are present, and much less so when only 2 bismuth
or barium and water suspension i« present in the <tomach (1hh,
147,138) . The movements of the stomach vary according to the
species and to the shape and structure of the stomach (137).

In the rat the stomach is clearlv divided into @ thin-walled
membranous cardiac half and the lower thick-wslled half with
much stronger muscle layers.

(e) Movements of the laree intestine.

The cecum mAv exhibit strong contractions particularly in
herbivors in which this organ is an important organ of digestion
for cellulose. Both peristaltic and antiperistaltic waves have
been observed by Cannon (145) and Elliott and Barclay (174).

In the colon, (145,174,175) small waves of contraction
similar to the rhythmic segmentation in the sm2l1 inte<stine,
are noted, and in the proximal part of the colon antiperistalsis
occurs, particularlv in herbivors, if the contents are soft (174) .
In addition, peristaltic waves travel down the colon. These are
broader and deever contractions than the shallow waves mentioned
above. As the fecal material passes down to the terminal colon
it becomes separated into individual masses, that is, it becomes

segmented. Periodically mass movements in the colon and defeca-

tion occur, but these vary from species to species. In the rat

defecation occurs throughout the day, and there are no neriods

for mass movements and defecation.
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The Effect of Chenges in Potassium Concentration on the Gastro-

intestinal Tract.

The main tvre of experimentation with votas<ium on gastro-

intestinal motility has been in vitro studies on isolated strins.

These are suspended in phvsiological saline solutions and the
concentration of potassium varied, or the ratio of ealecium to
potassium changed. There has been little work renorted on the
influence of potassium on the bowel in the intact organism.
These have included reports as to the effect of notas=ium
deficiencv on the gross appearance and histological structure,
and experimeq;g in whiech bodv potassium was increased bv
injections(Egjgdrenalectomy. No study has been made of the
effect of potassium deficiency upon the motility of the digest-
ive tract in the intact animal.

(a) The effect of potassium deficiencv on the morvhological
appearance of the sastrointestinal tract.

There are conflicting reports regarding the effect of
potassium deficiency in the intact animal upon the gross and
microscopic appearance of the gastrointestinal tract. In most
of the experiments the low notas<ium diet contained 0.01%

notassium. The most carefullv carrisd out eXperiment<s have been

those of Follis, Orent-Keiles, McCollum (42,72) and of Kornbere
and FEndicott (176) in the young rat. The former investigators

found animals fed a low potassium diet survived indefinitelv

and did not develop inteatinal abnormalities. Their diet

was supplemented by liver extract 2nd oil-soluble vitamins, but
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not by crystalline vitamins. Kornbers and Endicott, on the
other hand, found that animals of the same size (weanlings)
fed a diet of the same potassium content (0.01%) diea in an
average of 22 days and developed marked changes in the gastro-
intestinal tract. In these experiments pathological changes
were noted in the intestines only. The gross changes confirm
the observations of Schrader et al (177) which are discussed
below. Both large and small intestine were dilated with thin
walls or in some cases, walls swollen, nearly white and thick
in appearance. The involvement was often segmental, with con-
gestion in occasional segments. Intussusceptions were numerous.
Grdssly hydrothorax and ascites were noted and there was evidence
of edema in many tissues. This may, however, have been due to
heart failure since Liebow et al (71) have observed congestive
heart failure in some potassium-deficient mice and lésions in
the myacardic consistently occur (72,3%5). Microscopically the
intestinal walls showed dilatation or edema, particularly in
the submucosa. The smooth muscle fibres of the muscularis propria
were swollen, occasionally hyalinized and staining intensely
oxyphylic. Atrophy of the lymphoid follicles was also noted.
The diet used by Kornberg and Endicott contained no natural
source of vitamins but was supplemehted with all the crystalline
vitamins of the B complex known to éate, and larger amounts of
these vitamins had no effect on the various pathological changes
produced by the low potassium diet. The vitamins added were

thiemine, riboflavin, nicotinic acid, pyridoxine, panthothenate,

~
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biotin, inositol, para-amino-benzoic acid, choline, folic acid,

| and vitamins A, D, E, and K. Their rats on the control diet
grew as well as did those of Orent-Keiles and McCollum. ln
addition, pair-fed control;rats maintained on the same amount

of food as eaten by the potassium-deficient rats, did not develop
any pathological changes in the various organs examined. Follis
(80) later found that their rats died an average of 25 days
when the diet contained only 0.001% potéssium, although he
considered the difference in survival may have been due to the
substitution of crystalline vitamins (in smaller amounts than
used by Kornberg and Endicott) for liver extract. Hé mentioned
no observations on the gastrointestinal tract.

The first report of intestinal chaneges produced by a low
potassium diet was by Schrader et al in 1937 (177). These
investigators found that when youne rats were fed a low potassium
diet unsupplemented with vitamin B complex except for thiamine,
marked changes in the digestive tract developed. The animals
died in an average of 23 days. At this time abdominal distension
was marked and ascites severe. The gastrointestinal tract
was enlarced and atonic. Changes were particularly severe in
the ileum and jejunum but in a few animals the whole tract was
affected. The ileum presented a beaded appearance with alter-
nating thickened and collapsed areas. Intussusceptionswere
numerous. However, these changes were prevented bv the addition
of a Fuller's-earth adsorbate of a yeet, and the animals were

not pair-fed. The investigators concluded that the changes
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observed were due to vitamin B deficiencv. The content of
potassium of the adsorbate wasg not eiven so it is not known
whether this was A factor in the curative effect of the veast.,
Heppel and Schmidt (178) in 1928 noted flacciditv and dilstation

in potassium-deficient animale receivine extracts of rice bran

~and liver in the diet ss a source of vitamin B complex. The

rats gained little weight but survived at least for the seven
week period reported unon. HOwever, further experimentatinn bv
Heppel iéy) failed to confirm his previous observations on the
gastrointestinal tract. He considered that this mav have been
due to the use of 2 more vpnotent batch of extracts as a source
of vitamin B, 2nd that therefore the former changes noted (178)
were probablv due to vitamin deficiencv. In mice no changes in
the microscopic apnearence of the inte<tine were observed in
potassium deficiencv bv Liebow et al (71) in 1941. 1In these
animals potassium-deficiencv was severe enouch to produce loss
of twenty-five percent of the cardimec notassium and severe
cardiac lesions. Skinner and McHarcue in 1945 (179) nerformed
experiments on rats fed a ration containing 0.005% potassium,
supplemented by nearlv All the known crystalline vitamins of
the B complex. Their observations indicated that potassium
deficiency probablv produced intestinal changes in motility
although their statement regardinc these is merelv the following:
nTn fact, because of accumulation of fluid in the intestinal

tract, the Animals usuallv weighed » few grams more at death
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than when vlaced on the eYperimental ration”. The rate died
between the twentieth and fortieth davs. In all their experi-
mentation with low potassium diets (N.01% motassium) »nd DCA
treatment on Adult rats, Darrow and liller (U45,35.39,67) have
never mentioned changes in the gastrointestinal tract.

Robert=son and Doyle in 1935 (180) noted intestinal stasis
on 8 low mineral diet in voung rot<. Additions of Vitamin B
extracts did not relieve the <tasis. Addition of calcium and
sodium had little effect, but the addition of both notassium
and c~lcium vorevented stasis. In their nreliminarv tests addition
to the diet of potassium carbonate onlv gave variable results.
The two measures of stssis were the delav in excretion of car-
mine and the difference in total weights of the intestines in
normal and deficient rats, which vms presumed to be due to
increased content<. It is possible that in these experiments
the intestinal stasis mav be Aassociated with potassium deficiency,
although administered potassium may not be able to act in the
absence of calcium or, less pos<iblv, of <=odium.

Various investisators have examined <keletAal and smooth
muscle nf potassium-deficient rats =nd mice, and h=ve found,

on the whnle. the chanees in histoloeical structure relativelv

slight or non-existent (45,72,81). The chanee= in the smooth

) Wak— - .
musele of the out observed by Kornberg and Endicott _wa% mentioneAd

above. In skeletal muscle of potassium-deficient mice Liebow

at 21 (71) observed no microscopic changes but noted that

following recovery on potassium Airt ocrasional muscle fibres
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showed decenerative chanees. The significence of this is not
known. As mentioned in the =ection on electrolvte metabolism
changes 2re invariably produced in the cardiac muscle. ZElectro-
cardiographic changes and degenerative changes of the Purkinje
fibres of the bovine heart have al<o been noted (69,79).

Thus there i« ~vidence that maintensnce of rats on A low
potassium diet can induce macroscopic and microscopic changes
in the gastrointestin2l tract which are indicative of decreased
tone, although in the majoritv of experiments these were not
found. It is vossible that there are differences in various
atrains of rats, which render some more susceptible to
potassium deficiencv insofar s« gaatrointestinal disturbances
and mortalitv is concerned (42,79,176).

The potassium intake of rats maintained on 0.01% potassium
diet ~ating 5 to & grams is 0.5 to 0.8 mg, and on a 0.005%
diet it is half of this. The=se are veTvV am=21) amounts to Aerl
with. Miller (181) found that for onrtim=l growth in young male
rats 15 me of potassium was renuiren d~ily, while females re-
cuired half this amount. The observation on voung male rats
has been confirmed by Kornbere and Endicott (176) who found a
ine 0.17% potassium satisfied the minimum optimal

diet contain

requirements for this ion. Adult male rats required only 2 mg

of notaseium per A2y (141) ~né thus potasaium Aeficiencv i~ mnt

ae qevere in these animals which are not growing 2s rapidlv as«

voung r2tc.
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(b) The effect of injected potassium on the motility of the
gastrointestinal tract in the intact fros.

In the conditions in which body potassium is increased
there is evidence that the small intestine becomes more contracted,
or that the tone of the stomach increases. Kupaloff (182)
injected potassium intravenously into a frog and measured the
movements of the stomach by a balloon inserted into the stomach
of the intact animal. The administration of relatively large
doses of potassium chloride, 0.01 to 0.2 meq resulted in an
initial rise of tone, but soon thereafter the amplitude and rate
of contractions became inhibited and the duration of relaxation
increased. A crude estimate of the frog body potassium on the
assumption that 0.25% of the‘body weight is potassium, as it is
in the rat,indicates that the total body potassium is no more
than 0.15 meq, so that the above doses were enormous. This
observation of an initial stimulation followed by inhibitiom
falls in line with observations made of the effect of potassium

on other execitable tissues. This will be referred to in the

section on in vitro studies.

(¢) The effect‘of adrenalectomy on the movements of the gastro-

intestinal tract.
In the adrenalectomized rabbit and cat, Vogt (183) and

Fowler and Cleghorn (18l4) have observed that the gut became

markedly constricted or gpastic in the terminal stage of

insufficiency. These changes were not found in other than

moribund animals. - The constricted state of the gut was not
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due to starvation, which was tested in normal control cats
(183) . The cause of this Spasticity is not known, although
it was implied that the changes are due to electrolyte and
water metabolic changes which occur in terminal adrenal in-

dufficiency, rather than to a specific effect on on the adrenal

medulla played in these adrenalectomized animals has not been
considered, but, since the condition developed only in the crisis
due to adrenocortical insufficieney, adrenalin - probably played
a neglible role. Vogt found that heither treatment with cortin
of excised strips of intestine,nor of one rabbit with cortin

in vivo, prevented the spastic state of the intestine. Fowler
and Cleghorn treated one cat with sodium chloride with resulting
slight relief of the contracted state, and restoration of the
usual response of relaxation to splanchnic nerve stimnlation.

In aégeﬁ;lectomized and adrenalin _dogs Clarke and Cleghorn (185)

found én increase'in the concentrationyof potassium in small
intestine, but their results on the rét cannot be considered
as indicative of.any change at all in potassium,goncentration,
although therpetéssium content of other tissues increased.

The intestinal potassium of adrenalectomized cats and rabbits

» oo, N X ,i, i
has not been determined. .o %

A decrease in blood volumegproduced by vitamin B deficiency

. ! : .
was responsible for gastr1ca§ggyyobserved in the dog according

to Rose et al (186,187). Therefore, much more work is needed

before 1@ can be concluded ky a decrease in blood volume per se

in adrenal insufficiency produces spasticity of the gut.
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(d) In vitro experiments with potassium.

The response of strips of 1solated stomach and intestine
to changes in ionic concentratlon\Ape s1m11ar to ghose of other
smooth muscle preparations. The presence of the intrinsic
nervous elements probably contributes to the complexity of
results obtained with ionic studies and complicates the inter-
pretation of results. In this review mammalian smooth muscle
and gut of vertebrates only, mainly of mammais, will be con-
sidered. ’

The effect of potassium depends upon the amount added
(187,188,189), on the duration of treatment (190,191), and
also upon the initial potassium concentration of the control
dath (189,192). The effect of acparticular concentration of
potassium depeénds upon whether that concentration is an increase
or a decrease from the control concentration of potassium (192).

The main effect(of adding potassium is to increase the
tone of gut or smooth muscle preparations, or to produce a
strong contraction in non-contracting preparation (192a,193,
192,189,194,191). This may then be followed by an inhibition
(191). The effect on the rhythmical movements is less consistent
or neglible. The frecuency of’rhythmic contractions is depend-
ent more upon the ratio of potassium to calcium, concentration,

than on the potassium concentration alone. This ratio also

affects the tone of the muscle. In general, the tone is

increased by an increase in the ratio of potassium to calcium,

while the rate of rhythmic contractions is decreased (195,:%c,
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189,196) . Treatment with large doses of potassium may produce
inhibition of tone, and treatment for prolonged periods with a
relatively high concentration of potassium produces progressive
inhibition or paralysis of the movements and tone§“(1901.

With concentrations of potassium below the normal Tyrrode's
solution effects are more irregular than with conéentrations
above the normal. Thus,starting at the normal concentration,

a decrease as well as an increaée in potassium concentration

may increase the tone, or produce a contraction (193,192,198,
199,200) . There is considerable variability in the responses

of different smooth muscle preparations to the same change in
environamental conditions. The fact that many processes
involving surface membranes, including contractile and
excitability responses, are dependent upon the ratio of potassium

to calcium complicates the interpretation of the in vitro studies

performed with potassium concentrations less thannormal, in
particular. In the complete absence of potassium contraétions
become feebler progressively and eventually cease altogether
(eo1).

The effect of potassium added to isolated gut and smooth

muscle preparations is consistent with its effect on other

muscle and on nervous tissue. The initial effect is one

increasing excitability and contractility, while with prolonged

treatment excitability and contractility gradually decrease,

and eventually, with high concentration paralysis or nerve-

block occurs. Very small doses may prolong excitatory effect,
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yhile very large doses may cause paralysis without the initial
excitatory effect. In all these experiments with ion osmotie .
concentrations must be\controlled. These dual effects on
gxeitability»have been shown in vertebrate tissues of many
types, including smooth muscle, as discussed above, skeletal
muscle (202 to 207), nerve cells and fibres (208,209,210),
and for transmission in the centfal nervous system (192a, 211,
212,213),.at neuromuscular junctions (214%) and in ganglia (215,
216). Even in mammalian heart muscle a slight iﬁcrease in rate
of contraction sometimes occurs with a small increase in con-
',éentration for a short time (217,218), which is followed by
the usual decrease in rats (219) aﬁd excitability (220).
‘Hegnauer (221), working with frog skeletal muscle, showed that
the optimal concentration of potassium for maximum irritability
was about 20-23 mg percent, the irritability falling off rapidly
on either side of this range. These concentrations are double
the'normal for the frog.

There has been a great deal of research on the problem
of pétassium and its relation to acety]mcholine,which is involved
in tfansmission in the nervous system, both peripherally and

centrally. It has been shown that potassium liberates acetyl

choline, in vitro, at cholinergic nerve endings (216,222), but
that it aiso liberates adrenalin-like substance at adrenergic

nerve endings (223). In tissue respiration studies it has

been shéwn that the acetyl choline synthesis of brain tissue

<+ 0 . q s
'is increaged by small doses of potassium, but inhibited by
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large amounts of this ion (224). Both acetyl choline (225;159)

| %fd potassium (226,191), however, exert an effect on smooth
dgpﬁcle of the gut which has been functionally freed of nervous
elements. This indicates that these substances can both act
on the muscle cell itself, in addition to acting upon nervous
elements. Much further work will have to be done to elucidate
this problem of the action of potassium on rhythmic movements
and tone in active tissues.
Potassium probably exerts its physiological effects in
at least two ways, one upon the cell membrane and permeability,

and the other, within the cells themselves. In all probability

the addition of potassium in vitro has an immediate effect on

the surface and a delayed effect following diffusion into the
cell. This concept was first proposed by Eichholtz and Starling
(227) to explain the dual effects of potassium upon the kidney

tubular cells.

In summary, the effect of potassium in vitro, and when

injected in large doses into intact frogs is mainly to cause
increased tone of the gastrointestinal strip. This effect
depends upon the duration of treatment and the concentration,
and may be followed by an inhibition on the contractility of
the musele. The effects on the rhythmical movements are depend-
ent more upon the ratio of potassium to calcium. In view of

the fact that the observations have been more acute effects it

is difficult to apply these results to & chronic experiment

performed in the intact animal. |
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In view of the difficulties expressed in these paragraphs
it 1s impossible to apply analogies from experiments in isolated®
preparations of gut to observations on the intestinal tract
performed in the intact animal in potassium deficiency, except
to anticipate that an initial stimulatory effect of potassium
at least would be obtained in potassium-deficient anmals.

As noted above variable effects have been produced in isolated
gut and smooth nuscle preparations following reduction of the
potassium. In isolated preparations the reduction of potassium
is an acute effect, and the results on tone and movements
~'irregular, while in the intact animal potassium is gradually
lost and replaced by sodium. The deficiency of potassium, whether
as a primaf§ effect or a secondary, causes changes in cardie-
vvaseular system, and possibly influences the nervous elements
of the gastrointestinal tract.
(e) The release of potassium from active tissues.

| There is much evidence that potassium is released from
contracting tissues in excess of thosewhich are non-contracting.
This has been shown for the stomach isolated and contracting
in potassium-free Tyrrode solution by Cicardo (228,229). The
loss of potassium is especially marked when contractions are
rhytﬁmical as'was shown by Femn (230). Miller and Darrow,
however, found that voluntary contractions of skeletal mnscle,
unlike those resulting from electrical stimulation mainly

in vitro, did not alter the potassium concentration of the

muscle (45), Presumably the exchange with the BWood potassium
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In these intact rats was rapid enough to prevent the decrease
in muscle concentration, since the evidence apbears strong that
loss of potassium does occur during activity of many types of
excitable tissues, including muscular, nervous and glandular.
This release of potassium during activity has been shown by
Heppel (231) to occur even in potassium-deficient rats.
Potassium released during contraction is restored quickly
following recovery. This whole subject of the release of
potassium during activity of excitable tissues has been very
completely reviewed by Fenn (59:}1&Q< who, with his associates,
has contributed much information on this problem. These data

indicate the importance of the potassium ion during various

types of cellular activities.

(f) Summary of the literature review.
There are conflicting reports of the effect of potassium

deficiency on the gastrointestinal tract. A few investigators

have found that marked changes in the gross and microscopic

appearance occur in the digestive organs which are indicative

of a decreased tone. There has been no demonstration of the

effect of potassium deficiency on the function of the gastro-

insestinal tract. Experiments showing the paralysis of skeletal

muscle which is produced by potassium deficiency of DCA (Part I-
Hisforical Review) suggest that smooth muscle of organs such as
those of digestion may show similar defects in contraction. The

site of action here could be on either muscle, or nervous

elements or on both.
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®he importance of potassium in the activities of excitable

tissues has been shown mainly from experiments performed in vitro.

Inference cannot be applied to the intact animal from these -
experiments to explain the effect of potassium deficiency on
the gastrointestinal tract and of replacement therapy with

potassium.
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EXPERIMENTAL

The experiments reported in this section have shown
the effect in the intact animal of prolonged potassium.
defieiency on the motility of the gastrointestinal tract
-and the effect of subsequeﬁt therapy with potassium.
Experiments were conducted both in rats force-fed the
synthetic diet and in animals eating in the normal manner,
ad libitum. Since DCA also produces potassium depletion,

the effect of this steroid was also investigated.
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Experimental Procedure and Methods.

The effect of potassium deficiency upon the gastro-
intestinal molility has been studied in rats by means of X-ray
observations following barium sulfate and by inspection of the
gut. Determinations on potassium balance have been given in
Part I but will be referred to in this section.- An X-ray test
was performed on each normal animal prior to the experiment
and animals showing abnormal gastrointestinal behaviour were
eliminated. The diets used are the same as used in Part I
(table I).. The series of rats were divided into the following
gfoups for X-ray studies:

(1) . Force-fed rats

(a) Diet A- controls
(b) Diet B- low potassium
(¢) Diet B plus DCA
() Treatment of some of the animals of (p) and (c¢) with

potassium |
(e) Controls of the force-feeding technique:

(i). Control on handling - sham-tubing of rats
(1i) . Control of gastric distension - administration
of water bidaily by stomach tube,
(iii). Control on the diet - force-feeding diet E of

completely different composition to that of

diet A and B.
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(2) Rats allowed food ad libitum

(a) Diet A - controls

(b) Diet A plus DCA

(c) Diet B

(d) Diet B plus DCA

(e) Treatment of some of the animals of (c) and (d)

with potassium.

In the course of the studies more than &5 rats have been
observed of which 70 were examined by X-ray.

Most of the details of the experimental procedure and
methods have béen presented in Part I; The initial body weight
of the rats (males) averaged 150 grams for experiments in which
food was allowed ad libitum, and 275-300 grams for the force-
feeding experiments. |

Prior to use in any of the experiments the rats were
handled several times daily for several days to accustom them
to handling to remove the factor of excitement. They were
placddi animals even initiallj. No sudden movements were made -
in relation to the rats, and they were not handled with gloves
nor Wrapped in a towel during feeding.

In all force-fed rats 25 cc of diet A or B containing
cellu-flour was administered except for preliminary observa-
tions made on a few rats used in the electrolyte studies.

Yhese received smaller amounts of a cellu—flour free diet in

order to prolong survival. The rats were accustomed to the
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handling so that the tubine did not disturb them. This is

important for studies of the gastrointestinal tract, since
excitement inhibits eastrointestinal motility, :

an effect mediated through the sympathetir nervous suovplv
Y T v

//

or due to adrenalin releacé\b148). The intake of votassium

Ry

-
e e
s sbr s

for force-fed animals was 1.68 meq and 0.04 meq per day of

AR

diets A and B (fluid), respectivelv, and for animals fed ad
libitum the potassium intake was 1.40 #nd 0.0%5 mer of dry
diets A »nd B, respectively. Serum notassium determinations
were performed at intervals throughout the experimente. The
results were nresented in T=ble 7 in P~rt L. Since these
values showed little correl=ation with the degree of dysfunction
produced in the eastrointestinal tract. but were low in all
animals exhibiting moderate symptoms, these will not be con-
sidered in detail. No balance studies were performed in
animals eating freely. For force-fed rats the results of
studies reported in part I mav be applied to the present series
of rats (=ee T2ble 6, diet B »nd Diet B plus DCA). An average
of one-third of the calculated body potassium was lost in
about eight days through ren~l excretion.

In animals in which the esut was inspected for gross chanees
the abdomen was opened during urethane anethesia. which has

been shown little effect on motility (272). Im force-fed rats

this was done in a few animals soon after defecation had ceased

and in all moribund animals, as well as in several anim=als

prior to this gtate. In rats fed ad libitum in which chAanees
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in gastrointestinal function were not usually clinically
visible, fourteen animals were examined in the above manner
when it was anticipated that changes had occurred and in two

or three animals in which the gastrointestinal distension was
visible from the distension of the abdomen it caused. Pictures
of the severe changes which occurred from potassium deficiencv
in a force-fed rat and in one fed Ad< 1ibitum, are compared

with a picture of the gut of a normal animal in figure 6.

X-ray studies were performed in rats following a fast of
twelve to fifteen hours. A suspension of 20 grams of barium
sulfate in 100 cc of water was administered by stomach tube in
a volume of 12 cc for all but the rats weighing 150 erams or
less. These received 10 cc. The rats were taped bv the four
leess to a board for X-ray examination which was done when the
animals were quiet and relaxed. A small portable X-ray machine
was used. Frequent fluoresopic examinations were made and films
taken at annropriate intervals. Routinely the rats were inspected
at least at one, three and five hours bv X-rav, »nd sometimes
at twenty-four hours, and usually more freaquently by fluorescope,
but examination was continued over the first 12 to 14 hours when
deficiency chanzes were appreciable as well as at 24 hours. The
feces were collected for most of rats after the first tests,
and X-rayed with the rat to provide a crude estimate of the

barium excretion. Estimates of barium retained or excreted

from X-ray plates can only be regarded As A crude index of

quantities, but =Te definitelv of value in grading response.
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In rats in which no barium is detected in the gut by X-ray,
chemica%ydetectible amounts may be present (233), but these

are not important for thé’purposes of the experiments presented
in this report.

 Phe factors of handling the rats and tubing them bidaily

and of sudden distension of the volume ofhfluid diet admin-
istered by stomach tube were examined in two groups of rats.
In the first group of 4 rats the tube was passed dowﬁﬁto the
stomach twice daily but nothing was introduced. In the second
groﬁp of 4 rats 12.6 cc of water was given by stoﬁach tube
twice each day, although water does not stay in the stomach
long;y In addition, a normally balanced synthetic diet (diet
E, Table 1) of completely different composition was force-fed
to another group of five rats to compare the gastrointestinal
fesponse to the force-feeding of this diet with that to the
feeding of diet A. This diet E had a higher caloric content
approximately 73 calories per 25 cc aliquot, and consisted
mainly of whole milk powder and sucrose. The butter fat con-
teht was 8.7 grams per IOOVcc, and the fat added as oil was
1.5 percent (a total of 10.2 percent by weight) excluding that
in yeast.

" In diet A fats were added as oils forming 6.6% of the
fluid diet. Diet E is ome used by Ingle as a medium balancgd

diet.

In force-fed animals most of the X-ray tests were per-

formed one to two days following cessation of defecation.
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In animals eating freely, X-ray tests were made at inter-
vals to establish roughly when the symptoms developed. Un-
fortunately enX-ray machine was not immediately available so
that a few tests were made prior to the twentieth day of
deficiency. However, at this time changes were slight. Unless
necessary not more than one barium test meal was given in a
week, and, if this was done at least four days elapsed between
tests to permit the refilling of the gut emptied during the
fasting and from the barium administration. If results in-
dicated that development of abnormalities was very slow in a
given rat, longer intervals of :two to three weeks elapsed
between tests. In animals in which the effect of potassium
was to be tested, the low potassium diet was continued after
the X-ray examination for a few days prior to treatment with

potassium, so that recovery from the barium test would be

obtained.”
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Experimental Observations

The experimental observations on the effeet of potassium
on the gastrointestinal tract have been presented according
to the plan which is presented below. In the distinguishing
between th§ observations made in rats force-fed and in those
fgd ad libitum, some repetition has been involved. It is
necessary to separate the results of the rats according to
the method of feeding because the results differ greatly
‘qnantit;tively, although not qualitatively.

Plan:

(a) Preliminary observations from gross examination of
potassium-deficient rats.

(p) X-rays of normal and control rats.

(¢) X-rays af force-fed rats. The effect of pétassium
deficiency and acute and chronic therapy with potassium.

(4) X-rays of rats fed ad libitum. The effect of potassium
deficiency, of acute and chronic therapy with potaésium,
and of restoration to purina diet.

(e) Observations on potassium of body fluids.

puk s
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(2) Preliminary observations from e : -
deficient rats. gross examination nf potassium-
® .

gprce-féd potassium—deficient'rats. In preliminary experi-
ments observations were made on the clinical condition and
from the inspection of the gastrointestinal tract of potassium-
deficient rats, In force-fed rats every potassium-deficient
animal developed a typical sequence of gastrointestinal dis-
turbances which led to death in all untreated rats. Death
resulted primarily] at least from this dysfunction. The
animals fed 25 cc of diet a day appeared normal for about five
to ten.days, but, soon thereafter, changes occurred which
indicated that the gut was incapable of handling the food
administered. Defecation ceased from the fifth to eleventh
day, usually occurring one or two days or so earlier in the
DCA-treated animals fed diet A or B than in the rats fed diet
B alone. In all these animals a large hard mass was palpable
in the cecum. Distension of the abdomen quickly developed

as thehZﬁt became distended with gas, fluid and later with
unabsorbed food. Réspiratory difficulties were associated
with the distension. The animals became moribund in about
threeydays after defecation ceaséd and died before thevfourth
day. Upon inspection of the gut under urethane anesthesia no
contractions were detected in the gut both'prior to severe
.distension and in moribund animals. The severe changes which
occurred in all potassiqudeficient rats may be observed from
figure 6. ‘This'picture'was obtained from a urethane anesthe-

tized rat in which gross distension was present but which was

expected to live about 12 to 18 hours longer. The walls of
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Figure 6, Photographs of the gastrointestinal tract in rats: (a) .pormal
(b) potassium-deficient force-fed and (c) potassium-deficient

fed ad libitum,
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the gut were thin in their greatly distended condi tion and

the intestines, both large and small, were in heavy coils
which looked 1ike a balloon. This‘state of extreme flaccidity
distension and amotility was seen in all segments of the gut
from stomach to réctum. The cecum was enormous with retained
fecal material and gas. Engorgement of intestinal and abdominal
blood vessels, particularly the veins, was observed in these
animals as well as in potassium-deficient rats fed ad 1ibitum,
but is not readily seen in the picture. This vascular stasis
was probably due in part to imparied venous return resulting
from the pressure exerted on the abdominal blood vessels and
will be discussed below.

By eliminating the bulk (cellu-flour) or reducing the
dietary allotment to 18 or 20 cc, the onset of the symptoms
were delayed a few days, but eventually identical disturbances
in motility occurred. Thus while defecation usually ceased
in about six days in rats injected with DCA, this function
ceased in 9 to 12 days when celiu-flour was omitted and the
food intake was reduced. In several animals feeding was dis-

continued when the symptoms obviously interferred with electro-

lyte studies. This did not alleviate the condition appreciably,

but did prevent further enhancement of distension. However,

upon refeeding the animals, the symptoms soon led to death.

Defecation could not be stimulated by enemas or by mecholyl

and prostigmin.
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The effect of potassium upon the eclinical econditinn =nd
eut was dramatic in these animals., Thic wa« tested in four
rats in severe condition in which the abdomen wa« <o distended
that the animal 1lav on ite back. breathing with difficulty.
A total dose of 1.55 to 2.0 men of notassium was given by
subcutaneou~ and injection bv mouth. The following morning,
fifteen hours after the treatment, each cage was filled with
manv fecss And eAach animal appeared normal and active. From
16 to 30 grams of bodv weight were lost overnight in these
animal< as 2 result of the excretion of retained fluid and
fecal materi=l. The administration of potassium in adeﬂuﬁté
amounts to two DCA rats (1.95 mer per day) prevented the
development of =ymptoms for the perind of 17 day< over ~hich

they were examined.

Rrts fed ad libitum: In ratc eating ad Vibitum rotac~ium

deficienev caused gradu=l and less dractic changes. Although
211 potassium-deficient force-fed animals died from castro-
intestinal disturbance=, relativelv few rats fed ad libitum
died from potassium deficiency. It could not be concluded
that these deaths were due to gastrointectinal symptoms per se
except probably for the rat in figure 6. Flaccidity of the

stomach and particularly of the small intestine was noted in

all rats examined. Distension occurred in the small intestines

as well as other segments of the bowel were noted but was not

as marked ac in force-fed rats. In a few rats the cecum

reached enormous nroportions and was distended chieflv with gas,
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In several amimals examined which were in fair condition,

the stomach and small intestine were filled with clear fluid,
which mey de compared to the observations of Skinner and
7ﬁiﬁﬂhrgne”(179) quoted in the introduction. In figure 6a
picture of the gut of an anesthetized moribund rat the day
following a -barium test is shown. The changes are severe
p&fﬁieularly'for the stomach,which is dilated with gas and
retained. barium,and for the gas-distended small intestines,
whieh are amotile. Since the main symptoms .of gastreintestinal
dYSTnnctien were detected by the X-ray examination and con-
firmed in the severe stages by gross examination the details
will"be' corisidered below. The engorgement of the blood
vessels has been noted above for force-fed animals. This
occurred in the rats eating freely when the gut was definitely
hypomotile even when distension was only moderate.

After the severe stage of potassium deficiency had been
reached the animals ate less regularly and were more wasteful
of food and therefore measurements were not continued of food
iﬁtakﬁ.'lﬁhey were not in poor condition. It is possible that
the more severely deficient animals ate less in aceordance
with the reduced capacity of the gut to fulfil its functions,
since usually little food was discovered in the stomach and
small intestines on non-fasted rats when they reached this
stage. | |

Potagsium-deficient animals of the fad libitum® group

in good ciinieal condition could not tolerate the stress of
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force-feeding even of small amounts of Ajet. Three animals

which had been maintained on diet B 2d libitum for 20 davs and
were eating well, were then force-fed two feedines of diet B
of 7 cc each in one day. Althoush the animals had been healthv
in aoppearance, soon after the first feeding the animals became
visibly ill. They all died twentv-four to thirty-six hours
later showing the typical picture of acute ecastrointestinal
distension which has been described for force-fed rats. Much
of the food was retained in the stomach but the eut was dis-
tended with gas and fluid. From data presented below, onlv
moderate reduction of motility and little decrease in tone
ncecur after thirty dsys of maintenance of diet B 2d libitum,
but evidently the diesestive tract cannot adapt to the stress
of force-feedineg. Three normal rats unadapted to the technioue
of force-feedine tolerated two feedings in a day of 12.5 cc
each without visible éffect.

The <erum notassium for rat #5, of the deficient group,
was 92.%% men/litre prior to force-feedine and 5.1 mea/litre
when moribund. The tendencv for serum pgpasgigp.concantration

to rise in stress in the rats has beeﬁfdiqcussed'ﬁn Part I.
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(b) Gastrointestinal X-ravs of normal and control rats.

Explanation of figures: In the X-ray ficures 7 to 12, the

magnification of the pictures is the same in all cases., The

rats of figures 7 to 10, except of rats 101 and 103, were

larger than those of 11 and 12. The rat number is given, as

e.g. R138, the hour after barium administration of the X-ray

plate, and the treatment, e.g.'low K (diet A), normal K (diet

B). DCA (4 mg per day for force-feedine and 2 mg for ad libitum

experiments). If DCA is in brackets this indicates that trest-

ment with DCA was civen with diet B for the time indicated.
Normal; Examples of the normal pattern of the dicestive

canal and the transit of barium in fasted rats maintained on

purina are vresented in fisures 7 and 8. Within five minutes

after barium administration the first half of the small intestine,

at least, wes outlined with barium. The immediate transit of

barium is not shown for these control rats but was the same

as that for rat 133 followine recovery (Figure 12h. 2 minute

X-rav). For about twenty minutes the barium recurcitated up

to the oesophagus, often to the level of the pharynx, at

regular intervals about seven to ten times a minute. This

was not related to respiratory movements, Within a half-hour

to an hour, from one third to two thirds of the barium (ficures
9

7a.c.e. and &r) and occasionallv almost All the barium (7£)
et A Rk B

was evacuated from the stomach. Normally gostriec evacuation

was complete by from three to five hours. (figuras 70,8i,1).
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Barium entered the cecunm about two hmurs aftep administration
and usu=21ly Aapveared in the fecas bv the end of the third

hour (fiecure 7b,d). An e=timated half or more of the barium
va« exereted in the feces by the ~nd ~f five hours. The
rem@inder was retained in the cecum and colon, or occasionally
traces were nresent in terminal loons of the «m=1l1 intastine.
The stomach was emptied (figure 7 and & and i). A smAl)
fraction of the barium was rat=inad in the colon in fa<ted rate
At the end of twenty-four house. In tha =tomach of the rat«
examined in this <tudy peristaltic cortractiomswere not vie-
orous, nrobahly hecause only bsrium sulfrte ond water were
administer=A., The stomach was normallv dee~p’v ronctricted
Approxime telv in the centre (figures 7 =2nd &), »nd the contr-
actions which were nicked upon on the X-rav nlate occurred

below this. The <«trongest contractions occurred in the pyloric
canal. It may be noted here, with regard to the place at which
the strmach was constricted, that when the stomach was abnormally
dilated the constriction occurre~d at a lower noint than the
cent»» nf the stomrch. This is illustrated in ficure 8e,

for examnle. The thin-v=lled vwnner mart of the <tomach nro-
vides leas mecictance to distencion, that is has weaker tone,
and Ailate~ mors readilv therebv retainine the Jarrer masg nf

the retained mrterial, If the tonus i« lower than normal,
thi~ dilatation of the upper mart iz more morked, Follawine
the adminictration of the larece vnlime of harium susnensinn,

the stomarh nommallv became Aietended (fismre 1°h), but as 2
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result of tha incressed tonue the stomach contracted in volume

within twenty minutea,

In the emall dintestine the barium s normally in = econ-
tinuou= stream within = long loop of segment of the bowel
(ficures 7a,c,f, 2, and 82). Rhvthmic cemomentetdone (r.a, in
the figures) were <een fluore=sconicallv, ™leatine =2t the rate
of approximatelv 40 » minute. The fond material wae to<eed
rapidlv to Aand fro between adjacent cegmentine constriction-s.
Trere wae conciderable variabilitv in the strencth of thece
contractions from time to time in the =s2me rat, but thev
cccurred almost contimuously in the norm?l rat in one sesmant
or another and often throuchont. Verv «trong contractinne
wape observed for rat 398 2t the three honr X-ray (74) wheress
A more nuiescent stage was nicked un hv L-rav at one-hour
(figure 7¢). The more usual appearance of these segmenting
contractions can be noted in figures 7f,102, »nd h,. Oncacional\
peristaltic waves were noted which may be seen in the X-rav
as longer constrictions (figures 7 and g, desicnated as p),
and occagion=lly by thinning of the barium sh=dow caus~d by
the rapid snremding of the barium over the mucous membrane
(figure 72).

In the colon am~ll shallow vaves were noted travereine
eeper and wider contr-

the ~urface (fioure 8i,Jj), As well a< d

action« (7e designated as n.) In the distal colon the barium

cont2inine fecal materi=2l became senarat=~d into individu-~l

masses distending the colon lumen (7b.=, And 8i,j). This



131

breakine up of the column of fec2l materisl occurred much

hicher up, even in the proximal colon, than neccurs normallv

in other svecie=s such A= man and dnece,

Controls on Diet A: Before diccussing the effect of

votAassium deficiencv unnn the motility of the dicestive tract
the influence of the control synthetic diet A will be con-
sidered. After rats were fed diet A ad libitum for two month«
very slight abnormalities developed in the small intestinal
pattern, but these did not influence significantly the rate
at which barium was evacu~ted from the stomach or the rate
exeretion. As discussed later the factors of handline and
the various exnerimental nrocedures mav influence motilitv.
In force-feedine experiments la=ting from 9 to 22 A=vs, there
was a tendencv for the column of b2rium to be separated intn
individual masses in the =mall intestine =n3 a <light delay
in gastric emptyving time occurred, but the rate ~f excretion
of barium in the feces was not much les< than normal, The
chanses noted in both cPses were Verv slicht in comparicon
with and differed from those ob=erved in nnt2againm deficiency.
It may be mentioned hereb;hqt the breakine unon of the
normally continuous column of barium into =eparste mas«ec
or clumps which may be of different lencth or size, has been
termed "=bnormal segmentation of barium" bv the radiologist-.
Barium i= pre<ent in a small seagment of bowel and saparated
mass of barium bv empty bow=1. The lergth

from the nevt small

of the so-called seemented harium massee i.e. divided barium,

.y .
varies according to the condition of the ™mT.
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Upon inspection of some animalﬂ(Dotqqqinm-deficient nr
abnormal Adiscarded animals) it wae founi that,when this "~bnormal
csegmentation of barium" wa« markeﬂ)the ma<ses ware hardened
in the intestine bv the abcorption of water and the length
Nnf intestine between mocses wae contracted somewhat and empty
nf content=. It must be empha<ized therefore that in the
futurs nage< we »ill be talking of "abnormal segmentation of
barium" and Aalsn of rhvthmical segmentatione-, é.a. the
rhvthmical movements deceribeAd bv physiolerists.

In figure 7h,i.j X-ravs for the contls fed diet A ad

libitum are shown for r2te 101 and 103 maintained on thie

regime for two monthe. The small intestine wae within norm-~i
hehaviour in R101, but evidence of <=light fabnormAl sermentation
of barium? was seen in rot 103. The transit throu~h the cut

was normal in both animalc (the five hour X-r2y of 103 was

very similar to th"t of 101)%. A very <light trace remained

in the upper part of th~ stomach of r=t 101 At the eni of five
houre, nrobablv due to adherence nf traces of barium on the

This is not enourh to clas=ifv the gastric evacuation

mico<a.

as prolonged. But it do=s suggest the pos<ibility that mucus

secretion nf this part of the stomach may be affected by the
treatment or handling, not only in the c2se of this animal,

but in other animals in which traces of barium remain lone

after the rest has been evacuated. The adherence of traces

of barium to the walls was confirmed in several ~nimals by

inspecting the =t omr ch directlv.
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X-rays for two force-fed diet A rats are given in figure

ga to d, rat 397 representing the average behaviour of the
gut of this grouv fed diet A, 2nd v~t 258 showine the most
extreme changes produced. Ir the latter anim=1l feeding purin-
Aid not have miech affect in restoring motilitv towards norm=l
as it did in most animale; so that eame cscnAndapry factor
nrobably contributed to the svmntoms rrniuced Aurine force-
feedine. (The effect of restoring animal=s to nurina fol!lowing
the synthetiec Aietarv regime will be discuwsed with data on
notassium-daficiencv). In the forre-fed enntrole from = trace
to approximatelv twenty nercent of the harinm wae petained in
the stomach at the end of five hours, whereas normallv the
stomach is c¢leared by this time. B2rium was present in the
cecum in two hours, and from one third of the barium to normal
amounts of one half or more were excreted in five hours. Thu-s
the transit was only slightlv pnroloneed, The tana of the
stomach wa< often reduced which resulﬁéﬁ in ereater or more
prolonged dilatation of this oreen after the barium was admin-
istered (fisure 8c). The main abnormalities were in the small
intestine in which abnnrrmal seementatinn’ sometimes occurred
(figure $c but not 8a) and other irrecul=rifiess of vattern

not diaenosed. The wispy outlines of bowel nnted in snme
force~fed animals indicated the presence of sm~1l' smounts of
saa in bowel constricted more than normally. which, ~dd=d tn
the findine of abnormal segmentation in some rats,suzzested

jrregularity in tonus. The ch@nges in the large intestine

were not annreri”ble.
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sham force-fed rats: The chanses in eastrrintestinal motility
nroduced in force-fed rats were not due t» the actual tubing
and probablv not to sudden Fastric distension with fluid since
experiments in which these factors were tested showed that the
motility of the gut was normal in behaviour. In =5t 258 the
tube was passed down into the stomach bidailv without intrn-
ducine anvthing, and in 353 water wes introduced by stomach
tube bidaily. From fisures (8g,h,i) for rat 258, and fismres
(7-,81) for rat %53, it can be observed that the transit of
barium through the cut and the sma1l intestin=l vattern were
normal for both groups.

Diet E: It was possible that the small chanees produced
by force-feeding may have been due to the diet A fed. There-
fore, a different diet (E) was administered for 16 days. The
changes produced bv this diet were much more marked, and were
within the renee produced in foree-fed AnimAle in mild
notagsium deficiencv (ficure 8e,f). The transit of barium
from the stomach and through the gut waas prolonged. Arnrov-
imately one nuarter to one third of the barium was in the
stomach at 5 hours and gastric evacuation wes not complete
until 9 to 11 hours. Barium passed into the cecum And colon
between the third and fifth hour, but few feces containing
barium were excreted before seven hours after administration.
In most of the five animals examined Aaporoximately h~1lf had
been excreted bv nine to eleven hours. The effects appeared

to be due in considerable vart to spasm of the ovlorie
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sphincter. Most of the barium meal was retained frr more than
an hour in the dilated stomach. HOowever, the barium reachine
the mall intestine anpeared to move slowlv also. The nattern
of the small intestine was abnormal. "Abnormsl segmentation

of barium" was noted, and in some X-ravs irresularities in the
tone occurred, but dilatAation was not a prominent feature., It

seems improbable that these chanres were due to vitamin

deficiencv in view of the fact th%%ﬁ%f%éggigggngfzzeast were
added ner 100 cc of diet. The potassium content was higher than
that for diet A. It is possible that the higher content of

fat in diet E as compared to that in fluid diet A contributed
to this difference on the dicestive tract, especially since

the fat of diet B is mainly in the form of animal butter fat,
while that of diet A is mrinlv in the form of vegetable o0ils.
It is well known that fats delay gastrie evacu=ation time, With
the force-feeding of animals the distension produced in the
stomach bidailv miecht have a chronic effect on the tone nf

the stomach =2nd nn the pvinric sphincter, which could be
detected with the barium suspension in the =bsence of food.

In addition, the onemotie nrassﬁre of diet E was greater than
that of diet A, =ince it contained sucrose and lactose. rather
than dextrin and sucrose, Substances with hich osmotic con-
centration delay oastric evacuation, but whether the difference

between diet 4 and E w=e nhysinlogically significant 1< one

nmdetermined point.
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To summari-e, the normal animal maint=in~d on purina
exhibits the followine characteristics in barium tests prinr
to experimental use: (2) complete castric evacuation in 3 to
5 hours, (h) continuity of the barium fluid column in the
small bowel anAd reomlarity tonus, (r) evecretion nf an estimated
half or so of the b~rimm in 5 hours. The rats f£~3 Diet A
ad libitum showed <«licsht chances in intestinal nattern. Those
force-fed this diet showed somewhat more changes in the small

intestine and slight prolongation of castric evacuation time.



137
\

(¢) Gasigointestinal X-ray studies on potassium deficiency

in furca;fed.rats.

»* The development of deficiency effects: Examination of
the gastrointestinal motility was made following a fifteen
hour.fast.:tIn the potassium-deficient rats a rough idea of

the :sequence in which gastrointestinal disturbances developed

was obtained from examination of different rats at various
times after the potassium depleting regime was initiated. It

- was not possible to traece the development of changes in a
gingle animal, because three or- four days, at least, must elapse
between barium tests, and because these tests per se affect

the development of the symptoms. Animals were examined during
the following stages and were categorized as indicated: (a)
Early'éhanges - in rats two to four days prior to cessation of
defecation, (b)VMOderate changes - in rats examined about the
time which défecation ceased, (c) Severe changes - in rats
examined about one and one half to two days after defecation
ceased and when abdominal distension was visible, but not
extreme, and {(d) Extzeme severe changes - In rats examined
about three days after defecation had ceased when abdominal
distension was exbreme and the animals were not expected to
survive for a day. Most of the observations were made on rats
of the category (c). Symptoms observed in DCA-treated and non-

injected rats force-fed diet B were the same and the observations

will not therefore be grouped separately.
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In discussine the senuence of aventa le2ding to cevera
gaetrointestinal dvsfunction the date con<idered has been
that presented in fiegures 9 and 10, as well A< that obtained
in L-rays not inclnded becau<e of the bulk of the m=teri=1,
and that obtained from Aetailed fluorescopic notes. The
X-ravs in fisures 9 and 10 will be considered in more dotail
followine the discussion, in relation the imnrovement produced
bv acute or chronic administr=ation of notassium.

Early changes: The X-r2v evamination of four rats prior

to the detection of clinical symptoms showed that only slirht
changes occurred,@n comparison ﬁghthe controls force-fed diet
A} in the first five to «ix Aave of deficiency in these
force-fed rats. Three of the animals did not differ appreciablyv
from the force-fed controls of figire 8a to 4 excapt that
"abnormal secmentation of barium" in the sm2ll intestine was
more evident. The chanses were more evident in ret 254
(ficures 10a,b). The chief abnormalities which occurred in
this anim=1 were slightlv nrnlonged gastric evAacurtion time,
‘abnormal <egmentation of parium in the small intestine but
little or no evidence of distension, and slightly prolonged
transit of barium. Since a few days later rat 354 (figure 10c)
and one of the others (figure 6b) develoned cevere chanees, the
sastrointestinal disturbances Aare therefore sndden in onset

rather than gradual.

Moderate chances: About the time A=fecation cemrcsed the

~rhierf changes obeerved were in the stomach 2nd the rate of
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transit of barium throueh the whnle tract. Animal 355 (fig-
ure 9j; see 9F, also) illustrates chanees obrerved At this
time. The stomach was markeAlv hypotonic and spasm of the
pvlorus probablv occurred. The tone of the small inte<tine
was not aprreciably reduced, bnt abnormalitiss in the mattern
of the small intestinal contours were noted. Evidently the
whole tract was markedlv hvnomotile, bec2n=e brrium remained
in stasis for manv hours, up to the 1°2th hour<, despite the
earlv distribution of the barinm evacuatéed from the stomach
throushout the sm”ll =2nd large intestine.

Severe chancecs: (Ficure 9a.b,c,2,i,10c). In these ~"nimales

the dilatation of the stomach in the fir~t on= or two hours

was not more marked than occurred in the animale at the time

of cessation of defecation, but it persieted lonzer. The chief
difference between the observations in these animals exhibitine
clinical dictension and those nrior to this stage was in the
dilatation of the smal’ =nd large intestine =nd the weakne<s

nf the rhythmic seementatinn-. Fqgﬁnp to eight to twelve

hour~ moet of the barium was retained in the dilated stomach
and the rest was a few dilated loops of sm~ll inte=tine, in
continn~us columns rather than segmented., Thie wa=~ tynical

so which ocrurred in the~= =2nd more ~everelv affected

of chanc

spimele. In the group examined about tvo deyve after defercation

ceAnsed, b rium remAined in stasie until the tenth to trelfth

hour and usuallv did not reach the cecur antil after this time.

Variable amounts of gas and f1luid were nresent. The distension
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by gas of the gut tended to inecrease during the X-ray exam-
ination. Usually no barium was excreted in twenty-four hours
and ecastric retention of barium still persisted. The rest of
the barium was found in dilated loons of small intestine and
large intestine and especially in the enlareed cecum which was
characteristic of severe changes in the force-fed rats (ficure
9a) .

Extremely severe changes: Unfortunatelv no X-rrvs are

available to demonstrate the =everest effect such =25 ncenrred

in the rat illustrated in figure 6b. Hrwever, detailed fluores-
copic nmntes were made on other animale exhibitineg <imilar
abdominal distension. I» three rats fed diet B for seven dave
and iniected with 4 mg of DCA, an exsmination of the =2nimal

by X-»av prior to the barium =2dministration showed the accum-
ulation of a laree smount of fluid (vartlv unabsorbed fond)

and cas in the stomach and intestines, and demonstrated the
marked =bAnmin=l distension. Great dilation of the stomach was
sean after the barium me2l in 211 examinations during the first
9 to 12 hours. The castric contents were mived with eas in
lapoe amounts. The gastric distension at five hours was Aas
great or greater than that at one hour in figure 9i, and per-
sisted almost unchansed until the tenth hour st least. Prob=blv
not as much a= fiftv percent of the barinm wes eliminated from
the stomach at this time Aand no bsrinm had annroached the cecum.
Thus the barium remained in stesis from the fifth to tenth or

twelfth hour in 2 much enlarged stomach and » few ecnile of
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small inte<tine containine large amounts of Z2As. At twentv-
four hours chaneces weres more severa thap i« observed in firnre
92, Aabout one third of the b2rium was retained in the stomach.
The changes in the stomach mav ba el2borated unron. Onece
"moderate" distumbances in the motilitv of the castrninteatinal
tract were detected, about the time de=fecation ceased, the
tone of the stomach was oreatly reduced, In addition, the
prolonged retention of fluid and barium in the stomch, not
onlv in the force-fed rats but in depleted rats fed a4 libitum,
may have been duer to spasm of the pyloric sphineter. Thus
in figures 9b and ¢, it is evident that some inecrease in gastric
tonus has occurred from the reduced size of this organ when
not much barium had been evacuated, but this increase in tonus
has been able to evacuate but little barium snd fluid from the
stomach. Normallv in man and animals fluid is readilv ~limin-
ated from the stomach with onlv weak peristaltic contrsctione
(138) . As seen from the normal rats of fienre 7 and & and 12h
when barium is administered as an acueous suspension it i=
rapidlv eliminated from the stomach without strong neristaltic

movements.

Potassium deficiency and acute theranv with potassium:

A tynical example of the effect of severe votassium
deficiency in a force-fed rat Aand the stimulatorv =ffect of

potassium is shown bv rat 387. (figure 9a to f). In this

animal the clinical svmptoms 2s discussed for the category
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"severe chaneges™. Twenty-four hours after the firet barium
meal (figure 92) nn excretion had occurred. The stomach was
distended with 22s and contained barium. Most of the barium
was retained in the distended cecum and ileum, which was flacecid.
Faint contours of the colon show this secment to be dilated. A
second dose of barium was then eiven. The half-hour and four-
hour X-rays show that little movement of the old barium hac
occurred and that the new barium mainlv in the stomach.

By four hours about one ocuarter had been released into the
urmar loops of small bowel which, thouecsh dilated, showed come
feeble segmenting contractions., At four homrs 3 mea of
potassium was injected subcut2neously. From fluorescopic
exanmination little chanee nccurred for more than one houry, , but
by the end of two hours active rhythmic segmentine contractions
were observed continusllv pulsatine and active peristaldls was
noted (figure 9a). As shown from the six hour X-ray taken At
this time, the cecum had shifted completely from one «ide of

the abdomen to the other: it wa<s smsller Aand its contours
changed. The cecum continued to show this mobilitv, =hiftine
back and forth from side to side 2t least every couple of hours,
and much of the old barium was soon released from the ileum
into the cecum. Contractions increased in vigour in the smrll
bowel and althouch distension was still present, it was much
reduced. Barium was excreted between the twelfth and fourteenth
hour (eicht to ten hours after potassium administration) in the

form of diarrhea. The movements nf the eut Are vell-shown in
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figure 9e. As seen from the twentv-fonr hour {-ray taken the
followine mornine (fioure 9f) most of the total amount ~f ba2rium
had been excreted. although some e¢2s »ras still present in the
tract And A trace of barium was in the stomach. This compares
favourably with the barinm excretion in a day by normel rats,
Thus an animal which had not evereted anvthing for nearly four
days cleared the alimentary canal almost entirely of two barium
meals and 2 large amount of fluid, fecal matter and cas within
20 hours after the administration of vpotassium. Similar relief
of gastrointestinal hvpotonicitv and hypomotilitv ws=< obtained
shortly after potassium sadminietration in rat 283, in which

the deficiency symptoms were comparable to those of rat 387.
The one hour X-ray only is <iven (firnre 91i). Several hours
prinT to the test the potaasium concentration was 2,45 men ner
litre. A trta3l of 5 mer of pota=cium wrs Aadministered during
that day. The following mornine the serum notassium concen-
tration wa< 5.81 meo per litre. The g==trointestinal clearance
of barium was more complete than for rat 387. R2t 390 was in
poor condition after 7 days of potassium deficiency (Diet B

and DCA) although the abdominal distension was not more m=rked
than for the above rats. A= in 211 of the<e °nimal=s, nearlv
all the barium was retained in the stomach hv the end nf five
hours (figure 9¢). Ten cc of hvpertonic vntassium chlnride
(310 meq/1itre) was administered subent-oneon<lv after the
five—hrur X-rov. The rapid effert Af motacsinm therany in

initistine rhvthmie segm~ntation was readily «een within 2

half hour.



144

The six-hour X-ray (ficure Oh) shave the ~ercmenting
movements 2nd neristaleis, Barinm had nassed Anwn the omall
intestine noticeablv in an hour, wherese the harium had heen
in stasie »nrinr to this. This animal died a for houre latsr,
De2th wag in nart Aue to the afferts on the Tung of hvpertonie
potAssium solution civen to »n anim=l in nnor condition. Unrnn
autonev it wae «ean that borium had naceed down onlv g few
inches of the small intestine At which noint a con~triction in
the wall of the ~ut was noted. 1In later evmerimente isotonic
nota~sium chlnride «olution was adminietered rather than the
hvnertoni~ «olution.

In T2t 354 the =aplv cymntoma ~pre rcontrasted with the
advenred chenres nroduced thrae 2and nne half daves later. The
earlier X-ravs (ficure 10a,b) show thot a few feces ware
excreted At five hours. Most of the barinm had reachad the
recum, 2nd about A ~ucrter was in the «tomach. At no time 4iA
the barium contours indic=ate that the stomaech was annreciablw
more enlareed than normal force-fed controls. *Abnormal «eso-
mentation of hﬁrium”in the small bowel was ruite marked (figure
10a), but movements were cuite active. Thers was some dilatation
of the nroximal colon and possiblv of the cecum. Three-and

cne-half davs later distension of the abdomen =suddenlv Adeveloned,

Gas was present in the <tomach =nd inteatine °nd therefore the

auAntity of barium ratained in the stomach wag masked =n3 could

nnt be eatimated. The reat of the barium 2t the AnA of «ivY

houra was in 2 couple nf flaceid =2nd dilated loops of sm 11
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intestine (figurs 10c¢). A tot=] of 2.2 men of notassium

was injected. Between the 13th =nd 18th hour after barium
most of this enbstance had been e~xcreted from the sut in the
form of diarrhe=. Contractions in the ileum, cecum and colon
were seen to be verv vigorous, The twentv-four hour X-rav
(figure 104) showe prectic2lly no barium remained in the sut
which is an improvement over the norwal, This animal was
thenceforth maintained ad libitum on diet A for a month and

a half.

Potassium deficiency and relief of effects with a normal

diet: The "moderate®™ decree of deficiency chanees occurred

in rat 355 which was force-fed diet B but waa oiven no DCA
(figure 9j). (For control X-rays on diet A compare figure &b).
The initial gastric dil=at~tion and retention of barium at one
hour was as marked as for rat 383 (figure 9i), but the subseruent
X-rays showed that there was not apnreciable intestinal dilation
in rat 355 until Aabout the twelth hours, whereas in the other
animals of ficuraes 9 thie was = prominent feature. At least

one half to two thirfs of the barium was still in the =tomach

At six hours. The rest of the barium was Ajeper<ed thouech the
~ut and one feces was excreted. Seementine movements were
fairly sctive. Irrecularities in contour in the inte<tine mav
be due to small egas accumulations and/or irregularities in tone.

The «ix-hour X-ray miecht indicate that only the eastric chonge«

were very marked. IHnmever, the barium remained in ~2lmo~t ~tasis

until the twelfth hour at lea<t, alight dilatation developed

in the smell bowel, and no further fecea were evcreted,
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Movements were weaker. This Aemonstrates the hvpomotility
which occurred throushout the tract, and pointe to the neceseity
for repeated examination to follow harinum tran-~it.

This animal was force-fed diet A, that is,a normal nota==jium
diet. (The low potassium diet was continued to permit recovery
from the test, and symptoms became more marked in this interval).

After recovery from the test (three dove on diet B con-

tinued), the rats were force-fed diet A, containine a normal

amount of potassium. The improvement in motility after three
days i« evident from the siv-hour X-vav (figure 10f), e<pecially
since symptoms progrecsed Anrines the continue~d feedine of diet
B after the te<t (2bove). In siv hours, one cuarter to one
third of the barium was excreted and less then onrne ouzrter

was in the stomach. Novements in the emal1l =2nd laree bowel
were active. Abnormalitie« which persisted 2fter this <hort
treatment of three deys were in the em~1ll inte<tine m=inly.
M~re of the borium annear~d to be retained there than normally.
Hrwever it ie difficult to make out with certainty which loovn=«
were colon and which small bowel.

R=t 394 showed similar deficiency changes to 354,“@&8
treated with 1.8 men of notassium bv injection and then re=tored
to the control diet A fed bv stomach tube for 4 days. It can
be seen that gastric evecuation of barium was almost normal at
five hours (figure 10). Several fecas has been evcreted, but

most of the barium was present in the small and large intestine.
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Some dilatation of the loops of small intestine occurring
between areas of almost spastic contraction indicated the
unevenness of tone in the loons. Most of the barium »ms
present in the colon ready for everetion. By the tenth hour
only a auarter or <o remained in the larce intestine. The
rest of the alimentary ceanal was completelv cleared,

For T2t %83 restored to diet A for two weeks, the one
hour X-ray (figure 10g) mav be contrasted with that obtained
during deficiency (figure 9i). This shows the great improve-
ment in gastric evacuation and motilitv of the small bowel.
Gastric peristalsis appeared to be active but the tone of this
orcan was not normal, Approximately one nuarter was retained
at the end of five hours, but only very slicht trares were
present by seven to nine hours (fiegunre 10i). The small intestine
wes completely normal (fionre 10g,h) 28 <howr bv the active
rhythmie segmentations =2nd peristalsi= and the continuity of
the bh2orium column in l1nnns of bowel of normal tone. ZEveretion
rate was prolonged. This Aapnesred to be Ane mainlv to Aelav
in the cecum to mectum Aas c¢2n be <een in fienre 10h., By nine

hours about ona h~1f ta twn thirde of the barium was evereted

!

and the rest was in the laree inteatine.

From the d=ta of these and other rats relieved of pota=sium
deficienrv bv force-feedine diet A, it was econcluiad that very

matked improvement occurred within a few dave in tone anA

mAvemente ~f the stomach #nd asmall intestine., Aand in the
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avacu”rtion rate of the barium, but that recovary to the normal
motilitv observed in force-fed rats (f‘igurg 8a tn d) nricr to
deficiency could not be obtained while the diet was force-fed,
The tran<it time wes prolonged, =nd gastric evacuation time
was slower. Contractions in the sm=11 intestine were active,
but“segmentation of the barium”in the am=1]1l 9intestine was more
marked, and tone vwAas often not normal or wsec uneven. Improve -
ment, Almost to nmormal, usu~lly occurred when the diet A wos
fed ad libitum as discussed below.

The improvement in the gastrointestinAal tract following

potassium deficiencv was much greater when the animals were

allowed diet A ~d libitum, thg;lh/‘e%hey wera when forece-fad diet
A. This is shown for rat 354 (ficure 1Ne) <«ix weeks after the
termination of potassium deficiency regime (ficure 10c¢c). Only
slicht abnorm=1ities versisted in the egastrointestinal tract
of this anim”l, althourh in other animals recovery was not aes
complete. In the case of rat 3ZRU thece consisted mainly of a
delayed castric evacumation time (fieure 1Ne) so that about ten
percent of the barium wacs retained =t five hours, slieht hvpo-
motilitv of the stomach, and slicht irrecul=rity in the small
intestinal pattern. In most animals "abnormal segmentation of
barium? occurred with variable severity from animel to animal,
larger amounts of barium were found in the @amall intestine at

the end of five hours, =nd often the b~rium excretion was

subnormal.
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When rat 354 was placed on purina diet for two weeks

the transit of barium was normal1, =231thoueh certain features
nf the small intestinal pattern differed from the pre-experi-
mental controls of fiegure 7. This will be diccussed with
rats fed ad libitum. The stomach was normal in rat 354 and

approximqtely normal in the other animals tre~ted similarly.
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(@) Gestrointestinal X-ray studie~ on potassium deficiency

in rats allowed food =4 1ibitum.

The development of vnotassium effects: In rats fed ad

libitum it was more difficult to trace the sequence in which
changes nccurred in castrointestinal motilitv than it was in
force-fed rats. For, asshown bv X-ray studies, the rate at
which eastrointestinal dvefunction develoned varied considerablv
from animal to animal, the organ or org=2ns of the diecestive
tract first 2ffected or most severelv affected varied from
animal to animal, and the chanees vrnduced in the small intes-
tines were extremely complex. However, in all the enimals
observed changes of one tvpe or another occurred in the small
intestine. Usually decreased tone and motilitv of the stomach
was associated with this, but in » considerable orovortion of
animals the stomach motilitv was not affected until intestin~l
Aisturbances were moderatelv advanced. One Aanimal showed
typical severe intestinal changes after 99 days on potassium
deficient Aiet, but the stomAach was completely evacuated of
parium in 6 hours. In several »nimals the changes in the
cecum were advancel f2r beyond the abnormalities in stomAach
and intestine. It was necessary to consider the response of
the whrle tract over a period of at least 12 hours once the
symrtoms were moderatelv advanced, For, in several cases,
the five hour X-rav presented a completely different AapvreAar-

ance to that in subsenuent X-rays at 10 to 14 hours. Certain

~f these X-rave were difficult to interpret without direct
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inspection of the gut. However, there were two effects
common to nearly all the animals,-one, the small intestine
passed through a series of changes which were indicative of
first a decrease in motility and then a gradual and progressive
decrease in tone, and two, symptoms were produced in the
severest stage which can be considered typical of the effect
of potassium depletion in rats fed ad libitum. The final
stage of deficiency was extreme hypotonicity and hypomotility
of the stomach and small intestine, and similar but more
variable effects on the ceéum and colon.

From repeated examination of the twenty-eicht rats used
in ad libitum experiments, it has been possible to classify
the data in the order in which symptoms developed in the
majokity of animals. The animals have been grouped together
regardless of whether treated with DCA or not, since the changes
were similar. The symptoms have been categorized into two
groups on the basis, mainly, of the changes in the small intes-
tine and the delav in traneit of barium through the alimentarv
canal. The development of abnormalities is illustrated in
figure 11. The X-ravs are arranged according to the estimated
severity of changes as judged from the gaatrointestinal move-
ments and barium in transit during the test day.

In the early stages definite hypomotility of the small
intestine was observed, but the tone was normal, or possibly
even increased. Later}%bnormal segmentatioﬁ’of the barium

column in the small bdwel occurred and then tone decreac<ed.
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The transit of barium through the dicestive tract was de-
creased considerably in most cases. In some, no barium-feces
were excreted in five hours, whereas the normal animal excretes
about half the barium in this time. The stomach was affected
in about half the animals, in which an estimated ten percent
to one third was present at five hours. Gastric dilatation
was not pronounced in these animals., Examples illustrating
these early changes are presented in figure lla,b,c. In rat
136 few intestinal contractions were seen in three X-rays
taken over a five hour period. The motility was therefore
reduced in the small intestine. The barium was spread through
very narrow, ribbon-like loops of intestine in a continuous
column, with one considerably dilated loop. Whether this
pattern of the small intestine was indicative of increased
tone at this stage, has not been Aascertained A= yet. It
nccurred in the majority of the anim2ls examined in the early
stages. It could also be due to incomplete filling of the
loops because of reduced motility of the mucosa since normally
this aids in spreading the material over the surface. Little
barium was passed into the laree intestine in five hours.

In rat 131, the chanses in the small intestine are indic-
3tive of hypomotility but not hypotonicityv. The contour< of
the bowel are smooth. In addition, this X-ray suggests the
beginning of abnormal segmentation of barium, since the barium
is not in a continuous column. Gastric retention was creater

than normal both 2t three hours (fieure b) 2nd at five hours.



153

¢

In rat 107, which was maintained on diet B for 29 days,
and eiven DCA (2 mg ver day) during the last 11 days, definite
changes in the small intestine were present. #Abnnrmal sec-
mentation of barium® ocerurred but the tone was not apnreciably
affected in the loops which were filled with barium. Gastric
retention of barium was noted at five hours., In addition,
in this animal and four others the stomach w2s observed to be
completely inverted. This was not related to the severity of
the changes. This change is indicated in the five-hour X-rav
of figure c, but was observed more clearlv at three hours.

Gradually the tone decreased and the barium, still
abnormally segmented, was seen to fill sausage-shaped loops
of intestine. The,gppearance was similar .to that of figure c,
except that the loops were more dilated. These were regarded
as a transition between the early changes and the later changes
described in eroup (b).
(b) TFollowing the above changes, the tone of the small intes-
tine gradually became greatly reduced in nearly 211 the animal-s,
Tn addition the motility progressively decreased. As a result
the barium remained in stasis for some time, the duration of
stasis being 2 measure of the deficiency effects. In most
animals the stomach was greatly reduced in tone and there was
evidence of pylorospasm, @&s discussed in the force-fed rate.
The distension of this organ and the small amounts released
in the first one to three hours was often combarable to the

observations for force-fed potassium-deficient rats. This
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is illustrated by rat 136 (figure e) which, from later X-rays
on this same day} was shown to have deficiency symptoms less
severe than rat 138 (figure f and g). More severe gastric
effects developed than this in the stomach as the symptoms
in the digestive tract progressed (figure k).

As mentioned above the tone of the small bowel progressively
decreased in most animals. In a few animals this decrease did
not occur for the duration of observation such as for rat 138
(figure f), but if the transit through the whole tract was
greatly reduced symptoms were considered to be of this group
(figure g). In nearly all animals the barium was no longer
abnormally segmented (i.e. broken up), but was present in a
continuous column in the small intestine which exhibited feeble
or practically no rhythmic segmentations and variable degrees
of dilatation.

Animals of this category have been grouped roughly into
subdivisions to nresent an idea of the sequence in which these
symptoms developed, and, as discussed below, the average time

in which the various changes occurred. Moderate changes

included symptoms of moderate hypotonicity and hypomotility,
where the barium remained in stasis for about two to four
hodra, but in which several feces were excreted between the
eight and twelfth hour. An example of this is rat 117,
Treated with ﬁCA (figure d). This particular animal showed
no gastric retentinn at six hours. Definite dilatation of

the small bowel can be noted, but some rhythmic segmentations



155

»

are detectible. Several feces were excreted before nine
hours and only about one quarter to one thir? of the barium
was retained in the gut at the end of twenty-four hours.

Moderately severe changes included those in which stasis

existed for a longer period in the gut, "nd in which barium
reached the cecum in twelve hours. In thié groun no barium
was excreted until after twelve hours, and a large proportion
of the barium was retained in the gastrointestinal tract at
the end of twentv-four hours. These are illustrated by rat
138 (figure f and g), in which the reduction in tone of the
bowel was not as marked as in other animals, but the barium
was in stasis, had reached the cecum by 12 hours, and was
retained in all parts of the digestive canal at 26 hours.

Severe changes included those in which barium evi<ted

in stasis in the stomach and upper part of the bowel for
many hours, up to more than 14 hours in some, in which no
barium entered. the cecum until after 12 to 14 hours, and in
which little or no barium was excreted at the end of twenty-
four hours. 1In all these animals marked hypotonicity and
hypomotility existed.in the small bowel, and usually in the
stomach. Lesser changes occurred in the cecum and colon.
These changes are illustrated in figures l1ih,i,j,k,1,m
and 12a. The small intestine in many of these animals pre-
sented what might be termed an ¥unwound" appearance (r=t 118

figure 11i) which was the most characteristic appearance of

the severest stage produced by potassium depletion for the



156

L

duration of these experiments. Nn movements at all were
detected fluorescopically. It seemed as if the barium wa<
consolidated in these loons., All parte of the small and

large intestine of this r2t 118 were distended at 24 hours
(ficure j). No feces were excreted. In another animal studied
in parallel with 118,?%eces were excreted for 72 hours after
barium administration. The gastric symptoms of rat 118 became
more severe with continuance of the low potassium regime
(figure k).

Gas distension was less pronounced in the animals fed ad
libitum, as compared with the force-fed animals. However, in
several animals considerable amounts of gas accumulated through-
out the gastrointestinal tract and distended the organs
(figures 11 1,m, and 12a). The changes observed in rat 132
(figure 11 1) were almost as severe as those produced in force-
fed rats examined two days after defecation ceased.

In about eicht rats the cecum was greatlv distended with
gas. Once the barium entered this oresn, it was retained there
for long periods even up to two days. In rat 110, treated with
DCA and maintained on diet B, the stomach was normal (fisure
1ln). The small bowel was distended with gas but showed some
rhythmical movements. At eight hours nearly all the barium
was in the distended cecum which almost filled the abdomen
of this small animal. At 26 hours the cecum was similar in
appearance and contained all the barium. Cecal distension

oceurred more often in the DCA-treated animals (on diet A

or B) than in the others fed diet B Alone.



157

From a series of tests in 15 rats maintained on a low
potassium diet and consuming about 0.03 men of potassium daily
the following estimaﬁes were obtained of the times at which the
various types of gastrointestinal changes occurred. In all
animals examined some abnormalities occurred but since few
animals were examined before 20 to 25 days, the exact time of
onset of the early changes was not determined. In rats on
diet B the average times in which the symptoms became "moderate®,

"moderately severe® and "severe" (according to the above class-
ification) were 41 days, 51 days and 62 dsvs, respectively.
Thus the tone of the small intestine was decreased more slowly
(this distinguishing the early from these later changes), but,
once it did decrease,symptoms became severe rapidly, in an
average of 21 days. If rats on diet B were injected with DCA
the symptoms developed more rapidly. Severe changes were
noted in three of four animals maintained on a low potassium
diet for 33 days and given 2 mg of DCA per day for the last 22
of these days. If the rats treated with DCA were maintained
on diet A, there were indications that symptoms developed more
rapidly, being on the average, moderately severe after 35 days
of treatment. The small number of DCA-treated rats examined
however, prevents a direct comparison of these figures with
those of the larger group of animals meintained on diet B alone.

The changes produced by DCA appear very similar to those
produced by a low potassium diet with the possible exception

of the cecal changes. However, it is possible that DCA =e¢ts
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in some other way in addition to its effect in depletine the
body potassium. The administration of potassium produced
striking improvement in one animal moribund from DCA and a

low potassium intake.

Potassium deficiency and relief of effects with the normal

diet A or nurina.

The acute effect of potassium is demonstrated by rat 112.

The gastrointestinal tract after 28 days of deficiency (DCA
diet B) was hypotonic and completelv amotile in the nine-hour
X-ray (figure 12a) and the animal was cold and moribund. The
1.5 meo of potassium administered at 12 hours produced striking
effects. The followine mornine (at 24 hours) the animal -was
warm and active. About one half to two thirds of the barium
was excreted (figure 12b), and the rest was in the large in-
testine, mainly in the terminal colon. This is to be contrasted
with the twenty-four hour retention of rat 106 (figure 1llm)
which was similarly depleted of potassium, but showed «ymptoms
less marked at 9 hours than those of rat 112, The acute

effect of potassium in other animals was similar to that in

the force-fed animals and need not be discussed further.

Of the animals pleced on the normal diet A 1o recover

from potassium deficiencv, about half received 1.5 men
additional potassium bv mouth and injection during the first
few days only (rat 138). This did not appear to affect the

improvement appreciablv (excent probablv for rat 138) (figure

12¢) .
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In rat 138 the initial stimulatory effect of potassium
added to the diet was very pronounced. This animal had been
maintained on a low potassium diet for 76 days, and the
symptoms on the 69th dav were moderately severe (figure 11f,0).
The animal was placed on diet A and given 1.5 men of potaseium
by injection and stomach tube for two dave (total intake of
potassium ner day 3.1 meo, which is not high for rats). The
barium test the following mornine showed that the motilitvy
of the whole dicestive tract was increased above normal.
Barium left the stomach rapidly, appeared in the cecum in
less than one hour, and in the feces before one and a half
hours. At three hours (figure 12¢) little barium remained
in the tract, whereas normally only several feces are excreted
in this time. Tone and rhythmical movements avpeared normal,
insofar 2<¢ they could be iundged. The feces were well-formed
and of normal consistencv, <howine that there w=2e no ~ien of
diarrhea. It is aquite noasible, however, that the initial
stimilatorv effect in thie animal mAav have heen due to
excec<ive amounts of nnt=ssium,in addition to the restoration
of the body fluids to normal concentration. The serum
notassium was 5.57 mea/litre which is somewhat higher than
normal.,

Soon after this test,regrquion in the improvement
neccurred 2s it Aid in the other rate. However, this wa~ not
annreciably =lleviated by placins Tt 1238 on nurina diet, ac

it was in other animals. This animal was ex~mined seyerAl
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times during the next <ix months and the evacuation rate
became worse. Possible factors which mav have contributed
to this progressive regres<ion are chronic infection, or,
less,likely, aceing.

Rats 125 and 133 show the tvpical improvement which occurred
in the majority of animals after nota=sium deficiencv vwes
relieved with A normal intake of this ion (diet A). On the
67th and 84th day, resvectivelv, the abnormalities in the
gastrointestinal tract of these animalcs were comparable to
those of figure 11i and h. When these rats were fed the normal
diet ad libitum for five davs (rat 125 figure 124) and nine
dgys (rat 133 figure 12h,i), the condition of the alimentary
tract was almoq% normal. In rat 125 only a small smount of
barium remained in the stomach at five hours and the tone and
contractions of the small intestines were normally active. In
this time the excretion of barium wAas normal, and the cecum,
which had been enlarged during deficiency, was normal in size.
The abnormalities seen were a reduced tone of the upper part
of the stomach at three hours relative to the normal controls
at this time and retention of a trace in the stomach at five
hours, as well as of more than normal amounts in the actively
contractine small inteétine. The small intestinal pattern
was almost normal. By eight hours castric evacuation was
complete and the barium retained was in the large intestine

and cecum. On the 12th day of recovery some abnormalities

in the motility and tone were noted which showed that the
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initial effect of potassium regressed somewhat. The main
changes were reduced gastric tone and it prolonged gastric
evacuation time and some ®abnormal segmentation of barium"
in the small bowel. Nearly all the barium except a small
amount in the stomach (10 to 20 percent) was excreted by
five hours (figure 12e). This animal was placed on purina
for two weeks. X-rays (1l2f,g) show that the movement®s of the
gut and transit of barium were approximately normal. However,
the pattern in the small intestine was not the =ame as that
of controls prior to use in experiments. Again the abnormalities
appeared to be due mainly to ®abnormal segmentation of barium".

Rat 133 shows similar effects. In two minutes (figure 12h)
many loops of small bowel were filled with barium and exhibiting
rapid and vigoroué rhythmic segmenting contractions,(the loops
are superimposed in the X-ray),and the stomach was normally
distended. At one hour rhythmic segmentation and neristalsis
were evident and the barium was in 2 continuous column in
the small bowel, as is normal (figure 12i). A slight abnormality
in the small intestine pattern was detected at three hours
(not shown). At five hours the X-ray was comparable to normal
except for a trace of barium in the stomach. Again, with more
prolonged feeding on diet A regression in the barium nattern
of the digestive canal occurred, the chief chances being pro-
longed gastric evacuation time, definitely "2bnormal segment-
ation of barium" in the small bowel, an apparent reduction

in the volume of barium suspension dienersed throuch the
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intestine, and in addition a reduced r=2te of everetion. This
is shown in figure 12k. Improvement occurred on purina in
the stomach and the excretion mate, so that both were completely
normal.: By six hours very little barium was left in the tract
(figure 12 1). Slight abnormalitie= in the small intestine
persisted as described above.

In the animals which were used for force—feeding experi-
ments, improvement on diet A allowed ad libitum nccurred
and further improvement was produced by nurina feeding.

These results are comparable to those deccribed Aabove.
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(e) Potassium concentration in bodv fluide.

In all the rats showing ~astrointecstinal chaneces from
notassium depletion, the cerum potassium concentration was
lowered to values le<s than 2.h men per litre. However, the
number of determinations performed was limited. The average
value in the rats fed diet B ad libitum frr 20 dave was 2.0
meq,;and when the deficiency was an averace of A7 days, only
a slight further decrease in the concentration occurred, to
2.73 meq per litre (Table VII). In a few animals on which
serum potassium was determined =t %9 and 69 davs, the concen-
tration was reduced by onlv 0.2 meq, which is not statisticslly
analysable because of the small series. In force-fed rats
serum potassium was 2.42 meo pér litre about the time defeca-
tion ceased, or prior to this, and was not reduced further
with the development of severe changes. Serum potassium during
the stage of very severe distension tended to be elevated,
probably because of the stress, as was discussed in Part I,

DCA decreased the serum potassium, when diet A was fed, to
concentrations epproximately as low as did the low potassium
regime (djiet B). The serum potassium concentration was de-
creased to an extremely low value of 1.91 mea/litre in one
rat fed diet B ad libitum and civen DCA (figure 1lln rat 110).

As shown in figure 1 to 4 and Table VII, loss of potassium
was greatest in force-fed rats durines the first few davs of
potassium depletion than thereafter. Anproximately one third

of the body potassium was lost in 9 days in rats fed diet B.
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It w2<s inadvisable to ric<k loes of the animals by tekine
serum samples bec2uce of the small volume of blood in the«e
animals, and becAause blood wmas obtained from the heart under
anesthesiz. The heart of potassium-deficient animals develops
serious lesions and thus cardiac puncture was not advisable.
In addition, the potassium-deficient rats proved to be part-
icularly sensitive to anesthesia. Sever=al died after dos=es
one half or less than that necessary to anestheti”e normal
rats, #nd in others, anesthesia was proloneed for manv hours.
In the electrolyte balsnre studiec< blood sampline was not
often performed becau=e the anesthesia affecte the excretion

of electrolytes.
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Summary of Experimental Observatione. -

The movements of the alimentary canal have been studied
in rats by means of the X-ray techninue. The gastrointestinal
motility of normal animals fed purina was determined, and the
effects of feeding a balanced synthetic diet (A), and of
potassium deficiency have been investigated both in forre-fed
rats and in rats eating ad libitum.

The barium tests performed prior to the experiments,on
rats maintained on purina,form the criteria of the normal tone
and motility of the digestive canal, and, of the rate of tran-
sit of barium. By five hours barium was evacuated completely
from the stomach, about one half was excreted and the rest
was mainly in the large intestine. The barium was normally
present in a continuous stream within loops of the small bowel.

When the rats were given the normal diet A ad libitum
for two months, very slight changes occurred only in the small
intestinal pattern. In rats force-fed this diet in fluid
form intestinal changes were more evident and gastric tone was
reduced. The chances which neccurred in the small intestine
consisted of some breakine up of the barium column so that
barium w2s no longer in = continuou= stream. Radioloesicts
call this abnormal pattern "abnormal sesmentation of barium”.
It was not marked in the case of the control animals., The
radiologists believe the tone is jrrecular, that is, that
areas of increased constriction of wall are interspersed

between areas of either normal or reduced tone. There was
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evidence of this on some X-ravs obtained throuechout the experi-
ment.

Severe potassium deficiency resulted in a marked reduction
of tone and motility of the gastrointestinal tract, and in a
pronounced prolongation of the transit time of the barium.
The changes occurred recardless of whether votassium depletion
was produced by a low potassium intake or by DCA iniections.
The symptoms produced by notassium deficiency were extremely
severe in force-fed animals. Defecation ceased in about 6
to 10 days and in all rats death occurred in less than two
weeks from tremendous distension of the zastrointestinal tract.
In rats fed ad libitum the symptoms produced by three months
of potassium depletion were not as severe as those occurring
in the force-fed animals in » week. In the force-fed animals.
unabsorbed food, fluid and eas filled the distended tract. 1In
geveral rats maintained on the low potassium diet ad libitum,
clear fluid was present throughout the alimentary c2nal =s
determined by inspection. Gas accumulation was usually not
marked in these rats. The abdominal blood vessels in both
groups of animals were engorged, and this occurred in animals
in which the intestine was flaccid, but not necessarily
markedly distended.

The sequence in which gastrointestinal symptoms developed
as a result of potassium deficiencv was estimted in both

force-fed and normally-fed rats. In force-fed animals
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abnormalities in the small intestinal pattern (mainly "abnormal
segmentation of barium") developed first, followed by castric
hypotonicity and pylorospasm, some reduction in motility in
the various organs and slowing of the transit of barium.

Soon after cessation of defecation, both tone and motility
throughout the whole gut became greatly reduced. The tvnical
chaneges which occurred at this stage and earlier are shown

in figures 9 and 10 for rats which were not moribund. In rats
fed ad libitum the symptoms observed and rate at which they
developed, were much more variable. The seauence in which the
deficiency condition in the gastrointestinal tract developed
was estimated mainly from changes in the smell bowel, and from
the time required for transit of barium throusgh the wvarious
digestive organs. In rats maintained on the low potassium
diet, first motility was reduced in the small bowel, and the
transit time of barium throusgh the small bowel was correspond-
ingly increased. The intestinal loops were often thin and
/ribbon-like, which may possibly be due to reduced diameter,
that is, hypertonicity, or perhaps more likely to incomplete
filling of the loops as was discussed. ZLater ™abnormal
segmentation of barium" occurred and only after this stace
was tone reduced. By an average of 41 davs of deficiency

tone was reduced throughout the small bowel and berium filled
continuous loops of hypotonic gut. In the small intestine
and throuchrut the whole alimentarv can=al tone =nA motility

became progressively reduced And transit of barium was
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prolonged until the tvnical condition of severe potassium
deficiency occurred in an averase of 61 days, (figure 1l1i,j,k).
Pylorospasm usually occurred in addition to gastric atony.

In several animals tremendous distension of the cecum was the
most prominent abnormality. Thus in general the sequence and
type of change produced by the two methods of feedine were
similar, but the changes produced were accentuated when the
rats were force-fed.

In potassium deficient animals injections of potassium
had = striking effect on the day of administration. In both
force-fed animals and rats eating in the normal manner,
rhythmic movements and peristalsis were initiated, or increased
in vigour, within 2n hour or so after potassium administration,
and the excretion of barium in twentv-four hours was restored
almost to normal.

In chronic experiments, potassium added to the food in
normal amounts restored the motility almost to the normal
within five dayvs in rats fed ad libitum. In the group force-
fed the normal potassium diet A, improvement was remarkable,
even in four days, in comparison with the extremely severe
chances observed during potas<ium deficiency. However, in
terms of the vproper control (diet A force-fed prior to
potassium depletion), restoration was not as complete 8= in
the above groupn of sanimals eating normallv. When these
animals were fed ad libitum,restoration of motility wna

similar to that observed in w=ts fed ad libitum throughout

the whole experiment.
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Following the initial stimulation of motility almost to normal,
as described above, a variable degree of regression in the
improvement of the motility of the gastrointestinal tract
occurred. The main abnormality was a variable effect on the
X-ray pattern of the small intestine. Barium tended to be
separated into isolated masses in the small bowel. In addition,
gastric tone was somewhat reduced and sastric evacuation time
was increased, 8Since small émounts of barium were retained

in this organ at five hours. The rate of excretion remained
normal»in~some ahimals and was reduced in others. However,
these are small changes in comparison with those observed
prior to potassium therapy.

'~ On purina the gastrointestinal tone, motility and evac-
vation of barium was improved over that observed during the
synthetic dietary regime. In the few cases which were not
improved chronic infection was detectible. However, the same
tjpe of abnormality in the barium>pattern in the small intestine
persisted, although to a smaller degree, even on the purina
diet. This may have been due to the handling and to the various
éxperimental techniques and have not been teSteq as yet.

The serum potassium was low in all animals showing moder-
atéf} gevere or severe changes in the gastrointestinal tract.
| The concentration was iower in force-fed animals depleted of

potassium for a week than in the rats, normally fed, depleted

of potassium for two months.
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DISCUSSION

The experiments which have shown that prolonged deplétion of body
potassium produces very severe gastrointestinal disturbences, have been
sumnarized in the last section. These changes result primarily from e
marked hypotonicity and hypomotility of all parts of the alimentary cenal.
Since paralysis 1s produced by potassium deficiency in skeletal muscle,
as well as functionsl and anatomicel ebnormalities in cardiac muscle, it
i1s not surprising that paralysis occurs in the smooth muscle of the digestive
tract. Whether the reduced contractility is muscular or nervous in origin
will be considered below.

Changes in the secretion of Juices and the absorption of food and
fluids probably contributed to the disturbances which developed in these
depleted rats, although these factors have not been exsmined. Decressed

absorption was particularly evident in force-fed rats, for in these animals

the flaccid tract was distended with incompletely digested food, with gas

and fluid constituentse. It is probable that absorption of water end
asgociated electrolytes and of digested food substances wes inhibited because
of the hypomotility of the muscular walls. The gas accumulated in the gut
mey have resulted from e similar cause, since in intestinal distension of
various types in man, the gas is derived mainly from swellowed air. ( 23L).
It is not 1likely that accumulation of fluid in the lumen was due to an incresse
in digestive secretions. Both secretion and ebsorption are dependent upon
the blood Plow in the mucosa. The flow ie normally aided by the rhythmicsl
contractions of the muscular walls which act as e type of auxiliary pump

to £111 and empty vessels, and aid venous return of blood., In the force-
fed rats, the distension of the flaccid walls produced by the sdministered
fluid and food probably also inhibited the flow of blood through the walls,

and ascted to reduce motility further. Thus, from snalysis of the several

facts observed and deduction from the physiological properties of smooth
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muscle and of the digestive trect, it seems probsble that four factors,
poor tone, poor motility, reduced blood flow and therefore of intestinal
absorption, and the distensicn produced both by the sdministered food and
the unsbsorbed intestinal food, fluid and ges, all enter into a vicious
cycle in the force-fed animals which quickly leade to death. In the

rats fed ed 1libitum the factor of distension is not prominent, since

the stomach and intestines are not suddenly distended with food. The
animal appears to eat in accordance with the reduction in functions of

the digestive orgens, for food does not accumulate in the gut. The aksorption
of fluid is probably slow since it was observed that cleer fluid filled the
alimentary canal in several snimals even when no food was present. The
motility was greatly reduced but the walls were not distended appreciabdly.
Without this factor of distension to close the vicious cycle, death did
not usually ocaur.

The changes in gesstrointestinal motility produced in animals
fed & low potessium diet ed libitum are considered to be more specifically
due to absence of this ion, than are those produced in force-fed animals.
Experiments reported have shown that force-feeding is a stress which cannot
be tolerated by the gastrointestinal tract in unadapted potassium-depleted
rats, but which is well tolerated by the unadapted normel animal. Thus this
technique probably could be used as a method of testing the capacity of the
stomach and intestine to respond to stress of distension,

The possible influence of barium on the secretions and absorption
of fluid and on the movements must not be neglected. This substence is
present in an insoluble suspension. It has a high specific gravity and tends
to clump. It seems to be mildly stimulating to the movements of the digestive
tract (138). There wes a tendency for berium to adhere to the stomach wells

in enimals which were otherwise not appreciably affected, and to remain there

for prolonged periods. This may have been due to the properties of barium
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or possibly indicetes sbnormality in mucus secretion in the upper pert of
the stomach on which the barium adhered.

Force-feeding of the normel control diet A, itself, produced
abnormalities in the stomach end small intestine,. bDut these were slight
in comparison with those produced by potassium deficiency. They were
mainly due to changes in the tone of these organs. The changes observed
were dependent upon the intmwduction of the food, rather than upon the factors
of introducing a tube into the stomach bidaily or of distending the stomach
suddenly with waeter. However, since water runs out of the stomach quite
rapidly, perhaps the addition of scme colloidel agent would provide a better
control of the factor of distension then weter slone. Since these rats
were esting normally of the purine diet, the factor of psy chnic disturbances
produced by the sbnormal feeding of food by tube wes not controlled. How-
ever, in view of the rapid effect which force-feeding has upon unadapted
potassium-deficient rate and of the gestric distension produced by sudden
filling of the stomach with Bood, the chenges sre regerded as primarily
due to distension.

Another balanced diet ( E) of entirely different composition wes
force-fed to several rats. This consisted primerily of whole milk powder
and sucrose. Barium teste performed on these enimels showed that gastric
distenston wes marked and prolonged, pylorospesm occurred, and the motility
of the smell intestine wes reduced. The difference between the effects of
force-feeding diets E and A were considered as possibly due to a higher
content of fat, which wes mainly butter fat rather than vegetable fat.

The abnormalities produced by this technlque of feeding suggest the
inedvisability of performing experiments, especially metabolic balance

studies, unless the effect of the diet force-fed is tested by the radio-

logical method.
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The effect of subcuteneously inJjected potassium was detected in
less than an hour, even in twenty minutes in two rats examinated et this
time. No experimente were performed to snalyse the effect of potassium
deficiency and of therapy with potassium in these experiments and no
microscopic sectione were made, but the possible means of action of these
procedures will be considered. Potassium treatment would be expected to
exert two effects, one directly on the cell membranes from & sudden increase
in the extracellular fluid concentration, and the other, from a diffusion
into the cells to restore intracellular concentration to normsl. This
wes discussed in the review of in vitro experiments. Subcutaneously inJjected
potassium first diffuses through extracellular fluid end then fairly rapidly
into tissues. Diffusion is complete by four hours in muscle and by about
two hours in the gastrointestinel tract. This has been shown with the
use of radioactive potassium (235, 236). In view of the rapidity of the
effect, the initiel stimuletion of intestinsl motility produced during the
first half hour or so by potessium 1s probsbly primerily a surface phenomenon
due to Increased extracellular potassium concentration. The serum potassium
was elevated and remeined slightly above normal for a day at least. In the
frog (220) the optimel concentration for meximsl irfitability of skeletal
muscle is above normel and posslbly this is the case for the smooth muscle in
the digestive organs of the rat. The rapid effect of potessium is snalogous to
its effect in relieving muscle paralysis in DCA-treated animels and in
periodic familisl paralysis. In the course of the next seversl hours tonus
gradually recovered, rhythmic contractions remeined vigorous and strong
waves of peristalsis resulted in the excretion of most of the barium within
twenty-four hours. Untrested rats retained most or ell of the barium in
this time. This sustained effect mey be considered to be due to increased

cepacity of the cells to contract because of improvement in the intracelluler
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composition, since it seems unlikely that abnormal cells would continue
to show such vigorous activity and since potassium is known to diffuse
readily into the cells during this time.

The therapeutic effect of potassium may be due to either an
effect on the muscle cells or on the nervous elements supplying these
muscle , but the end result is increased contractility of the muscle.

If some nerve cell degeneration were responsible for the severe distension
produced by potassium depletion, potassium would not be expected to have
so rapid an effect in increasing motility of the muscle as it does. On
the other hand, it is known that skeletal muscle function in potassium-
deficiency can be rapidly restored by potassium. 8ince it is probable
that permanent changes were not produced by potassium deficiency in these
experiments, any changes which may have occurred in muscle or nerve cells
vere reversible.

It msy be that potassium deficiency and therapy nfluence the relesse
of acetyl choline either peripherally or centrally in the nervous system, and
thereby affect transmission of impulses to the muscles. It is well known
that acetyl choline is liberated at vagus nerve endings and at synapses,
and plays a role in trensmitting impulses., It is also known that the release
of acetyl choline is stimulated by small amounts of potassium but inhibited
by large amounts (224).

The maximum effect of potassium therapy in rats fed ad libitum was
obtained within a week when potassium was added to the diet. In one animsl,
motility was increased above normal in two days, but 1t regressed rapidly
four days leter despite continued treatment with potassium. In this animsl
potassium was added to the food eand also given by stomach tube, but the

total amount was comparable to that obtained from e diet of purina. The
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initial stimuwlatory effect may be comparsble to that discussed for the
first day, since the serum potassium was still elevated 5.57 meq per litre
after the barium test. The usual effect of potassium added to the food

vas almost complete restoration to normsl of the tone end motility of

the gastrointestinal tract in the first week of treatment. No potassium
determinations were performed in these animals, but after the first couple
of days they may be considered analogous to the other rats fed on the normal
control diet A in which the serum potassium was normal at 4.8 meq per litre.
Thereafter, the stimulatory effect of potassium wore off somewhat, sc that
some abnormalities in the small intestine became evident. What the cause
of this regression was, was not determined. It appears to be related
chiefly the same deficiency in the dlet, since when the animals were placed
on purina diet, the tone and motility was restored almost to the normel
pre-experimental controls. Certain slight abnormalities persisted in the
smaell intestinal pattern as shown from the barium distribution, but these
may have been due to the experimental procedures of handling, X-raying, etc.
Why the regression in improvement occurred after the first week on diet A,
after almost complete recovery was obtalned, is unknown unless the re-
storation of the serum potassium to normel from the very low values observed
during the deficiency was a stimulus to which the rate later became
acclimatized. In rats force-fed diet A the recovery of the gastrointestinal
tract was not as complete as in rats fed ad libitum. When these animals
were then fed diet A or purina, they behaved similarly to the rats fed ad
1ibitum throughout the experiments. This shows that permenent changes were
not produced by force-feeding, end indicates that with continuance of the
factor of distension from the force-fed diet did not permit the muscle

walls to recover maximally.

Tt must be emphasized that the criteria of normal behaviour in the
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barium test have been derived from the pre-experimental X-ray examinations.

At this time the animals had not been handled often or subjected to the
experimental proeedures of being taeped to a board, fasted, treated with
barium and X-rayed. In addition, they had not been in the laboratory for
more than a month. The housing conditions were not ideal and some infections
did occur, A number of animals examined at the beginning and not used

during the experiment also developed slight ebnormalities in the gastro-
intestinal motility, particularly in the small intestine. Therefore, it

is probably not valid to assume that the muscular and nervous functions

of the tract remain unaltered by the experimental procedures. The slight
changes observed in the emall intestinal pattern in rats which had recovered
on purina diet may be due to the experimental conditions and not to incomplete
recovery from potassium deficiency. This view is favoured since, as mentioned
above, abnormelities were sometimes observed in rats housed in the laboratory
but not used for experiments, and since the fasting and the taping of animals
to boards for X-rays several times in the course of the experiment are
emotional stresses.

Since the movements of the digestive tract were resmtored more
completely or permanently by purina than by diet A, there was some déficiency
{n the diet if the differences in physical consistency of the two diets are
neglected. This was so in spite of the addition of yeast extract equivalent
to 4 grams of yeast per 100 grams of dry diet A, and all the vitamins required
for normal motility in dogss (237) except inositol. Inositol presumably
was present in the extract but may not have been present in adequate amounts.
When nor;al rats were maintained on dlet A ad libitum for two months,
slight changes occurred in the distribution of barium throughout the small
bowel, but the stomach and excretion rate were normal. These changes were

much less pronounced than those observed in rats recovering for several weeks
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on diet A, in which the same reduction of tone in the stomach also occurred.
It 18 possible that the animals recovering from potassium deficlency are
more sensitive to deficlencies in the diet. In addition, in the latter
animals the total duration of feeding on synthetic diets (B and A) wes
three to three-and one-half months, whereas the controls were fed diet A
for two months.

Potassium may pley a role in clinical cases of gastrointestinal
distension, particulerly in obstruction, and in clinical cases of chronic
diarrhea or vomiting. In cases when distension is severe, especially from
obstruction in the tract, fluids end gases are absorbed poorly (234). The
ions which are present in the fluld are lost from the body by secretion.

Of particular interest are the gastric Jiices in which the potassium con-
centration is more than twice that of the serum (238). When the fluid and
gases accumulated In the distended tract are syphoned by suction, which is

the usual clinical treatment, or when they asre vomited, potassium is lost
from the body in excess of sodium and water. In sddition, sodium chloride

is usually infused intravenously. Falconer et al (41) has observed that the
saline Infusions tend to decreese the serum potasslium concentration even in
normal individuals, and suggests the use of potassium in the solution infused.
He found that the serum potassium tended to be low in gases of intestinsl
obstruction, and obtained some evidence that the infusion of Ringer's solution
instead of saline was of value 1In a few cases which responded poorly, from

a clinical point of view, to saline infusions. In cases of disrrhea from

ey

non-tropical sprue, Harrison et al (239,240) have observed very low values
of serum potassium concentrations, as low &8s 1.1 meq in one cése. Since
experiments in rats restored the motility of the gastrointestinal tract
so effectively, it is possible that there may be some clinicel application

of these observations, et lesst in cases when potassium is lost from the

body. There is also a possibility that small doses may stimulate tone and
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movements in certain types of distemsion, such as post-opsratively, even
when the potessium from the tissues 1s not detected.
The gastrointestinal changes observed in potassium deficlency

are similar in some respects to those produced by other deficiency conditions,
Many investigators have observed that vitamin B deficiency in man and

animals produces changes in the stomach and intestine. The type of change
produced depends upon the duration and severity of the deficiency. In the
early stages, hypermotility and hypertonicity are usually observed in the
intestines, while as the deficiency state advances, hypomotility and later
hypotonicity develop.(241). Abnormal patterns in the small intestine

usually occur, which include abnormal 'segmentation” a term which the
radiologists use to indicate irregular areas of constriction or even spasm

of the walls of the intestines. In moet cases the gastric tone is reduced
while peristalls is less affected at first, but is eventually reduced. DPlyoro-
spasm is a frequent occurrence as the deficlency state advances. Martin et
al (237) observed that inositol deficiency in dogs produced marked ir-
regularities in tone and barium distribution in the small intestine and a
decrease in tone in the stomach.

Similar deficlency states occur in hypoproteinemia, icterus, anemia
etc. (241).
Thus there is considerable similarity between the chenges produced

by potassium deficlency In rats and those produced by vitamin B deficiency
end other deficiency states in man and animals. No stage of hypermotility
was observed but the animals were not examined prior to 20 days. It 1s poesible
that there is some common cause responsible for the abnormaelities. In man
degenerative changes in the intrinsic nerve plexuses of the gastrointestinal
tract are associated with the clinical deficiency states, particularly with

vitemin B deficiency. In the rats, since recovery from potessium deficiency
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was 80 prompt and may be considered almost complete, it is obvious that
permanent changes 1n nervous elements cannot be responsible for the symptoms
observed. The symptoms were more severe ¥n the rats than those which have
been observed from other types of deficiencies. It is possible that both
types of deficiencies mmy affect the intermediary metebolism of cells.
Potassium is an essentiel ion for certain enzymatic systems responsible for
muscular contraction and traensfer of energy in cells (242, 243), In many

of the enzymatic reactions of the cell vitamine of the B complex are also
essentlial, and serve as co-enzymes. Deficiency of either may thus interfere
with elther muscular or nervous activities.

In moderately severe or severe potassium deficiency in the experiments
reported, the blood vessels of the digestive tract and the abdomen were con-
gested, and ﬁere pulsating strongly. The venous blood appeared well-
oxygenated, except in animals in poor condition. This tendency for the blood
to pool in the lower pert of the body may have been due to two factors. It
is quite possible that the tone of smooth muscle was reduced by potassium
deficiency, Just as the tone of the smooth muscle in the gastrointestinal
tract is reduced. This would ceuse vascular dilatétion. In addition,
cardiac function is reduced by prolonged potassium deficliency and pathological
lesions are severe (35,&5). These were observed grossly in the experiments
reported. Liebow et al ( 7/ ) has observed heart failure in & few potassium
deficient rate. Thus, 1t is possible that weakened cardiac function
decreased the venous return of dlood to the heart and contributed with poor

tone in the blood vascular musculature, to the dilatation and pooling of

blood in the lower part of the body.
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CONCLUSIONS

The effect of prolonged potassium deficiency on the motility
of the gastrointestinal tract and of subsequent therapy with potassium has
been investigated in intact rats by means of the X-ray technique. Experiments
were conducted both in rats force-fed the synthetic diets and in enimals
eating in the normal manner, ad libitum. Potassium depletion was produced
by a low potassium diet or by DCA. The results have been summarized in the
Experimental Observations (page 165).

Rats fed the control diet A develop veryslight changes in the
emall intestinel pattern. Those force-fed this diet showed more appreciable
changes, but these were slight in comparison with those produced by potassium
deficiency.

Severe potsssium deficiency produced marked hypotonicity and
hypomotility both in force-fed rats and rats fed ad libitum. In the former
these changes led to death in less than two weeks from extreme distension
of the whole digestive tract. Less marked changes were produced in rats
fed ad 1libitum for two or three months, and these did not cause desath.

The motility was reduced prior to the reduction of tone. Evidence indicated
that the effect of DCA was similar to that of & low potassium regime.

The effect of potassium therepy on the condition of the gastro-
intestinal tract was striking. The asbnormalities were promptly relieved
by potassium therapy and restored almost to normal in a week. Subsequent
regression in improvement was discussed as possibly due to a deficiengy in
diet A, since almost complete normal motility wes observed on purina diet.
The slight abnormalities which persisted on purina feeding in the small
intestine were discussed as probably cesused by experimental procedures

and housing for long periods.

Therefore, it seems probable that the severe changes produced by
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potassium deficiency can be completely reversed. It is concluded that no

detectible permanent changes were produced by force-feeding per se.
The possible mechenism responsible for the changes produced

by pobassium deficiency and subsequent therapy with potassium have been

discussed.
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